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The local valence electronic states of the surface, interface, and substrate for SiO2 ultrathin films thermally grown on
a Si(100)-2�1 have been investigated using Si-L23VV Auger-electron Sinþ-2p photoelectron coincidence spectroscopy
(n represents the number of oxygen atoms bonded to the Si). A series of Si-L23VV Auger electron spectra (AES)
measured in coincidence with Sinþ-2p photoelectron indicate that the valence electronic states in the vicinity of the
Sinþ sites shift to the deeper binding-energy side as n increases. Furthermore, the Si4þ-L23VV AES measured as a
function of the thickness of the SiO2, show that the valence-band maximum of SiO2 shifts �1:6 eV toward the Fermi
level when the thickness of the SiO2 film is decreased to 1.7–1.5 �A. This shift is attributed to a decrease in the number
of Si4þ and an increase in the number of Si3þ, Si2þ, Si1þ, and Si0 in the vicinity of the topmost SiO2 layer.
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1. Introduction

The local valence electronic states of SiO2 ultrathin films
grown on a Si(100)-2�1 surface [SiO2/Si(100)] have been
studied extensively because (1) in-depth understanding of
the electronic properties of surfaces and interfaces from
an atomic point of view is of fundamental importance in
science, and (2) these films play dominant roles in metal–
oxide–semiconductor field-effect transistors (MOSFETs).
The oxidation processes, atomic structures, and chemical
compositions of the surface, interface, and substrate in the
case of SiO2/Si(100) are closely related to the local valence
electronic states, and have been investigated in detail over
the last three decades. The following findings have been
reported: 1) a SiO2 film can be grown thermally on Si(100)
in the layer-by-layer mode to form an amorphous structure;1)

2) the SiO2/Si(100) interface is abrupt (<5 �A) and contains
partially oxidized silicon (Sinþ, n ¼ 1; 2; 3, where n
represents the number of oxygen atoms bonded to the Si
atom);2) and 3) Si or SiO desorption is induced at the SiO2/
Si(100) interface by the stress resulting from lattice
mismatch between the SiO2 thin film and the Si substrate.3–5)

In this paper, we report a site-selective study of the local
valence electronic states of the surfaces and interfaces for
SiO2/Si(100) carried out by using Si-L23VV Auger-electron
Sinþ-2p photoelectron coincidence spectroscopy. Auger
photoelectron coincidence spectroscopy (APECS) is a
unique method used to measure an Auger electron spectrum
derived from a specific photoemission.6–10) In particular,
core–valence–valence (CVV) APECS is used to investigate

the local valence electronic structures of surfaces in a site-
selective manner.11,12)

Ultraviolet photoelectron spectroscopy (UPS) is the most
standard technique used for studying the valence electronic
states of SiO2/Si(100),

13) but it is difficult to obtain
information on the local electronic states of surfaces or
interfaces by using this technique. Soft-X-ray emission
spectroscopy (SXES), in which tunable synchrotron radia-
tion (SR) is used, is an effective tool for probing the local
valence electronic states of a particular atom in a specific
chemical environment. Using SXES, Yamashita et al.
observed that the local valence electronic states projected
to the O site at the SiO2/Si interface shift upward in
comparison with those in bulk SiO2.

14) Electron energy-loss
spectroscopy (EELS) measurements carried out in a
scanning transmission electron microscope with a beam
diameter of 0.2–0.5 nm also aid the investigation of local
valence electronic states. Using EELS, Muller et al.
observed that the conduction-band minimum (CBM) of the
O site at the SiO2/Si(100) interface shifts downward by
�3 eV in comparison with that in bulk SiO2.

15) The local
valence electronic states in the vicinity of the Si3þ, Si2þ, and
Si1þ sites at the SiO2/Si interface, however, have not yet
been studied by SXES or EELS. APECS is more suitable
than SXES for the study of the Sinþ sites at the surface and
interface of SiO2 ultrathin films grown on Si for the
following reasons: APECS is more surface-sensitive than
SXES, and Auger decay is overwhelmingly predominant
over soft-X-ray emission in the Si-2p region. Recently, we
investigated the local valence electronic states of Si(100)-
2�116) and Si(111)-7�717) clean surfaces by using Si-
L23VV -Si-2p APECS and discussed, from a surface-site-
selective viewpoint, the energy level at which the local
density of states (DOS) is the highest and that at which the
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valence-band maximum (VBM) is found. In the present
study, we explore the local valence electronic states of the
surface, interface, and substrate for SiO2/Si(100) by using
Si-L23VV–Si

nþ-2p APECS (n ¼ 0 for the substrate; 1, 2, 3
for the interface; and 4 for the surface). The results reveal
that the local valence states at the Sinþ site are shifted
downward in binding energy as the nominal oxidation
number n increases.

Measurement of the VBM of SiO2 ultrathin films grown
on Si(100) is another important subject because the VBM of
a film of sub-nanometer thickness is expected to be different
from that of the bulk material and film thickness is a key
factor that helps in understanding the leakage current
mechanism in MOSFETs. On the basis of scanning
tunneling spectroscopy (STS) observations, Nakamura et al.
reported that the band gap in a thin SiO2 film [thickness:
�0:3 nm; 1 monolayer (ML) = 1.37 �A]2) grown on Si(111)
is approximately 6 eV,18) which is much smaller than that in
SiO2 bulk (�8:95 eV). First-principle calculations predict an
upward shift of the VBM and a downward shift of the CBM
in the quartz SiO2 region when the distance between the
topmost Si layer in the Si(100) substrate and the SiO2 layer
is less than 5 �A.19) In the present study, we also perform Si-
L23VV–Si

4þ-2p APECS measurements for various thick-
nesses of the SiO2 film in the case of SiO2/Si(100). The
results indicate that the VBM in a SiO2 film with a thickness
of 1.7–1.5 �A (1.2–1.1ML) shifts upwards by about 1.6 eV
(toward the Fermi level) in comparison with that of a SiO2

film with a thickness of 13 �A (9.5ML). This information can
be used as a possible guide when manufacturing SiO2

ultrathin films with low leakage currents.

2. Experimental

SiO2/Si(100) was prepared by the following procedure.
An n-type Si(100) single-crystal wafer with a resistivity of
0.02� cm was mounted at the end of a sample manipulator.
A clean Si(100)-2�1 surface was prepared by direct-current
heating at temperatures above 1400K for several seconds
and subsequent cooling to room temperature under pressures
of less than 3:5� 10�7 Pa. Then, the clean Si(100)-2�1

surface was exposed to oxygen gas (pressure: 1:3� 10�4 Pa)
at a temperature of 1023K, for 300, 50, or 25 s. On the basis
of Si-2p photoelectron spectra measured at a photon energy
(h�) of 130 eV, the thicknesses of the SiO2 films on Si(100)
were estimated to be approximately 2.8 �A (�2ML), 1.7 �A

(�1:2ML), and 1.5 �A (�1:1ML) for exposure times of 300,
50, and 25 s, respectively.20,21) In addition, SiO2/Si(100)
with a SiO2 film thickness of 13 �A (�9:5ML) was used
without further cleaning as the standard amorphous SiO2

bulk sample.
The samples are irradiated with p-polarized SR with an

incidence angle of 84� from the surface normal at beamline
8A (BL-8A) of the SR facility Photon Factory (PF) at KEK.
BL-8A is equipped with a soft X-ray monochromator (Zeiss
SX-700) and has a typical energy resolution (E=�E) of
>1000. The spot size on the sample is approximately
6.6mm � 1.1mm (width � length). Contamination and
charge-up effects on the sample are negligible for every
measurement. A self-made coincidence analyzer, which is
composed of a coaxially symmetric mirror electron energy
analyzer [ASMA, electron energy resolution (E=�E) � 55],

a cylindrical mirror electron energy analyzer (CMA,
E=�E � 20), and a time-of-flight (TOF) ion mass spectro-
meter,22) is used for APECS measurements. The procedure
for the Si-L23VV–Si

nþ-2p APECS measurement has been
described in detail previously.22) In brief, the CMA is tuned
to the Sinþ 2p (n ¼ 0; 1; 2; 3; 4) photoelectron kinetic energy
(PeKE), and the ASMA is swept through the Si-L23VV
Auger-electron kinetic energy (AeKE) region of SiO2/
Si(100). A multichannel scalar is triggered by the Sinþ-2p
photoelectron signals (n ¼ 0; 1; 2; 3; 4), and the Si-L23VV
Auger-electron signals are recorded as a function of the TOF
difference between the photoelectron and the Auger-electron
signals. When a photoelectron and an Auger electron emitted
simultaneously are detected, a coincidence signal appears
at a specific TOF difference. The integrated coincidence
signals plotted as a function of the AeKE give the Si-
L23VV–Si

nþ-2p APECS spectrum (n ¼ 0; 1; 2; 3; 4).
The escape depth of the APECS electrons (EDAPECS) is

given by

1

EDAPECS
¼ 1

�Pe cos �Pe
þ 1

�Ae cos �Ae
;

where �Pe and �Ae denote the inelastic mean free paths, and
�Pe and �Ae denote the acceptance angles for the photoelec-
tron and Auger electron, respectively.23) Under our experi-
mental conditions, h� was 130 eV, while �Pe and �Ae of the
coincidence analyzer were 28–42� and 48–71�, respectively.
Further, �PE and �AE were 7.1 �A20) and 4.8 �A,24) respec-
tively. We estimated EDAPECS to be �2:0 �A using the above
equation. This value was slightly larger than that for a single
monolayer of SiO2 of SiO2/Si(100) (1.37 �A).2) Thus, we
could mainly probe the topmost surface layers of SiO2/
Si(100) by using Si-L23VV–Si

nþ-2p APECS.

3. Results and Discussion

Figure 1 shows the Si-2p photoelectron spectrum of an
SiO2 ultrathin film with a thickness of 2.8 �A (�2ML) grown
on a Si(100)-2�1 substrate [2.8- �A SiO2/Si(100)]. The
spectrum is measured by the CMA of the coincidence
analyzer, and shown on the relative binding energy where
the Si0-2p3=2 peak is taken as the origin. The Si-2p peaks are
decomposed into the Sinþ-2p photoelectron components
(n ¼ 0; 1; 2; 3; 4) through a fitting procedure using Voigt
functions. The Lorentzian broadening is taken as 0.08 eV,
and the Gaussian broadenings, which are mainly governed
by the energy resolution of the CMA, are taken as 1.44 eV
for all Sinþ-2p components. The binding energies relative
to the Si0-2p3=2 site are 0.0, 0.8, 1.8, 2.6, and 3.7 eV for
Si0, Si1þ, Si2þ, Si3þ, and Si4þ, respectively; these values
are in good agreement with those reported in previous
studies.2,20,25,26) The straight dashed lines at �0:3, +0.9,
+1.75, +2.63, and +4.1 eV represent the Sinþ-2p PeKE

(n ¼ 0; 1; 2; 3; 4) positions taken as the trigger signals for the
Si-L23VV–Si

nþ-2p APECS measurements. We choose the
Si4þ- and Si0-2p PeKE values carefully, so as to suppress
other Simþ-2p components (m 6¼ 4 and 0, respectively).
Table I shows the spectral weights due to individual Simþ-2p
components indicated by the straight dashed lines in Fig. 1.
The values approximately correspond to the spectral weights
of individual Simþ-L23VV Auger-electron components in the
Si-L23VV–Si

nþ-2p APECS spectra.
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Figures 2(a)–2(e) show the Si-L23VV–Si
nþ-2p APECS

spectra (n ¼ 0; 1; 2; 3; 4) of SiO2/Si(100) with a thickness of
2.8 �A (�2ML) on the relative AeKE scale; here, the highest
peak (AeKE � 87 eV) in the Si-L23VV–Si

0-2p APECS
spectrum [Fig. 2(a)] is taken as the origin. The solid black
lines in Figs. 2(a)–2(e) are the noncoincidence Si-L23VV
Auger electron spectra of 2.8- �A SiO2/Si(100) measured
simultaneously with each of the Si-L23VV–Si

nþ-2p APECS
spectra. Hereafter, we will refer to them as ‘‘singles Auger
electron spectra’’. The structures of the Si-L23VV–Si

nþ-2p
APECS spectra (n ¼ 0; 1; 2; 3; 4) differ greatly for different
values of n. The Si-L23VV–Si

0-2p (Si-L23VV–Si
4þ-2p)

APECS spectrum corresponds to the Si0-L23VV (Si4þ-
L23VV ) Auger electron spectrum because the Auger
electrons emitted from the Si0 (Si4þ) site are measured
selectively (see Table I). The Si-L23VV–Si

4þ-2p APECS
spectrum [Fig. 2(e)] is in good agreement with the previous
Si-L23VV–Si

4þ-2p APECS spectrum of SiO2 (thickness:
10 �A)8) and the noncoincidence Si4þ-L23VV Auger electron
spectrum of SiO2 (thickness: �1500 �A).27) The Si-L23VV–

Si0-2p APECS [Fig. 2(a)] spectrum resembles the Si-
L23VV–Si

0-2p APECS spectrum of clean Si(100)-2�1.16)

The Si-L23VV–Si
2þ-2p (Si-L23VV–Si

3þ-2p) APECS spec-
trum mainly reflects the Si2þ-L23VV (Si3þ-L23VV ) Auger
electron spectrum because the Auger electrons emitted
from the Si2þ (Si3þ) site are mainly measured (see Table I).
These APECS spectra can be used as the fundamental
data for surface analysis by Auger electron spectroscopy.
The highest peak in the Si-L23VV–Si

nþ-2p APECS (n ¼
0; 2; 3; 4) spectra shifts to the lower-relative-AeKE side as n
increases. The highest peak shifts in the Sinþ-L23VV Auger
electron spectrum are approximately �5, �9, and �13 eV
for n ¼ 2, 3, and 4, respectively. A small peak is observed at
a relative AeKE of �2 eV in the Si-L23VV–Si

1þ-2p APECS
spectrum [Fig. 2(b)]. Since this peak is not observed in the
Si-L23VV–Si

0-2p APECS spectrum [Fig. 2(a)], we state that
the highest peak shift in the Si1þ-L23VV Auger electron
spectrum is about �2 eV. These shift values are useful for
surface analysis by scanning Auger electron microscopy.28)

The Si-L23VV–Si
nþ-2p APECS spectra reflect the local

density of states (DOS) in the vicinity of the Sinþ sites.
However, a sophisticated theoretical study is required to
obtain the local DOS from the APECS data.11,12) Instead, we
discuss the energy level at which the DOS is the highest in
the vicinity of a specific Si site, on the basis of the highest
peak in the Si-L23VV–Si-2p APECS spectra.16,17) Under the
assumption that the hole–hole interaction energy and the

Table I. The spectral weights due to individual Simþ-2p components

indicated by the straight dashed lines in the Si-2p core-level spectrum of the

2.8- �A SiO2/Si(100) shown in Fig. 1. The values approximately correspond

to the spectral weights of individual Simþ-L23VV Auger-electron

components in the Si-L23VV–Si
nþ-2p APECS spectra shown in Fig. 2.
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relaxation energy do not depend on the Si site, the difference
in binding energy of the valence band at the highest DOS
(BEVH) between Sinþ and Si0 sites (BEVH

nþ � BEVH
0) is

given by

BEVH
nþ � BEVH

0

¼ 1

2
½ðBE2p

nþ � BE2p
0Þ � ðAeKEHP

nþ � AeKEHP
0Þ�; ð1Þ

in which the superscripts nþ and 0 denote the Sinþ and Si0

sites, respectively. The binding energy difference between
Sinþ-2p and Si0-2p (BE2p

nþ � BE2p
0) can be estimated from

the Si-2p photoelectron spectrum (see Fig. 1), while the
difference in the highest-peak AeKE between Sinþ and Si0

(AeKEHP
nþ � AeKEHP

0) is obtained from the Si-L23VV–
Sinþ-2p and Si-L23VV–Si

0-2p APECS spectra (see Fig. 2).
Using eq. (1), we estimate (BEVH

nþ � BEVH
0) to be

approximately �1:4, �3:4, �5:8, and �8:4 eV for n ¼ 1,
2, 3, and 4, respectively. Thus, the valence electronic states
in the vicinity of the Sinþ sites are shifted downward in
binding energy as n increases, and this shift is consistent
with the downward shift in the binding energy of Sinþ-2p
core-level with an increase in n.

Next, we studied the thickness dependence of the Si-
L23VV–Si

4þ-2p APECS spectra of SiO2 ultrathin films
grown on Si(100). Figure 3 shows the Si-2p photoelectron
spectra for SiO2 films with thicknesses of 13, 2.8, 1.7, and
1.5 �A grown on Si(100) substrates [13-, 2.8-, 1.7-, and 1.5- �A
SiO2/Si(100)]. The Si

4þ-2p peaks in the spectra of 1.5-, 1.7-,
and 2.8- �A SiO2/Si(100) are shifted by 0.7, 0.6, and 0.5 eV
with respect to that in the spectrum of 13- �A SiO2/Si(100),
respectively. Figure 4 shows a series of Si-L23VV–Si

4þ-2p
APECS spectra for 13-, 2.8-, 1.7-, and 1.5- �A SiO2/Si(100).

The highest peak in the Si-L23VV–Si
0-2p APECS spectrum

of 2.8- �A SiO2/Si(100) is taken as the origin [see Fig. 2(a)].
Every wide-scan Si-L23VV–Si

4þ-2p APECS spectrum in
Fig. 4(a) shows five peaks (P1–P5). The P1–P3 peaks shift by
�1 eV to the higher-AeKE side as the SiO2 film thickness
decreases. The shifts of P1–P3 are mainly ascribed to final-
state effects.29–31) On the other hand, the P4 and P5 peaks
shift by �4 eV to the higher-AeKE side as the SiO2 thickness
decreases. These shifts cannot be explained by the final-state
effects because they are much larger than those of P1–P3. We
therefore ascribe them to the initial-state shift of the local
valence electronic states of SiO2 ultrathin films that
accompanies the reduction in SiO2 thickness.

19) In Fig. 4(b),
we show the enlarged S-L23VV–Si

4þ-2p APECS spectrum.
The lines in Fig. 4(b) are the least-squares linear fitting to
the tail of the highest peak in the region with 20–80%
intensity. We define the cutoff of AeKE (AeKEcutoff ) as the
value corresponding to the point of intersection of the x-axis
and the fitting line.16,17) The AeKEcutoff values obtained from
each Si-L23VV–Si

4þ-2p APECS spectrum are �1:9	 0:3,
�0:4	 0:4, þ2:2	 1:0, and þ2:2	 0:7 eV for 13- �A- (9.5-
ML-), 2.8- �A- (2-ML-), 1.7- �A- (1.2-ML-), and 1.5- �A- (1.1-
ML-) SiO2/Si(100), respectively. On the basis of these
AeKEcutoff data, we can discuss the shift of the BE of the
VBM (BEVBM) of SiO2 as a function of the film thickness,
because Auger electrons with AeKEcutoff are emitted from
the VBM in the vicinity of the Si4þ site. Under the
assumption that the hole–hole interaction energy and the
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relaxation energy do not depend on the thickness of the
SiO2, the BEVBM difference between two samples with
different SiO2 thicknesses (BEVBM

A � BEVBM
B) is given by

the following equation:

BEVBM
A � BEVBM

B ¼ 1

2
½ðBESi4þ-2p

A � BESi4þ-2p
BÞ

� ðAeKECorrected Cutoff
A � AeKECorrected Cutoff

BÞ�; ð2Þ
in which the superscripts A and B represent the thickness
of SiO2. In eq. (2), ðBESi4þ-2p

A � BESi4þ-2p
BÞ ¼ 0 for the

present case because Si4þ-2p photoelectrons with a Si4þ-2p
PeKE of +4.1 eV on the relative BE scale are taken as the
trigger signals for each SiO2 thickness (see Fig. 3).
AeKECorrected Cutoff is the value after the shift due to the
final-state effects is corrected. We estimate the shift due to
the final-state effects from the shift of the highest peak P3 of
each Si-L23VV–Si

4þ-2p APECS spectrum (AeKEP3):

AeKECorrected Cutoff
A � AeKECorrected Cutoff

B

¼ ðAeKECutoff
A � AeKECutoff

BÞ �ðAeKEP3
A � AeKEP3

BÞ:
ð3Þ

From eqs. (2) and (3), we obtain BEVBM
9:5ML �

BEVBM
2ML ¼ 0:3	 0:5 eV, BEVBM

9:5ML � BEVBM
1:2ML ¼

1:6	 1:1 eV, and BEVBM
9:5ML � BEVBM

1:1ML ¼ 1:6	 0:8
eV. The relatively large errors are mainly due to the
ambiguity in the AeKEcutoff value; this ambiguity in turn
results from the P4 and P5 structures. Note that these values
mainly reflect the topmost SiO2 layer, because EDAPECS is
�2:0 �A under the present measurement conditions. These
results indicate that the BEVBM values of 1.1- and 1.2-ML
SiO2/Si(100) are shifted upwards by about 1.6 eV (toward
the Fermi level) in comparison with that of 9.5-ML SiO2/
Si(100). Assuming that the absolute value of the VBM shift
is comparable with that of the CBM, we state that the band-
gap narrowing of SiO2 is about 0.6 eV for 2-ML SiO2/
Si(100) and about 3.2 eV for 1.1- and 1.2-ML SiO2/Si(100).

The decreased number of Si4þ and the increased number
of Si3þ, Si2þ, Si1þ, and Si0 in the vicinity of the topmost
SiO2 layer are thought to be responsible for the observed
VBM shifts in the case of 2.0-, 1.1-, and 1.2-ML SiO2/
Si(100). Since the valence orbitals of Si4þ are hybridized
with those of the surrounding atoms, the decreased number
of neighboring Si4þ and the increased number of neighbor-
ing Si3þ, Si2þ, Si1þ, and Si0 are expected to shift the VBM
of the topmost SiO2 layer to the Fermi level. Yamasaki et al.
carried out first-principle calculations based on the density
functional theory and reported the following. 1) The VBM of
(quartz SiO2)/Si(100) in the region between the topmost Si
layer in the Si(100) substrate and a point located 2 �A away
from this layer is almost identical to that in the case of the
Si(100) substrate; 2) from this point, the VBM begins to shift
rapidly and almost saturates at 5 �A; 3) the CBM shows a
gradual shift in the transition region; 4) these features are
common in (pseudocristobalite SiO2)/Si(100) and (tridymite
SiO2)/Si(100).

19) Since the thickness of the Si suboxide
layer was 3 �A in Yamasaki et al.’s calculation, the
theoretical features proposed in their study are consistent
with our experimental results, according to which the shift of
the VBM toward the Fermi level starts at a SiO2 thickness of
about 2.8 �A (2ML) and reaches 1.6 eV at a thickness of 1.7–
1.5 �A (1.2–1.1ML).

The present results can be used as a possible guide for
producing high-quality gate-oxidation films with low
leakage currents. Firstly, the thickness of the SiO2 film
should be larger than �6 �A (�4ML), because band-gap
narrowing begins when the distance between the SiO2 region
and the SiO2/Si interface is about 3 �A. Secondly, the
suboxides in the SiO2 layers should be removed because the
presence of these suboxides reduces the band gap not only at
the suboxides but also at the neighboring SiO2 sites. Thus,
suboxides in a gate-oxidation film may contribute to the
formation of a leakage current path.

4. Conclusions

We have measured Si-L23VV Auger-electron Sinþ-2p
(n ¼ 0; 1; 2; 3; 4) photoelectron coincidence spectra of ultra-
thin SiO2 films [thickness: 2.8 �A (�2:0ML)] that are
thermally grown on Si(100)-2�1. The results indicate that
the binding energy of the valence band at the highest DOS
(BEHV) of the Si

nþ site (n ¼ 0; 1; 2; 3; 4) shifts downwards as
n increases. The shift of BEHV from Si0 to Sinþ is estimated
to be approximately �1:4, �3:4, �5:8, and �8:4 eV for
n ¼ 1, 2, 3, and 4, respectively. We have also measured
Si-L23VV–Si

4þ-2p APECS spectra of SiO2/Si(100) as a
function of SiO2 film thickness. The results indicate that the
binding energy of the VBM (BEVBM) of SiO2 films with
thicknesses of 2.8, 1.7, and 1.5 �A (2, 1.2, and 1.1ML) shifts
upwards by approximately 0:3	 0:5, 1:6	 1:1, and
1:6	 0:8 eV, respectively (toward the Fermi level), in
comparison with that in the case of SiO2 film with a
thickness of 13 �A (9.5ML). The BEVBM shifts are attributed
to the decreased number of Si4þ and the increased number of
Si3þ, Si2þ, Si1þ, and Si0 in the vicinity of the topmost SiO2

layer. These results can be used as a possible guide for the
production of high-quality gate-oxidation films with low
leakage currents.
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