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Structural transition layer at SiO 2/Si interfaces
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The valence-band and the O 2s core-level spectra of ultrathin~about 1 nm! SiO2 layers@which are formed
at the initial stages of oxidation of hydrogen-terminated Si~100! substrates# were measured by high-resolution
x-ray photoelectron spectroscopy. The energy difference between the valence band and the core level was
found to be greater than that for the bulk SiO2. A first-principle molecular-orbital calculation was performed on
Si2O7H6 clusters in order to obtain the energy difference~which depends on the structure of SiO2 layers!. A
comparison of the experimental data and the molecular-orbital calculations indicates that the intertetrahedral
bond angle,uSi-O-Si, is 135° to 140° in the SiO2 structural transition layers at the SiO2 /Si interfaces.
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I. INTRODUCTION

The thermally-grown SiO2/Si interface has been exten
sively studied because of its significant role in metal-ox
semiconductor field-effect transistors~MOSFET’s!.1,2 Since
current device technology demands a dramatic shrinkag
MOSFET size, the structure in the vicinity of the SiO2/Si
interface has recently become a fundamental issue to
clarified. This shrinkage leads to a reduction of gate-ox
film thickness to as small as 5 nm; namely, 14 layers of
SiO2 molecule. There are two kinds of distinct regions ne
the interface: compositional transition layers and structu
transition layers. Compositional transition from Si to SiO2
occurs abruptly3 through one Si atomic layer, which consis
of intermediate oxidation states such as Si11, Si21, and Si31.
Contrary to this, structural transition from the bulk Si to t
bulk SiO2 takes place to a much greater extent. On the
side of the interface, the transition layers have been reve
to consist of two Si atomic layers that have an atomic
rangement different from that for bulk Si.4 On the other
hand, on the SiO2 side of the interface, the structure of th
transition layer is considered to be as much as 1-nm th
The existence of the latter structural transition layers
been confirmed by a change in the etching rate of SiO2 near
the interface5 and by a change in the stretching vibratio
energy of Si-O bonds near the interface.6,7 Moreover, it has
recently also been confirmed by x-ray reflectivity measu
ment suggesting that the density of SiO2 changes nea
SiO2/Si interfaces.8 Nevertheless, little is known about th
structure itself in the SiO2 transition layers. So far, in a com
parison with the bulk SiO2 structure, two kinds of character
istic structures have been proposed. First, the structure o
transition layer in the SiO2 was studied by Grunthaneret al.9

This study was based on a unique spectral reconstruc
procedure for x-ray photoelectron spectroscopy~XPS! core-
level spectra of 2.3-nm thick SiO2 on a Si substrate. The
suggested that the structure of the transition layers has
corner sharing SiO4 tetrahedron network as the bulk SiO2
does but has the intertetrahedral Si-O-Si bond angle sm
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than the bulk SiO2. However, by using ultraviolet photoelec
tron spectroscopy, Hollingeret al.10 found an anomalous
valence-band spectrum for the transition layer of 1.1-
thick SiO2 on a Si substrate. They considered this spectr
is due to a change in coordination from 4:2 for the corn
sharing tetrahedron network instead of a reduction in
intertetrahedral Si-O-Si bond angle.

Such a controversial result may come partly from the d
ficulty in uniformly preparing ultrathin oxide layers. W
have recently succeeded in extremely uniform oxidation
Si substrates.11–13 Using this oxidation method, oxidation
proceeds in layer-by-layer mode at the interface.11 It was
found that the lateral size of the atomically flat oxidize
region ~formed during the layer-by-layer oxidation! is as
much as 3–6 nm even at an average SiO2 layer thickness of
0.7 nm.13 These observations show that the thickness of
thin SiO2 layers formed on Si substrates is uniform enou
so that XPS measurements are able to identify the electr
structures for the vicinity of the SiO2/Si interface. Structural
changes in the transition layer should therefore be dire
reflected in the changes in electronic structures in ultrat
oxide formed on Si substrates by such uniform oxidatio
The purpose of the present work is to reveal differences
electronic structure of the transition layer and the bulk S2
by high-resolution XPS. For the transition layer and the b
SiO2, we measure the energy differences between the
lence band and the O 2s core level, which is more sensitiv
to structural distortion than the O 2p-related levels.14 The
experimental study is accompanied by a theoretical study
the energy difference using a first-principle molecular-orb
~MO! method. Comparisons of the experimental data and
molecular-orbital calculations will enable us to deduce
structural deformation in the SiO2 transition layers near the
SiO2/Si interfaces.

II. EXPERIMENT

Extremely uniform oxidation of Si substrates was pe
formed by the following procedures.11–13First, 200-nm thick
5617 ©1999 The American Physical Society
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SiO2 layers were formed on 10–20-V cm n-type Si~100! sub-
strates in dry O2 at 1000 °C. Second, after removing the SiO2
layers by buffered hydrofluoric acid, nearly 5-mm-thick un-
doped Si layers were grown epitaxially by the gaseous re
tion of SiHCl3 at 1100 °C in hydrogen atmosphere. Third, t
Si substrates were cooled down to less than 400 °C in hy
gen atmosphere. The Si~100! surfaces thus prepared we
terminated with hydrogen atoms and their reflection hig
energy electron diffraction pattern exhibited a clear 231
structure.15 The native oxides formed on the Si substrat
after being kept in nitrogen atmosphere for a long time, w
removed by dipping in 0.5% hydrofluoric solution at roo
temperature, followed by a rinse in deionized water. T
measurement of C 1s and O 1s XPS spectra showed tha
contaminations on these surfaces were negligibly sm
Then, the Si substrates were loaded into an oxidation ch
ber through an introduction chamber. The base pressure
the introduction and the oxidation chambers were 631025

and 431028 Pa, respectively. By heating the hydroge
terminated Si surfaces with an infrared light in 4-torr d
oxygen~the dew point of the oxygen gas was below295 °C!
at 300 °C for 360 min, preoxide was formed without brea
ing the H-Si bonds on the surfaces16,17up to the thickness o
0.5 nm. Through this preoxide, 0.61- to 1.5-nm thick Si2
was formed at 600 to 830 °C in 1-torr dry oxygen. Furth
oxidation up to 10 nm was performed at 800 °C. The S2
thicknesses were determined by the Si 2p peak intensity in
XPS spectra.

The samples were studied by high-resolution XPS, S
enta ESCA-300.18 The XPS chamber~with a base pressure o
431028 Pa! is connected by a gate valve to the oxidati
chamber. The valence band and the O 2s core-level spectra
were measured by using a monochromatic AlKa x-ray
source at a photoelectron take-off angle of 15° with an
ceptance angle of 3.3°. We measured differences betw
valence-band spectra for SiO2 layers with two different
thicknesses in order to subtract the valence-band spectru
the Si substrate. The subtraction was performed by norm
izing the Si valence-band intensity without making an ene
correction. From this analysis the valence-band spectrum
be obtained for SiO2 layers, which exist between two certa
distances from the Si surface. The other experimental de
are described elsewhere.19

The electronic structures for the valence band and th
2s core level of SiO2 were calculated using a first-principle
MO method. In the present study, we used the Hartree-Fo
Slater method using the discrete variational~DV!-Xa code.20

MO’s were constructed by linear combination of atomic o
bitals, which were numerically generated. Basis functions
Si, O, and H were 1s– 3d for Si, 1s– 3d for O, and 1s– 2p
for H. In this method, the exchange and correlation energ
were taken into account by using the Xa potential given by

VXa~r !523a@~3/8p!r~r !#1/3,

wherer~r ! is the local charge density. The parametera was
fixed at 0.7 for Si and O atoms.20

The Si2O7H6 cluster as depicted in Fig. 1 was taken in th
study to represent the structure of thermally grown SiO2. The
six hydrogen atoms were put so as to terminate the dang
bonds of the surrounding six oxygen atoms. It has alre
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been confirmed that the valence band mainly consists
three peaks: two of them at higher binding energy are fr
bonding states between the O 2p and the Si 3s, 3p atomic
orbitals, while one at lower binding energy is from nonbon
ing states of the O 2p atomic orbital.10,21 Since the valence
band as well as the O 2s core level has been revealed to ha
a predominant oxygen character, the local density of state
the center oxygen atom in the cluster was calculated us
the Slater transition state procedure,22 which is suitable for
studying binding energy in XPS spectra. Analysis using su
local density of states has been found to be effective
studying photoemission, by eliminating boundary effec
which may appear on the surrounding oxygen atoms.23

Deformation of the SiO2 structure in the transition laye
was investigated by referring to the following two repor
First, by using the photoemission-extended fine-struct
measurement, Siegeret al.24 clarified that the Si-O bond
length near a 1-nm thick SiO2/Si interface is identical to tha
in bulk SiO2. Therefore, the Si-O interatomic distance,rSi-O,
was taken to be constant; namely, 0.162 nm.10,25 Second,
using Monte Carlo simulations, Stixrude and Bukowinsk26

revealed that amorphous SiO2 under a large stress does n
change its intratetrahedral geometries substantially but
creases the intertetrahedral bond angle,uSi-O-Si. The intratet-
rahedral bond angle,uO-Si-O, was therefore set to 109.47° a
for a SiO4 tetrahedron in the bulk SiO2.

25 On the other hand,
the intertetrahedral bond angle,uSi-O-Si, was used as a pa
rameter in order to reproduce structural deformation in
transition layer under a large stress at the interface. We u
uSi-O-Si of 144° for the bulk model and 130°, 135°, and 14
for the transition-layer model. The former angle is an av
ageuSi-O-Si value in the bulk SiO2,

27 while the latter angles
were chosen to cover the possible range28 of decreased bond
angles under a large stress. In addition, we used the con
O-H interatomic distance of 0.92 nm and the Si-O-H angle
170°.25

III. RESULTS AND DISCUSSION

Figure 2 compares the valence-band spectra between
bulk ~10 nm thick! SiO2 and the transition layer. The two
spectra are shown by normalizing the highest peak in e
spectrum without making an energy correction. The sp
trum for the 10-nm thick SiO2 was directly obtained withou
subtraction of two spectra for different thicknesses. This

FIG. 1. A Si2O7H6 cluster with C2v point symmetry. The in-
tratetrahedral bond angle,uO-Si-O, and the Si-O interatomic dis
tance,rSi-O, were taken to be constant; namely, 109.47° and 0.
nm, respectively. The intertetrahedral bond angle,uSi-O-Si, was used
as a parameter in order to reproduce structural deformation in
transition layer at the SiO2 /Si interface. We used the O-H inter
atomic distance of 0.92 nm and the Si-O-H angle of 170°.
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because the Si substrate and SiOx interface components wer
not detected because of the small effective escape dept
0.8 nm for photoelectrons of this energy.29 The valence band
is found to be almost identical to that measured for bulk S2
with film thicknesses larger than 10 nm.30–33Apparently, the
valence band mainly consists of three peaks for which
original electronic structures were already identified; two
them at higher binding energy are bonding states between
O 2p and the Si 3s, 3p atomic orbitals, and one at lowe
binding energy is nonbonding states of the O 2p atomic
orbital. On the other hand, the spectrum for the transit
layer was obtained by subtracting the spectrum for 0.61-
thick SiO2 from that for 0.83-nm thick SiO2. The obtained
differential spectrum therefore represents the valence ban
the SiO2 layers existing between 0.61 and 0.83 nm from
Si surface, which means the obtained spectrum does no
volve not only the valence bands of Si but also SiOx subox-
ide, which exists within 0.5 nm from the interface.3 Although
the spectrum is acquired only for the very thin layers with
thickness of 0.22 nm, the obtained spectrum is clear eno
to be compared with that for the bulk SiO2. It should be
noted that the overall shape and the relative intensities
these three peaks in the valence band are almost the sam
the two spectra. This fact strongly suggests that the struct
change of SiO2 is only in the 4:2 coordination framewor
because a drastic change in relative intensities for the m
three peaks in the valence-band spectra should be expe
for different coordinations.10

Next, we will compare the bulk SiO2 and the transition
layer in terms of the energy difference between the Os
core level and the lower binding-energy peak of the bond
states in the valence band. The energy differences were c
pared by normalizing the lower binding-energy peak of
bonding states in the valence band; that is, a change o
energy difference was obtained by measuring the energy
ference between the two O 2s core-level peaks. As a resul

FIG. 2. A comparison of the XPS valence-band spectra fr
bulk SiO2 and the transition layer.~a! Valence-band spectrum of th
bulk SiO2 ~SiO2 with film thicknesses of 10 nm!. The spectrum was
directly obtained without subtraction, since the Si substrate and
SiOx interface components are not detected due to the small ine
tic mean-free paths of 3.4 nm for photoelectrons with this ene
~b! Valence-band spectrum of the transition layer. The spectrum
the transition layer was obtained by subtracting the spectrum
0.61-nm thick SiO2 from that for 0.83-nm thick SiO2.
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the energy difference is found to increases by as much
0.2060.01 eV as shown in Fig. 3. Likewise, we determin
the energy differences in other differential spectra for S2
layers, which exist at different distances from the Si surfa
These differences were obtained with respect to the ene
difference of the bulk SiO2 and are listed in Table I. Al-
though the energy difference for the layers that exist betw
0.61 to 0.83 nm from the Si surface is 0.2060.01 eV larger
than that for the bulk SiO2, the energy differences for th
layers that exist over 1.01 nm in thickness are the sa
~within 0.03 eV! as that for the bulk SiO2. These facts
clearly show that the larger energy difference is intrinsic
the transition layer that exists between 0.61 to 0.83 nm fr
the interface.

To investigate deformation of SiO2 structure in the tran-
sition layer, we calculated the energy difference between
O 2s core level and the lower binding-energy peak of t
bonding states in the valence band for the Si2O7H6 clusters as
depicted in Fig. 1. First, the energy levels for the clus
were calculated usinguSi-O-Si of 144°. The calculated effec
tive charges on the center O atom are20.73e, which are in
good agreement with previously reported values,20.67e to
20.81e, obtained byab initio calculations for amorphous
SiO2.

25,34 Furthermore, we found a very good agreement
tween the XPS spectra and the calculated energy levels

he
s-

y.
r

or

FIG. 3. A comparison between the bulk SiO2 and the transition
layer in terms of the energy difference between the O 2s core level
and the lower binding-energy peak of the bonding states in
valence band. Both spectra are shown by normalizing the lo
binding-energy peak of the bonding states.

TABLE I. Energy differences between the O 2s core level and
the lower binding-energy peak of the bonding states in the vale
band for the SiO2 layers that exist at different distances from the
surface. These are obtained by subtraction of two spectrum for
ferent SiO2 thicknesses. The differences are obtained with respec
the energy difference of the bulk SiO2.

SiO2 thicknesses~nm! Experiment~eV!

0.8320.61 0.2060.01
1.5021.30 0.0060.01
1.3021.01 0.0360.01
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the O 2s core level and for the lower binding-energy peak
the bonding states as shown in Fig. 4. This agreement i
cates that the present cluster size is large enough to inv
gate these energy levels that are mostly localized within
nearest-neighbor atoms. Besides, we confirmed that the
culated energy levels did not vary over a few tens of eV
we changed the configuration of the second nearest-neig
~oxygen! and the third nearest-neighbor~hydrogen! atoms
with respect to the center oxygen atom in the cluster. W
therefore, believe that the present cluster is a reasonable
resentative for discussing the observed energy change.

Next, we calculated the changes in the energy differe
between the O 2s core level and the lower binding-energ
peak of the bonding bands when the bond angleuSi-O-Si
changes from the bulk SiO2 value ~144°! to smaller values
including 130°, 135°, and 140°. These calculated energy
ferences are listed in Table II. Consequently, we find that
increases in the energy difference are 0.12, 0.27, and 0.3
for uSi-O-Si5140°, 135°, and 130°, respectively. This res
shows that the transition layer of the 0.83-nm thick SiO2/Si
interface has a smalleruSi-O-Si bond angle~about 135° to
140°! than that~144°! observed in the bulk SiO2.

Such a smalleruSi-O-Si bond angle was first suggested b
Grunthaneret al.9 They measured the Si 2p and the O 1s
core level in 2.3-nm thick SiO2 by high-resolution XPS and
deconvoluted each measured core-level spectrum into
peaks separated by 0.6 eV using a unique reconstruction
cedure. Based on a tight-binding calculation, the obtai
peaks in each core-level spectrum were assigned to the
angles (uSi-O-Si) of 144° or 125°.9,35 They concluded a
smaller bond angle of 125° exists within 3 nm of the SiO2/Si

FIG. 4. A comparison between the XPS spectrum for the b
SiO2 and the calculated energy levels. The energy levels are
tained for the Si2O7H6 cluster withuSi-O-Si5144°.

TABLE II. Energy differences of the O 2s core level and the
lower binding-energy peak of the bonding states in the valence b
calculated for the Si2O7H6 clusters withuSi-O-Si5130°, 135°, and
140°. The differences are obtained with respect to the energy
ference foruSi-O-Si5144°.

uSi-O-Si ~degrees! Calculation~eV!

140 0.12
135 0.27
130 0.33
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interface. Later, however, such an assignment was reex
ined by Ching14 using the first-principles effective-charg
calculation. He found that such a decrease in bond an
uSi-O-Si would not produce a large core-level shift as sho
by the deconvolution procedures. Therefore, the deconv
tion procedures themselves are now in question. Rece
Miyazaki et al.proposed a smalleruSi-O-Si bond angle for the
transition layer by considering their Fourier-transform i
fared ~FT-IR! measurements.36 They subtracted the FT-IR
spectra for about 0.5-nm thick SiO2 from the spectra for
thicker SiO2 layers in order to eliminate the influence of bo
the microroughness and suboxides on the LO phonon m
and then they determined the LO phonon peak frequen
The results for SiO2 grown at 1000 °C on Si~111! indicates
that a distinct redshift of about 30 cm21 still remains be-
tween 2- and 0.6-nm thick SiO2. This result strongly indi-
cates that a bond angleuSi-O-Si smaller than the bulk value
~144°! exists in the interface region. According to a simp
central force model,37 the redshift of 30 cm21 corresponds to
a reduction of the Si-O-Si average bond angle by 7.7°, e
uSi-O-Si5136.3°, which is in very good agreement with th
present results. We therefore, conclude that theuSi-O-Si is
about 135° to 140°.

Such a change in bond angleuSi-O-Si, in turn, would affect
several kinds of important characters for device designi
including the dielectric constant, the band gap, and the h
and electron barriers at the SiO2/Si interface. Recently, one
of these kinds of changes in electronic structures for the tr
sition layer has been actually found by a valence-band st
using high-resolution XPS.38 We have found that the energ
level of the top of the valence band, within about 1 nm fro
the present SiO2/Si interface, is different from that of the
bulk SiO2. Further analysis of this energy difference w
verify the bond-angle reduction in the transition layer.

IV. SUMMARY

Ultrathin SiO2 was formed on Si substrates in a qui
uniform oxidation process. High-resolution XPS measu
ments revealed that the energy difference between the
lence band and the O 2s core level is larger in the transition
layer within 1 nm from the SiO2/Si interface than in the bulk
SiO2. A comparison of these experimental results with t
calculated energy levels for Si2O7H6 clusters by the DV-Xa
method showed that the intertetrahedral bond angle,uSi-O-Si,
is about 135° to 140° in the structural transition layer.
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