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Abstract. We report an independent-electron model calculation of the L, ;VV Auger line-
shape for the ideal Si(100) surface with oxygen impurities incorporated at different positions
with respect to the surface. The L, ;VV Auger lineshape is compared with experimental
spectra measured during the first stages of oxidation of a-Si. The Auger lineshape obtained
for an oxygen monolayer over the Si(100) surface in a bridging configuration compares well
with experimental spectra.

1. Introduction

The first stages of oxidation of silicon have been extensively studied in the last few years.
Different experimental techniques have been employed in order to elucidate the nature
of the SiO,-Si interface. Among others, photo-emision spectroscopy [1-6], electron
energy loss spectroscopy [5] and Auger electron spectroscopy (AES) [6—10] have played
a major role. As ultraviolet photo-electron spectroscopy (UPS) and AEs are essentially
valence band spectroscopic techniques, a variation in the shape of the valence band
spectra should be associated with a change in the density of electronic states in the solid.
This in turn may show features which allow us to infer characteristics of local order
effects such as bond lengths, bond angles, coordination numbers and nature of first
neighbours [1].

In ups the valence band spectra are directly comparable with theoretical densities of
states weighted by the atomic photo-ionisation cross sections. This makes the com-
parison between theoretical modeis and experimental results easy [1, 4, 11]. In AES the
core-valence—valence (CvVv) spectra cannot be compared directly with the density of
electronic states. To obtain a valence band spectra from the cvv Auger lineshape, self-
deconvolution of the experimental data is needed [12]. In this form the information
obtained by self-deconvolution of L, ;VV Auger spectra of the clean and oxygen-
chemisorbed (in the initial oxidation stages) Si(111) 7 X 7 surface was correlated in [9]
with theoretical models. Another form is to compare the experimental Auger cvv
lineshape with the self-convoluted theoretical density of states. In this way Si L, ;VV
Auger spectra from the (111) surface were compared in [8] with the theoretical density
of states. However, the measured valence band Auger lineshapes rarely agree with the
predictions of the corresponding density-of-states models. In some cases the agreement
is only qualitative as above. For the Si L, ;VV lines, good agreement with the measured
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Auger lineshapes can be obtained only if the transition matrix element variations across
the valence band are taken into account [13].

The energy band structure for the oxygen chemisorbed on the Si(100) surface and
for the SiO,~Si interface were calculated in [14]. The SiL, ;VV Auger transition line-
shape was calculated with these results. However, the calculation is not consistent in the
sense that relevant Auger matrix elements were obtained empirically for the L, ;VV
lines in bulk silicon by a set of parameters selected to fit the experimental results [13].

In a previous work [16] we have calculated the L, ;VV Auger lineshape for the
Si(100) surface. We used the extended Hiickel approximation for a cluster of silicon
atoms to evaluate the valence band states. It was found that reasonable agreement with
experimental results can be obtained if Auger matrix elements and free-surface effects
are taken into account.

In the present work, we apply the previous model to examine silicon clusters which
include the presence of oxygen impurities incorporated at different positions with respect
to the (100) surface. The Si L, sVV Auger lineshapes obtained through this model are
compared with experimental spectra measured during the first stages of oxidation of a-Si
[10]. The intention is to find out whether one can correlate the theoretical predictions
with some preferential configuration of oxygen impurities which occur in the first oxi-
dation stages by comparison with the observed spectra.

To explore which configurations of oxygen on the a-Si surface are more likely to
occur from an energy point of view requires a theoretical model able to provide a good
estimation of total energies, which is beyond the scope of the extended Hiickel method.
We have considered here configurations whose stability has been examined through the
use of other methods [17, 18] to see how the L, ;VV Auger lineshapes calculated with
these configurations may resemble the experimental lineshapes.

2. Theory

The calculation of the SiL, ;VV Auger lineshape have been described in detail in a
previous paper [16]; so here we give only a brief description of it, stressing the modi-
fications introduced to take into account the oxygen impurities.

The Auger lineshape could be obtained integrating the differential probability
dw,/(dE,dQ,) for an Auger transition on the exit angle of the Auger electron and
averaging over the orientation of the orbital angular momentum of the initial core hole:

where
_dwe 27, dk S . .
~ Y[(ur|ck)(vu|ck)* + cClO(E, + E, — E, — E,) @)
€2
(avlc) = [ [ drydrs @7 (r) @F (1) [~ @ulr)u(ra) @)

and E, = A%?/2m is the kinetic energy of the Auger electron at the electron detector,
E,and E, are the electron energies of the orbitals at the valence band, E, is the ionisation
potential of the core hole orbital, ®, and @, are the spatial components of the valence
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band orbitals, @, is the core hole orbital and &, is the continuum orbital. The sum in
equation (2) extends over the whole set of the occupied valence band orbitals.

In order to evaluate the matrix elements (uv|ck), one must specify the form of the
valence band orbitals. In the extended Hiickel approximation, used here, they are
written as a linear combination of atomic orbitals (LcA0) of the following form:

(Du = E C’éixm' (4)

where yx,, refers to the ath basis function on atomic site 7 at position R;. In our case we
consider y,,; as an atomic orbital. The matrix element (uv|ck) can now be written in
terms of atomic matrix elements of the form

(uv|ck) = Eﬁ: Col CF Maigjer ()
i
2 * % 1

M aigjon = € drydr, Xai("l)Xﬁj("z)mxyi(rl)Xk(rZ) (6)

where y,, is the atomic orbital centre on site / which represents the core hole state.

Following the results in [19], to a first approximation, we can restrict the sum in
equation (5) to the site where the core hole is present. This means that only intra-atomic
matrix elements are retained.

2.1. The extended Hiickel method

Within the LcAo method for the non-orthogonal basis set the eigenvalues and eigenstates
are found by solving

2 (H,Bjai - ESﬁjm')Cm' =0 (7

where

Hﬁjai = <Xﬂj|% |oni!> Sﬁjm‘ = <Xﬂj|Xm‘>-
The sum in equation (7) extends over a finite number of sites and states because we
replace the infinite crystal by a cluster of atoms.
In the extended Hiickel approximation the Hamiltonian matrix elements are pro-
portional to the overlaps Sg;,; in accordance with the Wolfsberg and Helmholz or the
Ballhausen and Gray [20] proposals. In the latter case this reads

H,B)'ai = —-K(Iﬁjlai)l/zsﬁjai (8)

where K is a constant and /,, is the ionisation potential of the ath orbital centre on site
i.

In our case the overlaps were calculated using the valence orbitals of the silicon atom
(3s and 3p) and the valence orbitals of the oxygen atom (2s and 2p). The functional form
of the radial part of these orbitals is that of the Slater-type functions:

Ry 1,(r) = Nyrta~lexp(—&,r)
N, =[Qny)!] 72 (28, )12,

We used for I,;, £, and K the values used in [21] for the calculation of the electronic
structure of transition metal silicides. For oxygen orbitals the values in [22, 23] were
used. Table 1 contains the parameters used in our calculation.

©)
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Table 1. Parameters used in the extended Hiickel calculation.

Silicon Oxygen
3s 3p 2s 2p
E(au™) 2.25 1.65 2.25 2.23
I(eV) —14.82 -7.75 —33.84 -17.19
K 2.5 2.5

(b)

Figure 1. (a) A perspective view of a fragment of the silicon cluster used in our model. Small
circles represent oxygen atoms adsorbed on the Si(100) surface. (b) View of the cluster along
the [100] direction. The numbers within the circles represent the atomic layer to which the
silicon atom belongs.

The cluster utilised is a hemisphere of 40 silicon atoms. Its planar face coincides with
a (100) surface. Oxygen atoms can be in three different configurations.

(i) First they can be substitutional oxygen atoms on the (100) surface.

(ii) Next, substitutional oxygen atom are possible below the (100) surface.

(iil) Finally we have a monolayer of oxygen atoms over the (100) surface. In figure
1, we show a fragment of the cluster where we can appreciate the position of the oxygen
atoms over the (100) surface. The distance between the oxygen layer and the first silicon
layer was changed from R, = 1.3575 A to R, = 0.96 A. These separations correspond
to that in pure silicon and that obtained in [17] for adsorption of oxygen on the Si(100)
surface, respectively. In [17] it was found, through a slab simulation within the frame-
work of the SCF pseudopotential approach, that the bridge site configuration is the most
stable. This is the configuration shown in figure 1. Very recently it was found [18], by a
computer simulation of the thermal oxidation of the Si(100) surface, that the bridging
position is energetically the most favoured position of an oxygen adatom on the Si(100)
surface. Nevertheless, although in [17] the equilibrium Si-O bond length was found to
be 2.15 A, in [18] the equilibrium Si-O bond length was found to be 1.60 A which is
almost the same as that in bulk SiO,. According to the model in [18] the Si(100)
surface suffers a reconstruction. On the contrary in the model in [17], as in our model,
reconstruction of the Si(100) surface is not taken into account.

In order to eliminate the spurious states generated by the dangling bonds of the
cluster’s boundaries of the undesired surfaces we suppress these states from the matrix
# [24], solving afterwards for the eigenvalues and eigenstates in equation (7). An
alternative procedure to terminate the cluster could be performed by saturating the
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Table 2. Radial matrix elements for Si L, ;VV Auger decays. We include the results in [27].
In the first and second columns, we indicate the initial valence states of electrons 1 and 2,
respectively. The final state of electron 1 is the core hole (2p) while electron 2 is in a
continuum orbital with angular momentum /. L is the order of the multipolar term in the
expansion of the 1/|r, — r,| operator. We assume an Auger energy of 95eV.

I3 L This work [27]
3s 3s 1 1 1.020 x 1072 0.625 x 107?
3s 3p 0 1 —~0.088 x 107? 0.613 x 1072
3s 3p 2 1 0.338 x 1072 ~0.038 x 1072
3p 3s 0 0 ~0.355 x 1072 0.770 x 1072
3p 3s 2 2 0.315 x 1072 -0.151 x 1072
3p  3p 1 0 0.757 x 1072 0.788 x 102
3p 3p 1 2 0.328 x 1072 0.457 x 1072
3p 3p 3 2 0.009 x 1072 0.948 x 1072

dangling bonds with hydrogen atoms [25]. This will cause the spurious orbitals due to
the dangling bonds, which usually appear on top of the valence band, to go down well
inside the valence band and they might be counted in the calculation of the Auger
process. Although no unique solution can be offered in this sense, one may think that,
as long as the cluster size is kept sufficiently large, this procedure should produce similar
results, taking into account the localised nature of the Auger process.

The electron energies of the valence band orbitals, which enter into the evaluation
of the Auger electron kinetic energy in equation (2), were calculated from the eigen-
values in equation (7). These eigenvalues were shifted in such a way that the energy of
the orbital at the top of the valence band coincides with minus the work function of the
Si(100) face (@ = 4.8 ¢V). In this way the Hiickel approximation provides us with a set
of relative valence band orbital energies.

2.2. Calculation of the matrix elements

The calculation of these elements has been detailedin [13, 16]. We selected for the radial
part of the bonded states a linear combination of Slater-type functions:

fin= ; Cul@np)]72(28,) "+ V2 exp(=&,7) (10)

where the C,; and the &; coefficients were calculated in [22]. The continuum electron
wavefunction was taken as a Coulombian wavefunction [26].

In table 2, we show some numerical results corresponding to the radial matrix
elements. We also include in this table the results in [27]. We believe that the poor
agreement between the results in [27] and ours could be ascribed to differences in
the continuum wavefunctions used. In [27] a continuum wavefunction generated as a
numerical solution to the Coulomb wave equation for the potential of a Herman—
Skillman ion with the appropriate core hole is employed. We use a Coulombic wave-
function with an effective charge Z = 4. This value was chosen empirically to fit the
experimental silicon Auger lineshape.

3. Results

The Auger lineshape of the SiL,;VV transition for the different configurations of
oxygen atoms on the Si(100) surface were obtained by adding the Auger signals cor-
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Figure 2. Theoretical Si L, ;VV Auger lineshapes
for the silicon cluster with oxygen impurities: (@)
asubstitutional oxygen atom on the (100) surface;
(b) a substitutional oxygen atom below the (100)

‘ surface; (c) a monolayer of oxygen atoms (R, =

. / ) 1.3575 A); (d) as (c) but with R, = 0.96 A. The
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Figure 3. Experimental Si L, ;VV Auger spectra [10]. Values of the oxygen exposure (1 L =
107¢ Torr s) are indicated for each spectrum.

responding to different atomic layers weighted with the factor exp(—x/4), where x is the
perpendicular distance of the layer to the (100) surface and A is the mean escape depth
of Auger electrons (avalue of A = 5.2 A [16] was used for the Si L, ;VV line). This factor
takes into account the inelastic energy loss of the Auger electron on its way towards the
surface. The Auger signal of one layer is obtained by adding the Auger signals of the
different silicon atoms inside a cylinder of radius R and whose axis coincides with the z
axis of the cluster (see figure 1). Auger transitions provided by atoms near the boundaries
(other than the (100) surface) were not included to avoid spurious effects due precisely
to their proximity to these boundaries.
The Auger lineshapes are shown in figure 2. In this figure we also include the Auger
lineshape of the Si L, ;VV transition corresponding to the ideal Si(100) surface [16].
In figure 3 we show the Auger spectra obtained during the first stages of oxidation

of a-Si [10]. The first-derivative spectra shown in [10] were integrated and subjected to
a background subtraction following the procedure in [28].
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Figure 4. Experimental difference spectra Figure 5. Theoretical difference spectra obtained

obtained by subtracting the normalised spectra
corresponding to different oxygenexposures from
the spectrum of pure a-Si: (a) 6 L; (b) 18L; (¢)
72L.

by subtracting the normalised spectra corre-
sponding to different oxygen arrangements from
the spectrum of the ideal Si(100) surface: (a)
superficial oxygen; (b) subsuperficial oxygen; (¢)

a monolayer of oxygen atoms (R, = 1.3575 A);
(d) same as (c) but with R_ = 0.96 A.

To facilitate the comparison between experimental and theoretical spectra and to
make evident the changes introduced by the oxygen incorporation, we subtract the
normalised spectra corresponding to different oxygen exposures from the spectrum of
pure a-Si (see figure 4). In the same form we subtract from the theoretical spectra
shown in figure 2 the theoretical spectrum obtained for the ideal Si(100) surface. These
difference spectra are shown in figure 5.

4. Discussion

From the experimental difference spectra shown in figure 4, we can see that the Auger
signal shows a reduction on the high-energy side as the oxygen exposure proceeds. This
is related to a decrease in the dangling bond states (or in a more general form in the
weakly bound states) near the top of the valence band when oxygen is incorporated in
the Si(100) surface.

The Auger theoretical difference signal corresponding to a monolayer of oxygen
without relaxation (R = 1.3575 A) resembles the experimental spectra. When the bulk
density p of 2.2 g cm ™ [5] of silicon, the mean escape depth A of the Auger electron of
6.5 A [10] and the relation between the thickness of the SiO, layer and the oxygen
exposure are taken into account [10], we can estimate that about 5L are needed to
form a monolayer of oxygen. The assumption made in comparing experimental results
obtained for the a-Si surface exposed to oxygen with theoretical results of oxygen
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Figure 6. A theoretical difference spectrum corresponding to an oxygen monolayer on the
Si(100) surface (——-), a theoretical difference spectrum obtained by the combination of
60% of the oxygen monolayer spectrum with 40% of the oxygen subsuperficial spectrum
(—-—), an experimental difference spectrum corresponding to an a-Si surface exposed to
12 L oxygen (—&—) and an experimental difference spectrum corresponding to an a-Si
surface exposed to 6 L oxygen (——).

impurities on the ¢-Si(100) surface is that the disorder effect is simulated in our model
by considering not a unique configuration for the atomic adsorption but a superposition
of several configurations. In figure 6, we compare the difference spectra of the a-Si
surfaces exposed to 6 and 12 L oxygen, the theoretical difference spectrum cor-
responding to an oxygen monolayer on the Si(100) surface and the theoretical difference
spectrum obtained by the combination of the oxygen monolayer spectrum with the
oxygen subsurface spectrum. In the oxygen subsurface spectrum the oxygen con-
centration is equivalent to 0.17 monolayer. From this figure, we observe that the
theoretical spectra resemble the experimental spectra in a qualitative manner. This
suggests that oxygen atoms may form, preferentially, a monolayer over the a-Sisurface,
although the presence of oxygen atoms below the surface cannot be discarded. This is
not surprising since the experimental spectra correspond to an a-Si surface and not to a
¢-Si surface. On the a-Si surface, the oxygen atoms are probably not in a unique
arrangement and the experimental Auger signal obtained from this surface may rep-
resent an average over various oxygen configurations.

It could be of interest to evaluate the influence on the Auger Si L, ;VV lineshape of
the inter-to-intra-atomic Auger transitions. Following the approximationin [19], we can
estimate the order of magnitude of the different transitions. For the Si LVV Auger intra-
atomic transition the transition rate is about 5 X 10 *au. On the contrary, for an
intra-to-inter-atomic Auger transition (of the type Si,,— 513sozp or Siy, — Si3,0,,) the
transition rate is about 1 X 107% au if a $i-O bond length of 1.6 A is considered. Thus
we conclude that the inter-atomic Auger transition rate is well below that of the intra-
atomic Auger rate (about 50 times). In this way, inter-atomic Auger transitions would
not have a great influence on the Si L, V'V Auger transition lineshape.

As pointed outin [29], itis clear that, except in highly ionic materials, only the atomic
charge contributes to the Auger current and that the Auger lineshape is sensitive to
variations in the local atomic charge density across the valence band. To correlate this
local atomic charge density with the L, ;VV Auger signal, we calculated the charge
difference in site 1 of the cluster (see figure 1) between the situation where an oxygen
atom is located in the place of a silicon atom. To calculate the atomic charge density, we
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follow the population analysis in [30]. The result is shown in figure 7, where energies
refer to the vacuum level. To compare this charge density with the theoretical Auger
lineshape differences shown in figure 5(a), we must take into account the Auger electron
kinetic energy:

E,=E.—E,—E,. (11)

At about 94 eV the Auger signal increases. This can be correlated with a charge
transfer of the oxygen atom to the silicon array (a negative charge difference) at energies
of the order of 5eV. At 90 eV the Auger signal decreases and this correlates with a
charge transfer of the silicon atoms to the oxygen atom (positive charge difference) at
about 7 eV. Between about —13 and —9 eV there is a charge transfer from the oxygen
atom to the silicon atoms and this is related to an increase in the Auger signal in the
range 78-84 eV. We recall here that this comparison is only qualitative as the charge-
density estimation is only approximated since charge self-consistency has not been
included. Furthermore, in the present analysis, matrix element effects are ignored; this
may cause large charge transfers to produce a minimal effect on the Auger signal.

In our simplified model, we do not take into account the effects of screening in
the initial state and final state hole-hole correlation effects. These effects have been
discussed well in [31]. We estimate that to a first-order approximation these effects can
be disregarded. This approximation is suggested because, for the Si(100) surface, fairly
good agreement is found between the theoretical and experimental Si L, ;VV Auger
lineshapes without considering screening or/and correlation effects [16].

5. Conclusions

We have presented a model for the calculation of the Si L, ;VV Auger lineshape for a
cluster of silicon atoms with oxygen atoms in it. The calculation is consistent in the sense
that valence band electronic states and Auger matrix elements are calculated from a
similar atomic basis set. The Auger lineshape obtained for an oxygen monolayer over
the Si(100) surface in a bridging configuration compares well with experimental spectra.
However, the oxygen subsurface contribution cannot be disregarded. Also Auger line-
shape variations can be correlated with charge transfer effects between oxygen and
silicon atoms. We have estimated that inter-atomic Auger transitions do not play a major
role in the determination of the Si LVV Auger lineshape.

Finally it should be emphasised that our model calculation can be considered as a
very simplified approximation to the silicon Auger lineshape in the first oxidation stages
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since surface reconstruction or many-body effects (even treated at a self-consistent level)
have not been included.
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