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The bonding of Si atoms at the SiO,/Si interface is determined via high-resolution core-level
spectroscopy with use of synchrotron radiation. All four oxidation states of Si are resolved, and
their distribution is measured for Si(100) and Si(111) substrates. For oxides grown in pure O,, the
density of Si atoms in intermediate oxidation states is (1.5+0.5)X 10'* cm~2 This value is obtained
by measuring the core-level intensity, the escape depth in Si and SiO,, and the relative Si 2p photo-
ionization cross section for different oxidation states. From the density and distribution of
intermediate-oxidation states, models of the interface structure are obtained. The interface is not
abrupt, as evidenced by the high density of intermediate-oxidation states (about two monolayers of
Si) and by their nonideal distribution. The finite width of the interface is explained by the bond- .
density mismatch between SiO, and Si. The electrical properties of the interface (band lineup, Fer-
mi, and vacuum level) are determined. Annealing in H, is found to influence the electrical parame-
ters by removing the P, centers that pin the Fermi level. The distribution of oxidation states is not
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affected.

I. INTRODUCTION

The SiO,/Si interface has been the subject of intense
study’ ~* because of its dominant role in silicon technolo-
gy. The structure of this interface has been elusive
despite many efforts to come up with models. Previous
studies generally agree in identifying two distinct regions.
The near interface consists of a few atomic layers con-
taining Si atoms in intermediate oxidation states, i.e.,
Si'+ (8i,0), Si?* (SiO), and Si’* (8i,05,). A second region
extends about 30 A into the SiO, overlayer. The SiO, in
this layer is compressed because the density of Si atoms is
higher for Si than for SiO,. In this work, we will focus
onto the near-interface region. Several structural models
have been proposed’~!! for SiO, on Si(100), each predict-
ing a characteristic distribution of oxidation states. Most
of the models published to date assume an atomically
abrupt interface. From our data we can exclude such
abrupt models, since they cannot explain the large por-
tion of Si** observed at the interface. A recent calcula-
tion arrives at an extended-interface model for
Si0,/Si(100) by minimizing the strain energy.!! This
model is found to be in good agreement with our data. It
is not unique, though. New models are proposed for
Si0,/8i(100) and SiO,/Si(111) based on the distribution
and intensity of intermediate-oxidation states. These
models are characterized by an extended interface, with
protrusions of Si** reaching about 3 into the SiO,
overlayer.

Many experimental techniques have been used previ-
ously to determine the structure of the interface, its ex-
tent and its roughness, e.g., transmission electron micros-
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copy>® 12~ (TEM), scanning tunneling microscopy

(STM), low-energy electron diffraction!® (LEED), posi-
tron annihilation,!” ellipsometry,'® vibrational spectrosco-
py,!>% Rutherford backscattering?' (RBS), x-ray scatter-
ing,? field ion microprobe,? Auger spectroscopy,z‘"25
and x-ray photoelectron spectroscopy (XPS).26=* The
results range from atomically sharp to extended inter-
faces of about 7 A width. These variations could be due
to the different probing techniques or to the differences in
sample preparation. We have ascertained that our ob-
served interface properties hold for a wide class of oxides
by covering a broad range of preparation conditions. A
unique interface structure is found for the “ideal”
SiO,/Si interface, i.e., an interface in thermal equilibrium
(see Ref. 44) and free of impurities, such as hydrogen or
OH. The preparation conditions play a minor .role as
long as one starts with clean and smooth Si surfaces.

The experimental technique employed in this work is
core-level spectroscopy (for a review of core-level spec-
troscopy at Si surfaces, see Ref. 45). It has the advantage
of resolving the oxidation states?”*? of Si atoms in the in-
terface layer via the chemical shift of the Si 2p core level.
Therefore, a straightforward definition of the interface
can be given by taking the layer that contains Si atoms in
intermediate-oxidation states. The depth resolution is
optimized by using tunable synchrotron radiation. At a
photon energy of 130 eV, the escape depth of photoelec-
trons from the Si 2p core level has a minimum of about 3
A in Si, compared with about 15 A in conventional XPS.
The short escape depth makes it easy to detect a mono-
layer of Si atoms at the interface. For a quantitative eval-
uation of the core-level spectra one has to determine the
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escape depth in SiO, as well as that in Si (SiO, has about
twice the escape depth of Si). Also, the difference in the
photoionization cross section between the various oxida-
tion states has to be taken into account (the higher oxida-
tion states have about twice the cross section of elemental
Si at Av=130 eV due to a resonance effect). In this work
we have determined these parameters for a range of pho-
ton energies (120-400 eV), where there is very little infor-
mation available.

II. EXPERIMENT

The data were taken with a spectrometer-mono-
chromator setup at the National Synchrotron Light
Source.* The photoelectrons were collected within a
cone of 86° full width centered around the sample nor-
mal. The light was p polarized with an angle of incidence
64° from normal. The energy resolution of the electron
analyzer was set between 0.1 and 0.2 eV, and the photon
energy resolution varied from 0.2 eV at hv=130 eV fo
0.4 eV at hv=400 eV.

Thin SiO, films were obtained by oxidizing atomically
clean Si surfaces in pure O, Clean Si(111)7X7 and
Si(100)2 X 1 surfaces were prepared by Ohmic heating of
Si wafers to 1050°C or by dipping in 10% HF and heat-
ing to 850°C. Well-oriented wafers ( < $° misorientation)
were used to obtain the data shown here, but wafers with _
3° misorientation gave similar results. Using an ultrahigh
vacuum transfer system, the clean Si samples were
transferred from the spectrometer (pressure < 1071°
Torr) to a preparation chamber which could be filled with
gases up to a pressure of 1 atm and subsequently pumped
down to ultrahigh vacuum. During all oxygen exposures,
the sample was cooled while still in oxygen. Thereby, the
formation of holes in the SiO, layer is prevented, which
occurs when a thin SiO, film is heated in vacuum (see
Ref. 46). Vacuum-annealed films with pinholes exhibit a

larger signal from bulk Si. The density of Si atoms in -

intermediate-oxidation states is underestimated when us-
ing such data. The native oxide as well as oxides grown
in H,O and by wet chemistry (HNO,;, H,0,) have also
been studied but in a less systematic way.

Figure 1 illustrates the analysis of the data for a core-
level spectrum from SiO,/Si(100). Oxidation states inter-
mediate between Si and SiO, are already visible in the
raw data (top curve in Fig. 1). For a quantitative evalua-
tion we apply three straightforward data-processing-
steps. The first is to subtract a secondary electron back-
ground (dashed line in Fig. 1) from the raw data. This
background curve is measured separately at a 10-eV-
lower photon energy where the Si 2p core-level structure
is shifted away. A small background remains at the low-
kinetic-energy side of the spectrum due to energy losses
from the core lines. This background is removed in a
second step by subtracting a curve proportional to the in-
tegral of the spectrum. Such a procedure is equivalent to
approximating the loss function by a constant. After re-
moving the total background (dotted line in Fig. 1) the
spectrum is decomposed into the Si 2p,,, and Si 2p,,,
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FIG. 1. Intermediate-oxidation states at the Si0,/Si(100) in-
terface, identified by their Si 2p core-level shifts. The top curve
represents the raw photoemission data for the Si 2p;,, 3,, core
levels. The bottom curve has the Si 2p, /, line and the secondary
electron background subtracted. All three intermediate-
oxidation states are seen. For a truncated bulk structure only

- 8i** would be present since the Si(100) surface has two broken

bonds per atom.

spin-orbit partner lines. This decomposition is
mathematically unique as long as the spin-orbit splitting
and the intensity ratio are known. The splitting of 0.61

eV is an atomic property and practically independent of

the chemical environment. A variation of the splitting
between 0.59 and 0.61 eV has been observed by fitting the
bulk Si lines. The 2p; /, to 2p; ,, intensity ratio comes out
in these fits to be equal to the statistical value of 1:2
within +2%. In all following figures the spin-orbit
decomposed curves will be shown for clarity.

II. CORE-LEVEL INTENSITIES, CROSS SECTIONS,
AND ESCAPE DEPTHS

In order to obtain the number of Si atoms in
intermediate-oxidation states and to-test structural mod-
els it is necessary to quantitatively evaluate the core-level
intensities. The photoemission intensity is determined by
six quantities, i.e., the atomic photoionization cross sec- -
tions og and Osio, the escape depths /g; and lsioz, and

the density of Si atoms ng and Rsio, in Si and SiO,, re-
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spectively. Our experimental results for the relevant
quantities are collected in Table I together with work at
XPS energies.?3%377 For Si in intermediate oxidation
the results fall in between the values for Si and SiO, as
shown for the cross sections in Table II.

The core-level intensity Isi0, for a SiO, overlayer of

thickness d is obtained by integrating over the exponen-
tial escape probability:

d
Isi0, ~ 50,9 si0, fo exp(—z/lgo, )dz
=n5i0,05i0,lsi10,[ 1 —exp( —d /I5i0,)] - ()

The emission from the Si substrate is given by a similar

expression except that the escape probability is multiplied

by the attenuation factor exp(—d /I sio, ) of the overlayer:
ISi ~flSi0'SieXp( _d/ISi02 ) fowexp( —'Z’/ISi ydz'

=ngiosilsiexp(—d/lgo, ) . 2)

- Combining (1) and (2) we obtain, for the intensity ratio
between the SiO, and Si core-level peaks,

: 2— eX(+d/l )'——1 (33)
Whel‘e

I, =ng0,0si0,lsi0,

and
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Iy=ngoglg

are the intensities for an infinitely thick SiO, layer and
for a bare Si substrate, respectively. The experimental in-
tensity ratio I /I, is also given in Table I. It reverses
between low and high photon energies. This reversal is
due to a near cancellation of the factors contributing to
I /1y One finds 050, > 05; and 50, > Ig; for the pho-

ton energy range considered here, which is opposite to
the density ratio nsio, < Msi- At low photon energies

(hv=130 eV) a resonance in Tsio, tips the intensity bal-

ance in favor of SiO,; at high photon energies the low
density of Si atoms in 8iO, dominates over the other fac-
tors.

To determine the escape depth in SiO, we use a layer
of known thickness d and solve Eq. (3a) with respect to

15i023 )

Isi0,=d / In

The thickness is determined by ellipsometry on SiO, films
of 10-30 A thickness and checked with transmission
electron microscopy (TEM). The result for the escape
depth at Av=200 eV agrees with a previous determina-
tion,”® which used the attenuation of Si 2p Auger elec-
trons by a SiO; overlayer and calibrated the SiO, thick-
ness by nuclear analysis of the oxygen content.

For determining the escape depth in Si we use the in-
tensity of shifted surface core levels at clean Si surfaces.*’

(3b)

Isi0, Iy
Iy 1. 1

TABLE 1. Experimental values of the parameters required for a quantitative description of Si 2p
core-level intensities (see Sec. III). The kinetic energy of the photoelectrons is 104 eV (108 V) smaller
than the photon energy for Si (SiO,). The relation [Eq. (3a)] I, /[o='l3i0205i021Si02 /ngoglg allows a

consistency check, which gives a typical accuracy of £10%. The results for the photon energy range
up to 400 eV are from this work, the XPS results are from Refs. 30, 37, and 74. Bulk atom density:
nsio, =2:28X 102 cm™3, ng=5.00Xx102 cm~3. Surface atom density of Si (I monolayer):

Ny =7.8X10% cm—2, Nig=6.8X10"*cm~2

I, Rsi0, 0 Siozlsm2 ¢TSio;l - oL
hv (V) Io __ hgogly _Osi fsio, (A1) _ s(2)
120 1.8 1.7 1.8¢ 8.5¢ 4,0°
130 2.1 2.2 2.2° 7.14 3.3°
145 1.4 1.7 2.0° 6.3¢ 3.3¢
200 0.84 0.77 1.3¢ 6.5,% 6.5 5¢
400 0.69 114 ’ 10°
1254 0.828 1.18 21,8 25k 13,8 23k
1487 0.828 1.18 26,8 370 16,8 27,0 26*
3645, 27% '

"Only the adiabatic peak is considered (not the satellites).

®The escape depth is averaged over a 86° emission cone around the normal.

“From absolute core-level intensities of monolayer oxide films (Ref. 57).

4From the intensity ratio between oxide and substrate for samples of known thickness using Eq. (3b).
‘From the surface core-level intensity for Si(100)2X 1 assuming half a monolayer with shifted core lev-
els (asymmetric dimer model). Compare Eqs. (4) and (5) for the analysis.

From Derrien and Commandre (Ref. 25).
£From Hochella and Carim (Ref. 37).
YFrom Hill et al. (Ref. 30).

From G. Hollinger et al. (Ref. 74).
XFrom Flitsch and Raider (Ref. 26).
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TABLE II. Energy positions, widths and cross sections for
intermediate-oxidation states. The width quoted is the Gauss-
ian FWHM due to inhomogeneous broadening. The instrumen-
tal resolution is subtracted quadratically, and the lifetime
broadening is accounted by a Lorentzian of 0.1 eV FWHM.
Typical variations are £5% for the energy positions and +10%
for the widths.

MICROSCOPIC STRUCTURE OF THE §i0,/Si INTERFACE

Energy (eV) FWHM (eV)

a'/a's1 (hv 130 eV)
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Riy=0—giy) (5d)
applies to both types of Si(111) surfaces. This value

differs by up to £10% from Eqgs. (5a) and (5b) at the
minimum escape depth.

Surface core-level data are shown in Fig. 2 for clean
Si(100)2X 1 and Si(111)7X7. For Si(100)2X 1 there is a

“surface core-level emission at 0.5 eV above the bulk line
= with the

intensity ratio R =surface/(surface+bulk)

- =0.17 at Av=130 eV. The surface emission is assigned

Si® 0 0.28 1

Sil+ —0.95 0.44 1.0* i
Si* —1.75° 0.58 L1 _
Si+ —2.48° 0.66 _ L7 -
Sitt - —3.9° 1.15 2.2°

*From a comparison of surface core-level intensities for

H,0/8i(100)2 X 1 with clean Si(100)2X 1 (compare Figs. 2 and
3).

®The Si** core level moves up for films thinner than 5 A due to
a smaller valence-band offset and extra screening by the Si sub-
strate. The Si3* and Si** core levels move down for films
thinner than 5 A due to the absence of dielectric screening by
the SiO, overlayer.

“From absolute core-level intensities of monolayer oxides films
(for details see Ref. 57). :

For this purpose, we calculate the intemsity from the
outermost Si layer relative to the total core-level emis-
sion. It is convenient to sum the intensities layer by layer
rather than integrating over a continuum as in Egs. (1)
and (2). [In a continuum model one runs into difficulties
in defining the boundaries between layers when the layers
are not equally spaced, such as for Si(111). With equidis-
tant layers the continuum and the discrete models give
identical results, e.g., for Si(100).] Between layers one has
an attenuation factor

gy =exp(—dyy /1), 1=ls;l50,0s0, » - @
with an interlayer spacing d g =a /4=1.36 A for Si(100)
and two alternating interlayer spacings d;;; =aV3/12
=0.784 A and d},;=3d;;, for Si(111). The intensity
from all Si layers can easily be summed up as a geometric
series 37 _oqpy=1/(1—gp ). The intensity of the sur-
face layer relative to the total intensity is

Ry00=(1—4100) (5a)
for a Si(100) surface, =
Ry =(1—gt1)/(1+qy1) (5b)

for Si(111) truncated between double layers (one broken

to half a layer of outer dimer atoms using the asymmetric
dimer model.*’ =% For Si(111)7X 7 there is a surface line
at 0.8 eV above the bulk line with the intensity ratio
surface/(surface+bulk) 0.05 at Av=130 eV. It is as-
signed to 4 of a monolayer of so-called rest atoms, which
are negatlvely charged® according to scanning tunneling
spectroscopy™° and self-consistent calculations.”! Apply-
ing Egs. (4), (5a), and (5b) to these intensity ratios one ob-
tains an escape depth of 3.3 A (3.2 A) from the dimer
atoms (rest atoms), respectively. Well-defined Si core-

. level shifts are also found for adsorbate overlayers and in-

bond), and . -

R'111=(1—Q‘1‘11)/(1+Q%11) (5¢)

for Si(111) truncated inside a double layer (three broken
bonds). If one wants to apply a continuum model to the
Si(111) surface one has to use an average layer spacing
dYy1=2d,;; in order to integrate over slabs of equal
thickness. The resulting ratio

terfaces, e.g., As/Si(111) with an intensity ratio
R =surface/(surface 4 bulk)=0.40 (Ref. 52), and
CaF,/8i(111) with a surface/(surface + bulk) ratio of
0.39-0.46 (see Fig. 3 and Refs. 53-55). Using Eq. (S¢)
[Eq. (5b)] one obtains escape depths of 3.4 A (2.9-2.1 A)
for As/Si(111) [CaF,/Si(111)]. However, the analysis of

[ I I I

Clean Si Surfaces Si(111) 7x7

Si2py, '

hr = 130 eV
a
b=
c
S
g
<
>
=
(7]
a —
£

. Si{100) 2x1
=
k=]
a
£
8
©
o
Q.
1 T [ {
-3 -2

-1 (¢} 1 2
Initial~State Energy (eV relative to buk Si2p, /2) :

FIG. 2. Core-level spectra from clean Si(100)2X1 and
Si(111)7X 7 surfaces used for determining the escape depth in
Si The emission from shifted surface core levels correspond to
— and 1 of a monolayer, respectively. Energy-loss features
below the bulk lines are not included in the fit.
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the core-level intensities may be affected in this case by a
change in cross section due to chemical bonding (see
below). In summary, the escape depths for SiO, and Si
exhibit a minimum for photon energies around hAv=140
eV. The escape depth for SiO, is longer than that for Si,
in agreement with theoretical estimates.*®
In addition to the escape depth there is another factor
. that influences the core-level photoemission intensity, i.e.,
the photoionization cross section. Previously, it has been
assumed that the cross section is identical for all oxida-
tion states of Si at a given photon energy. It turns out
that this is far from being true for the photon energy
range in question. Near Av=130 eV there is a shape res-
onance in the cross section for the higher oxidation states
which causes them to be enhanced by up to a factor of 2.
This cross section resonance diminishes as one ap-
proaches lower oxidation states (corresponding to lower
core-level shifts). Therefore, we expect only minor cross
section effects for the clean Si surface core levels, for
As/Si(111) and for CaF,/Si(111). Our results are summa-
rized in Tables I and II. The cross section ratios are ob-
tained by photon-energy-dependent measurements of the
absolute core-level intensities of Sil*,Si?*,Si*+,Si*t.
Thereby we use very thin films (monolayer or less) in or-
der to minimize the effect of the photon-energy-
dependent escape depth. The Si'™ cross section is re-
ferred to the Si cross section by comparing the Si'* peak
at the H,0O-exposed Si(100) surface with the surface
core-level emission at the clean surface (see discussion of
Figs. 2 and 3). A detailed account of the cross-section
measurements will be published elsewhere.’ '

IV. NUMBER OF INTERFACE ATOMS

An important quantity is the number of NSiox of Si

atoms in intermediate-oxidation states (per unit area). In
order to get a rough idea we compare in Fig. 3 core-level
spectra of two reference structures with SiO,/Si(111).
' The Ca-terminated CaF,/Si(111) interface’*~% has about
a monolayer of Si atoms bonding to Ca giving rise to a
shifted core level located 0.4 ¢V above the bulk line.
Some residual Si—F bonds show up on the low-energy
side of the bulk line. For our purpose the H,0O-exposed
Si(100)2 X 1 surface is better suited since it takes a possi-
‘ble change in cross section from elemental Si to oxidized
Si into account. This surface exhibits a surface core level
at 0.9 eV below the bulk line corresponding to 0.5 mono-
layers (Ref. 58) of Sil*. The intensity measured for satu-
ration coverage (about 20 L) is Si'*/(Si® + Si'*t)=0.17.
It has been assigned to 0.5 monolayers of OH bonding
to Si. The other half of the Si surface atoms bond to H
and exhibits a much smaller shift of 0.3 eV. They have
been included in the bulk line. The Si!* peak for
Si0,/Si(111) has an intensity ratio Si'*/(Si®+ Si'*)
=0.30 at hv=130 eV, i.e., 1.8 times greater than for the
H,0/8i(100) reference surface. From there we determine
a coverage of 0.87 monolayers of Si'* for Si0,/Si(111).
Thereby the small change in the surface-to-bulk ratio due
to the difference surface orientation has been taken into
account.’’ The coverage of the higher-oxidation states is
more difficult to determine since their intensity is
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Comparison "with Reference Surfaces
Si2p, 2 SiCa
hy = 130eV 1 layer
2
-
g CaF, on
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E Si H,0 on
§ Si{100}
:
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st
RES
2 o
Si0, on
Si{t11)
I

-6 -5 —4 -3- -2 -1 0 1 2 3

Initial-State Energy (eV relative to bulk Si2p, /2)
FIG. 3. Comparison of core-level spectra from SiO,/Si(111)
with the CaF,/Si(111) interface and the H,0-exposed
Si(100)2 X 1 surface. A density of two Si layers is derived for the

Si atoms in intermediate-oxidation states by comparing with the
H,0/8Si(100) reference surface.

enhanced relative to Si'* at a photon energy of 130 eV.
Two effects contribute to this enhancement. One is a res-
onance in the cross section of Si** at this photon energy
(see discussion in Sec. III and Table II), the other is an es-
cape depth effect caused by the fact that Si** is farther
away from the Si substrate than Si'* (see Sec. V). In or-
der to become free of these distortions it is helpful to use
data at higher photon energies (Av=400 eV in our case)
where the cross sections are nearly the same and the
mean free path is significantly larger than the width of
the interface. In this case the true distribution of oxida-
tion states is seen. From the data for Av=400 eV in
Table III we find that the total number of Si atoms in in-
termediate oxidation states is 2.6 times that of Si!*, ie.,
2.3 Si(111) monolayers. This corresponds to 1.8 10%
atoms/cm’. A somewhat smaller value of 1.3 10"
atoms/cm? (i.e., 1.9 Si(100) monolayers) is obtained for
S$i0,/Si(100) by comparing the (Si'* + Si*+ + Si*+)/si°
intensity ratios for $i(100) and Si(111) at Av=400 eV (see
Table III). It is interesting to note that the Si0,/Si(100)
interface also has a lower density of dangling bond de-
fects (P, centers®®?) than Si(111). Thus, there seems to
be a correlation between the density of intermediate-
oxidation states and the density of P, centers. The abso-
lute number of P, centers is 3 orders of magnitude lower,
though. A similar correlation between the density of



38 MICROSCOPIC STRUCTURE OF THE $i0,/Si INTERFACE

6089

TABLE IIlI. Relative intensities of intermediate-oxidation states for Si0,/Si(100) and SiO,/Si(111).
The intensities are obtained by a least-squares fit to the data with the energies and widths constrained
to the values given in Table II. Typical variations between samples are £10% for I'+:I**+:I*+ and up
to 30% for I°. In order to obtain the true distribution of oxidation states, the intensities have to be di-
vided by the respective cross sectlons (given'in Table II for Av=130 eV).

13+ I2+ . I1+ IO
hv (eV) [+ L[+ 3+ Il-l;+17277-i-+137+ ’ F N Ny FEY N
Si(111) data
120 041 025 0.34 0.95
130 0.48 0.21 0.31 0.74
145 0.48 021 0.31 0.77
400 0.33 ~.. 029 0.38 2.7
Si(100) data
130 048 _ 028 0.24 1.1
400 0.37 0.35 0.28 3.6

intermediate-oxidation states and the electrically active
interface states has been observed in the oxidation of
SiGe alloys.%
There is an independent way to obtain the number. of .
intermediate-oxidation states by using only data taken at
hv=400 eV. At this photon energy the depth- distribu-
tion of intermediate-oxidation states does not matter. It
can be modeled by a constant density nsio, over a width

8. Equation'(3a) can be generalized to give the intensity
ratio between 1ntermed1ate-ox1datlon states and the Si
substrate: -

Bsio, Tsio, l Sio, [exp(+8/1
= exp( -+ ;
Ig; nsiosls - S0

Isio,

— 1] (6)
For & << lSiOx , the last factor becomes 8/1 sio, -

ber of Si atoms in intermediate-oxidation states per unit
area is then

I 8i0, Og;

Nsio =nsi0, 8= —ngils; - -

I Isio,

The experimental ratio is Io /Ig=(I'"+1** +1°%)/

=0.37 and 0.28 at hv=400 &V for Si(111) and Si(100),
respecnvely (see Table IID). Assuming og/ Tsio, =1

at hv=400 eV and using I =10 A, ng=5 X 10?2 cm™3
(Table I) one obtains for the number of Si atoms in inter-
mediate oxidation states Ngo =1.9 X 10" em™> on

Si(111) [Ngio_=1.4X10" cm ™2 on Si(100)]. These values

are comparable with the results obtained in the preceding
paragraph from comparison with reference spectra. The
accuracy is less due to a relatively large uncertainty in
the determination of Ig at zv=400 eV and due to the
possible contribution of a satellite emission at about 1.5
eV below the bulk Si line.®* It is clear from the two in-
dependent measurements that the density of
intermediate-oxidation states at the SiO,/Si interface is
about two silicon layers, i.e., twice of that expected for an
atomically abrupt interface. '

The num-

V. DISTRIBUTION OF OXIDATION STATES

In the Si 2p core-level spectra shown in Figs. 4 and 5
one can clearly identify three peaks between the Si and
the SiO, lines, which correspond to the three possible
intermediate-oxidation states Si!*,Si**,8i**. One should

I ! I I I I I | I
Si 2p3 /2 5 A oxide

hr = 130 eV

Si(100)

Photoemission Intensity (Arb. Units)

Si{111)

-7 -6 5 4 -3 -2 -1 o0 1 2 3
Initial~State Energy (eV relative to bulk‘Si2p3 /2)

FIG. 4. Core-level spectra from ultrathin SiO, overlayers on
Si(100) and Si(111) surfaces. The Si(111) substrate has less Si2*
and more Si'* than the Si(100) substrate. Si** is enhanced by a
factor of 1.7 at this photon energy due to a cross- sectlon reso-
nance (see Table II). The films were grown in 2X 10~° Torr O,

~ at 750°C for 20 sec.
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Si 2p,,, 14 & oxide

hy = 130 sV grownin dry O,

Photoemission Intensity ( Arb. Units )

Si{100)

Si(111)

] [ 1 | ] ] | | |
8 -7 -8 -5 -4 -3 -2 -1 O© 1 2
Initial-State Energy (eV relative to butk Si2p, /2)

FIG. 5. Core-level spectra from intermediate SiO, overlayers
on Si(100) and Si(111). The distribution of oxidation states is
similar to that for ultrathin layers. The films were grown in 0.1
Torr O, at 850°C for 10 sec.

keep in mind that these symbols refer to the oxidation
state, not to the actual charge transfer. The charge
transfer is only about half an electron per oxidation
state.?’% The energy positions and the widths of the
core lines are given in Table II. Figures 4 and 5 compare
Si 2p3,, core-level spectra for SiO, films of different
thickness. The absolute intensity . of intermediate-
oxidation states goes down with increasing film thickness
due to attenuation by the 8iO, overlayer. For films thick-
er than about 30 A the interface signal decreases below
the detection limit. This observation rules out the ex-
istence of Si atoms in intermediate-oxidation states at the
surface. The intensity distribution of intermediate-
oxidation states, I'*:I%+:I3%, does not vary much with
the oxide overlayer thickness, showing that this is a
universal property of the SiO,/Si interface. Results ob-
tained from least-squares fitting are given in Table III.
Also, the intensity of intermediate-oxidation states rela-
tive to that of the Si substrate (I°) is given. It is general-
Iy independent of the layer thickness. However, it can be
affected in both ways by poor sample preparation.
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Pinholes due to vacuum annealing of thin SiO, films
cause the Si signal to increase. Rough starting surfaces,
on the other hand, produce more intermediate-oxidation
states.

Several processing parameters have been varied in or-
der to test the universal nature of SiO,/Si interface. Pres-
sure and temperature variations (from 1073 to 20 Torr
and from 700 to 1100°C, respectively) do not affect the
distribution of oxidation states &gmﬁcantlﬂy This ﬁndmg
holds for a film thickness of up to 30 A which is the
upper limit for our probing technique. Thicker films may
be studied by back-etching with HF (see Refs. 2, 29, and
33), but at the risk of altering the stoichiometry and
creating holes with H-terminated?>%%” Si. For very thin
oxide films (8 A or less) the intensity of intermediate-
oxidation states is found to decrease relative to the bulk
line although their distribution remains unchanged. It is
likely that these films are not continuous, giving rise to
extra emission from clean Si through pinholes. Oxidation
at room temperature leads to distributions with a larger
proportion of the lower oxidation states (Si'* is the
stron%est component). This holds for oxidation in dry ox-
ygen 4 as well as in oxidizing solutions® (e.g.,
HNO;). These films have a structure different from the
high-temperature oxides. The models in Refs. 9 and 10
predict exclusively Si'* at the interface, in qualitative
agreement with the room-temperature data. We will not
discuss room-temperature oxidation in detail, as we are
mainly concerned with the structure obtained at elevated

" temperature in thermal equilibrium.* It has been shown

for very thin oxides*! that the room-temperature distribu-
tion converts to the universal high-temperature distribu-
tion after annealing at 700°C in vacuum. Recently,
thicker oxide films have been grown at room temperature
on very flat molecular-beam epitaxy (MBE) Si(100) sub-
strates,”%® which exhibit a dominant Si!* state.®® When
these structures are heated in vacuum, the abundance of
higher oxidation states increases. Very rough or defec-
tive surfaces produce a larger denmsity of intermediate-
oxidation states. Such surfaces are produced by heating
Si(100) above 1100°C, or in the presence of impurities.
They are characterized by weak surface core-level signals.
We have also looked into the effect of H, annealing on
the distribution of intermediate-oxidation states (see Sec.
VII). There is no noticeable difference. This is under-
standable since the number of dangling bonds (P, centers)
that can be saturated by hydrogen reaches at most about

102 cm~2 (Ref. 61), i.e., oo Of @ monolayer. Such small

changes are not detectable with our technique. The pres-
ence of H,, e.g., in steam oxidation, has been reported®?
to give rise to an abrupt interface where 6—17 % of the
interface bonds are saturated by H. In this case the
higher temperature may cause the strong Si—O—Si
bridge bonds to break up (compare also the discussion in
Sec. VIII) Annealing in atomic hydrogen has also been
reported to cause incorporation of substantial amounts
of H in the interface. This may be explained by the high
reactivity of atomic versus molecular hydrogen. In the
following we will concentrate on the pure SiO,/Si inter-
face that is formed in the absence of hydrogen.

In Figs. 4 and 5 the distribution of intermediate-



oxidation states is shown for two crystallographic orien-
tations of the substrate. All three intermediate-oxidation
states are present for Si(111) as well as for Si(100), but
their intensity ratios are different. On Si(100) the Sx”
Si?*, and Si®™* states appear in roughly equal proportion,
on Si(111) the Si?* state is suppressed. This crystallo-
graphic trend can be explained by the bond topology of
the truncated bulk structure. A Si(111) surface can have
two types of crystallographic planes with one and three
broken bonds per atom, respectively, which give rise to
Si'* and Si*+ when saturated by oxygen. The Si(100)

surface has two broken bonds per atom, which give rise

to Si>*. The coexistence of all three oxidation states on’
Si(100) clearly indicates deviations from the ideal, atomi-
cally abrupt interface.

In order to pin down the structure of the mterface it is
helpful to obtain a clue about the depth distribution of
various oxidation states. This can be done by changing
the escape depth, either by changing the take-off angle of
the photoelectrons (see Refs. 30, 31, 35, and 36) or by
varying the photon energy (see Fig. 6; compare also Refs.
28 and 32). At a photon energy Av=130 eV the outer
portion of the interface is enhanced due to the small es-
cape depth, whereas at Av=400 eV it is given the same
weight as the deeper regions of the interface. A least-

squares fit to the data (see Table III) shows that, indeed," 7
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FIG. 6. Core-level spectra vs photon energy Av for 14 A ox-
ide on Si(111). At Av=130 eV there is a minimum in the escape

depth as evidenced by the maximum in the SiO,/Si intensity ra-

tio. The Si** contribution is enhanced at this photon energy
relative to Si'* and Si**. The enhancement is partly due to the
fact that Si** is closer to the surface and partly due to a cross

section resonance of Si** at this photon energy.
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the Si** intensity increases significantly relative to Si?*
and Silt at Av=130 eV. Therefore, one would want to
conclude that the Si** atoms must be located farther out
than Si** and Si'*, as expected from the kinetics of the
oxidation process. However, the enhancement of Si*+ at
hv=130 eV is largely caused by a cross-section resonance
(see Sec. III). After dividing the intensities by the cross-
section factors given in Table II one obtains relative in-
tensities of I>*:I2+:7'+=0.36:0.24:0.40 at hv=130 eV
for Si(111). This is already very close to the ratios
PHI%+:1'%=0.33:0.29:0.38 at hv=400 eV, where cross
section and escape depth effects are absent. Therefore, it
is difficult to extract quantitative depth information. Re-
uses angle-dependent XPS
data, which are transformed into a depth distribution by
an inverse Laplace transform. Si*+ is found to be 610
A farther away from the interface than Si’?*, somewhat
more than expected from our structural models. We note
that previous depth-profiling work?®—3? gives information
about a larger length scale. A small concentration of
Si*t (a few Jpercent) is found to be distributed over a
depth of 30 A or more inside the SiO, film.

VI. INTERFACE STRUCTURE

A coarse look at the distribution of oxidation states
gives two qualitative results about the structure of the in-
terface. (i) The interface is not ideal, as evidenced by the

“coexistence of all three intermediate-oxidation states

Sil*,8i2* Si**t, With a truncated bulk structure one
would obtain only Si?* for Si(100), and Si!* or Si**+ for
Si(111). (i) However, there is a remnant of the crystallo-
graphic dependence expected from a truncated bulk
structure. Can these findings be made consistent? In or-

.der to come up with sensible models we have to consider

the possible driving forces for the interface structure. A
critical boundary condition is the density mismatch be-
tween SiO, and Si. The SiO, lattice has a density of Si
atoms that is 2.2 times lower than that in Si. Conse-
quently, a SiO, surface has only half as many open bonds
as a Si surface. In the following we will discuss how this
difference can be accommodated.

First, the SiO,/Si(100) interface is considered. The
truncated bulk structure can be connected to an amor-
phous SiO, network as shown by Pantelides et al.” Such
4 model has a full monolayer of Si atoms in the 2 4+ oxi-
dation state. An epitaxial model by Herman et al.® (Fig.
7) has the density difference between SiO, and Si built in.
This model uses a diamondlike structure of SiO,, which is
obtained by straightening the Si—O—Si bonds in the -
cristobalite structure. The bond-length ratio between
Si—O—Si and Si—Si is close to V2. Therefore, an epit-
axial (V2XV2)R45° structure can be constructed on
Si(lO:O)., In this case, the bond density across the interface
changes by a factor of 2. As shown in Fig. 7, only half of
the atoms at the Si(100) surface are connected to oxygen
in Si0,. To absorb the remaining broken bonds oné has
to introduce impurities such as H, F, and OH at the in-
terface. This situation may exist in high-temperature
steam oxidation or in wet chemical oxidation. Alterna-
tively, oxygen atoms may form double bonds with the
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FIG. 7. Epitaxial model of the SiO,/Si(100) interface after
Herman et al. (Ref. 6). The mismatch in bond density at the in-
terface prevents half of the broken bonds at the Si(100) surface
from being connected with SiO,. This density mismatch
presents the major constraint in constructing structural models
of the interface.

free Si surface atoms. The distribution of oxidation states
expected at such interfaces is 0.5—1.0 monolayer of Si*+
and 0.5-0.0 monolayer of Si!*. Thereby, Si atoms bond-
ing to hydrogen are counted as Si°. An alternative way to
take care of the density mismatch has been proposed re-
cently by Ourmazd et al.° Only one of the two broken
bonds of the Si surface atoms is connected to SiO,. The
other is presumed to pair up with a neighboring Si atom
in a 2X1 structure, as on the clean Si(100) surface. This
configuration matches tridymite, another crystalline
modification of SiO,. The interface consists of a full
monolayer of Si'* for this model. In a variation of this
model, one may obtain Si>* by inserting oxygen into the
Si—Si dimer bond. A third possibility to fix the bond
density mismatch has been proposed by Ohdomari
et al.'®! The Si(100) surface is terminated by Si(111)
facets with one broken bond per atom, resulting in about
a monolayer of Si'* at the interface. All these atomically
abrupt interface models give only Si** and Si'* as
intermediate-oxidation states.”® A look at the bond to-
pology of the Si(100) surface shows that the common de-
fects (e.g., adatoms, vacancies, steps) also produce only
Si?* and Si'*, but not Si*+. In order to explain the ob-
served Si>* peak we have to resort to extended-interface
models. :

A solution to the density-mismatch problem is a grad-
ed interface which is 2—3 atomic layers wide (see Fig. 8).
Strain energy calculations show that a properly graded
Si0,/Si(100) interface!! has a significantly lower strain
energy than an abrupt one. A specific model has been
proposed by Ohdomari et al.!' based on strain-energy
minimization (Fig. 8, model A). We add a second struc-
ture (Fig. 8, model B), which agrees equally as well with
our data. A peculiar feature common to these two mod-
els is the occurrence of Si** protrusions into the SiO, lay-
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FIG. 8. Models of the SiO,/Si(100) and SiO,/Si(111) inter-
faces that match the distribution of intermediate-oxidation
states. Model A is similar to a structure proposed by Ohdomari
et al. (Ref. 11) based on strain-energy minimization. These
models are characterized by Si** protrusions into the SiO, over-
layer. Open bonds are to be connected to a SiO, network via
oxygen bridge bonds. The bond topology is given without tak-
ing relaxation into account.

er. The spacing of Si®* protrusions can be estimated by
fitting the observed [Si*+]/[Si?*] ratio at hv=400 eV (see
Table IIT). It comes out to be somewhat more than two
Si lattice spacings. It is interesting to look at this spacing
in terms of a misfit dislocation picture. An areal density
mismatch of 1.7 is obtained from the bulk densities of
SiO, and Si given in Table I, i.e., there are 1.7 times as
many Si atoms per unit area as SiO, molecules. One can
match this ratio by introducing dislocations in a linear
array, such as for the models shown in Fig. 8. To get the
proper density ratio one needs 2—3 Si lattice spacings be-
tween the dislocations (two Si atoms for one SiO, would
give a density ratio of 2.0, three Si atoms for two SiO,
would give a density ratio of 1.5). This is close to the ex-
perimental result, thereby supporting the view of Si*t
protrusions as the cores of misfit dislocations.

The 8iO,/8i(111) interface can be modeled in the same
spirit (Fig. 8, bottom). The reasoning for an extended in-
terface is not as clear, as for Si(100). The bond topology
of the Si(111) surface is characterized by a double-layer
structure, where layers with one broken bond alternate
with layers with three broken bonds to give an average of
two broken bonds per atom, as on the Si(100) surface.
Taking the layer with one broken bond as interface layer



would give about the right bond density for attaching
Si0,. Strain calculations!®!! confirm this simple bond-
counting argument by giving less strain energy for the
abrupt (111) interface than for the abrupt (100) interface.
The experimental distribution does indeed exhibit Si'* as
the strongest component. However, there is a large Si**
component that would create a high bond density if the
interface was abrupt. In addition, the total number of Si

atoms in intermediate-oxidation states is about two layers’

[higher even than for Si(100)]. These features can only be
accommodated by an extended interface. A highly
simplified model is given in Fig. 8. It does not exhibit
Si%*, and the number of interface atoms is too small, but
these deficiencies can easily be corrected by adding steps
or other defects.

VII. ELECTRICAL PROPERTIES

Some of the parameters that determine the electrical
properties of the SiO,/Si interface can be probed with
photoelectron spectroscopy, e.g., the Fermi-level position
in the gap, the valence-band offset, and the vacuum level.
A summary of the results is given in Figs. 9 and 10 for

Si0, / Si100) §i2p3,

hy = 130 eV

3) Annealed
in vacuum

Shift of

EF-EVBM

Photoemission Intensity { Arb. Units }

2) Annealed
in H2

1) Grown
indry O,

—~107 —106 —105 —104 —103 -102 —101 —-100 -99 =98
Initial~State Energy (eV relative to E )

FIG. 9. Effect of H, annealing (1 atm H,, 850°C, 10 sec) on
the Si0,/Si(100) interface. A rigid shift of the whole spectrum
is caused by the Fermi level moving from a pinned position to
its bulk position (see Fig. 10). The distribution of oxidation
states does not change, however, since the number of pinning
defects is too small to be detected. Subsequent annealing in vac-
uum (850°C, 1 min) restores the pure interface by driving off hy-
drogen.
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FIG. 10. Band diagram for the Si0,/Si(100) interface corre-
sponding to the data in Fig. 9. After dry oxidation, the Fermi
level is pinned at 0.6 eV above the valence-band maximum of Si,
i.e., near the neutral point of the distribution of P, centers (tak-
en from Johnson et al., Ref. 61). Annealing in H, brings the
Fermi level to its bulk position (shown for a 5X10%-cm=3 r-
type doping).

the Si0,/Si(100) interface. The position of the Fermi-
level Ef relative to the valence-band maximum Eygy, of
Si is obtained by a method described in Ref. 71. Essen-
tially, the position of the bulk Si 2p line below E F is com-
pared with that of a reference surface with known
Fermi-level position. As such we use the CaF,/Si(111)
interface, where the Fermi level coincides with the
valence-band maximum.** The valence-band edge has a
fixed distance from the Si 2p level, independent of the
Fermi-level position. Thus, the difference in the Si 2p en-
ergies reflects the difference in the valence-band maxima,
measured relative to Er. The band offset is determined
from a photoelectron spectrum of the valence-band re-
gion (not shown). The conduction-band offset is obtained
from the valence-band offset by adding the respective

~ band gaps (1.1 eV for Si and 9.3 eV for SiO,, see Ref. 72).

The vacuum level is obtained from the low-energy cutoff
of the photoelectron spectrum.

The electrical parameters of the SiO,/Si interface de-
pend on the preparation method as shown in previous
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work.>”® We focus on the effect of annealing in hydrogen.
Such a treatment is known to reduce the density of inter-
face states.2-61:62 Essentially, the hydrogen saturates free
Si bonds (P, centers) at the interface. Thereby the Fermi
level becomes unpinned, and the band bending disap-
pears, in agreement with our result. The Fermi-level
movement shows up as an overall shift of the core-level
spectrum (see Fig. 9). The shift reverses after annealing
in vacuum, whereby the H is driven out. It is interesting
to compare the observed pinning position of the Fermi
level with the distribution of P, centers as measured by
Johnson et al.%! by deep-level transient spectroscopy by
(DLTS) (Fig. 10). It coincides with the neutral point be-
tween donorlike and acceptorlike centers. Such a pinning

position is expected for a nearly intrinsic substrate.

Another noteworthy point is that the band offset and the
ionization energy (vacuum level minus valence-band max-
imum) do not change significantly upon H, annealing.
This is understandable since these are intrinsic properties
which are not affected by a small number of P, centers.
The barrier (conduction-band minimum minus Fermi lev-
el for n-type material) and the work function (vacuum
level minus Fermi level) change, because the Fermi level
moves relative to the band structure. The Fermi-level
movement is given by the dipole that is formed between
the electrons in the P, centers and the ionized donors in
the depletion region.

VIII. COMPARISON WITH OTHER RESULTS

The SiO,/Si interface has been probed by many tech-
niques. The interface widths reported in the literature
range from abrupt to more than 7 A wide. These varia-
tions may reflect different preparation conditions. How-
ever, it is quite clear that various measurement tech-
niques probe different aspects of the interface. Many
methods, for example, cannot resolve the atomic struc-
ture but see some average. Other techniques require in-
trusive sample preparation methods, such as depth
profiling by sputtering or etching. Such treatments alter
the chemistry of the interface.

First we discuss core-level spectroscopy results. They
can be classified into two groups, i.e., XPSo _measure-
ments?*—37 with a probing depth of about 30 A and syn-
chrotron radiation results®*~* near the minimum of the
escape depth (3—-5 A). Our photon-energy-dependent
measurements bridge the gap in probing depth. There is
also a difference in the sample preparation. The surface-
sensitive synchrotron measurements have been performed
on ultrathin (5-30 A) SiO, films grown in situ with pure
0, at low pressures (107> Torr). The XPS results have
been obtained mainly from thick (100-1000 A) si0, films
grown under device processing conditions (atmospheric
pressure of oxygen or steam). These thick oxides are
chemically thinned in order to see a signal from the inter-
face. There exist a few discrepancies between the XPS
and synchrotron results that need to be reconciled. An
abrupt interface has been observed with XPS,%** i.e., one
monolayer or less (83—94 % of a monolayer®) of Si atoms
in intermediate-oxidation states. The missing fraction of
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Si interface atoms has been assumed to bond to hydrogen,
which comes in during steam oxidation or hydrogen an-
nealing. Synchrotron mea§urements42'43 have reported
an exfended interface (=5 A wide) with about two layers
of Si in intermediate-oxidation states. The easiest way to
reconcile the results would be to assume that pure SiO,
and device oxides exhibit different interface structures.
Using XPS, however, we have found no significant
differences in the interface-to-bulk Si 2p intensity ratio
between oxides grown in pure O, at low pressure and un-
der device processing conditions (see Ref. 74). -Even
chemical thinning (from 150 to 30 A) did not affect this
ratio. Furthermore, our XPS data are similar to previous
XPS results reported, e.g., by Grunthaner et al.?® The
main differences appear to be due to the evaluation of the
XPS data. In Ref. 29 an asymmetric line shape is used
for bulk Si, which takes away intensity from Si'* and,
therefore, reduces the intensity of intermediate-oxidation
states. In addition, a different formula is used in Ref. 29
to convert the intensity of intermediate oxidation states
into the density of interface atoms. Thjs conversion de-
pends on the knowledge of the proper escape depth and
density of SiO, .

Techniques other than core-level spectroscopy will be
touched upon briefly to point out which aspects of the
Si0,/Si interface they probe. The field ion microprobe?®
probes the Si/O ratio atom by atom. The interface is
defined the same way as in core-level spectroscopy, i.e.,
the region containing Si in intermediate-oxidation states.
A width of 3-5 A is obtained?® which is comparable with
our core level result. The two layers of interface atoms
that we find corresponds to 3 ;Xoof pure Si or to 6 A of
SiO;. An interface layer of 72 A SiO, 4 has been report-
ed by ellipsometry.!® These measurements rule out an
abrupt interface, in agreement with our findings. Ruther-
ford backscattering?! is capable of determining the Si/O
stoichiometry and the number of Si atoms displaced from
lattice sites. Between 1.4 and 2.3 monolayers of Si atoms
are found to be displaced from their lattice sites. Up to 1
monolayer of these can be attributed to an oxide with
average stoichiometry SiO at the interface with 0.8—~1.7
monolayers of displaced Si atoms remaining.?! The one
monolayer of SiO is only about half as much as the num-
ber of Si atoms in intermediate oxidation states that we
find, but by assigning more of the displaced Si atoms as
part of the interface layer one may be able to make the
two results consistent. Transmission electron microscopy
has been used extensively to determine the extent of the
interface and to detect irregularities. The width of the in-
terface is difficult to define in this case. Instead, various
types of roughness parameters'>!® have been used to
characterize the interface. A similar situation holds for
low-energy electron diffraction'® and scanning tunneling
microscopy'*!® experiments where the oxide is etched
away and the roughness of the remaining Si surface is
measured. These roughness parameters cannot be com-
pared directly with our results. Vibrational spectrosco-
py'® shows that the bonding changes when the oxide cov-
erage is on the order of a monolayer. Oxygen is found to
be incorporated into bridge bonds at elevated tempera-
tures, as assumed in our models.



38 _ i MICROSCOPIC STRUCTURE OF THE SiO,/Si INTERFACE

IX. SUMMARY

The aim of our work is to give a quantitative analysis
of intermediate-oxidation states at the SiO,/Si interface
and to derive structural models from it. In order to
achieve this we measure the escape depth in Si and SiO,,
and the photoionization cross section for various oxida-
tion states of Si. From these calibration measurements
the density of intermediate-oxidation states is deter-
mined. It corresponds to about two layers of Si atoms
with a somewhat higher density for a Si(111) substrate
than for Si(100). This high density and the observation of
a strong Si** component rule out most of the existing in-
terface models, which exhibit an atomically abrupt inter-
face. Extended-interface models are given that are con-
sistent with our results. They feature characteristic pro-
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trusions of Si** into the SiO, overlayer, which can be
viewed as the cores of misfit dislocations. The extended
interface structure appears to be strain driven, which is
easy to understand given the large misfit in bond density
between Si and SiO,.
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