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The Si L,L,3V, Si Ly V¥V, and O KVV Auger transitions in SiO, have been measured and compared to
calculated line shapes. The measurements were made on thick steam oxides grown on Si (111). The data
were corrected for electron loss and spectrometer distortions; the correction scheme is presented. All three
Auger transitions are calculated from the same valence-electron density of states which is described in terms
of a linear-combination-of-atomic-orbitals molecular-orbital model. X-ray photoelectron spectroscopy and x-
ray emission and absorption data are used to determine the orbital energies, populations, and widths. The
Auger transition energies are estimated from one-electron calculations including static relaxation and hole-
hole repulsion effects. The intensities are estimated from electron densities local to the core hole multiplied
by the appropriate atomic Auger matrix element. Three major features are predicted by the calculations for
the Si Ly; ¥V and O KVV transitions and are observed experimentally; two major features are predicted for
Si L;L,;V, only one is observed experimentally because of baseline problems. The calculated absolute
energies of all major features agree within 2 eV with experimental values, the relative agreement between
peaks within a given line shape is better than 1 eV. The observed intensities of the major features are in
reasonable agreement with the calculations but there are some discrepancies thought due to either the matrix
elements or the charge densities assumed in the calculations. Considerable intensity in the experimental line
shapes between the major peaks, not accounted for in the present calculation, is probably due to shake-up or
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shake-off satellite structure.

I. INTRODUCTION

The interest in the electronic structure of SiO,
has resulted in numerous theoretical and experi-
mental investigations of the valence-electron den-
sity of states. The theoretical approaches include
empirical and semiempirical molecular-orbital
(MO) calculations on clusters of Si,0,' SiO,,?
and larger aggregates,® nonempirical calculations
also involving Si,0,*® Si0,,>”8 and larger clus-
ters,® ad hoc band-theoretical approaches,®°
and a self-consistent pseudopotential calculation.!*
The experimental measurements of the valence-
electron density of states have included photo-
emission'*"!* and x-ray emission.'*”'® A rea-
sonably consistent model of the valence-electron
states has been distilled from this work®!!''5 and
is in close correspondence to a similar model for
the silicates as distilled from the corresponding
spectra.?’ The present state of agreement between
the various theories and experimental data has
been discussed in several recent papers.>!' In
essence, there are three major groups of valence
electrons commonly referred to as the “O,,”
bonding states about 20 eV below the valence-band
edge, the “O,,” bonding states grouped about 6 eV
below the edge, and the O,, nonbonding states

located just below the edge. The O,, nonbonding
states are almost entirely localized on the oxygen
atoms while the bonding states have substantial
amounts of electron density residing on the sili-
con atoms.

While the photoemission (PES) measurements
are surface sensitive, they sample the entire
electron density and do not provide ready identifi-
cation of local electron densities. The x-ray
emission (XES) and absorption measurements,
on the other hand, do provide direct information
on the local electron density of states but are
not surface sensitive. Auger electron spectra
(AES), while difficult to interpret, can provide
a surface-sensitive measure of the local density
of states. The local valence-electron structure
can be used to define the chemical state of an
atom. If this information can be extracted from
AES, then its much smaller spatial resolution
might be used to determine bonding in areas
much smaller than now possible with x-ray photo-
electron spectroscopy (XPS). The “chemical
shift” of the Si LVV Auger line has been utilized
for just this purpose.?

The chemical information in AES is, however,
not limited to the transition energy, which is
often difficult to measure on an absolute scale.
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Far more information is available from the Auger
line shape. Within the past few years, there
has been increasing evidence that Auger line
shapes may be useful in interpreting the chemical
environment of atoms on solid surfaces.?2"28
The first quantitative interpretation of an Auger
line shape observed from a solid, in which the
Auger matrix effects were included, was for the
Si L,,VV line from a Si (111) surface.?® It re-
vealed a strong emphasis on the p-like valence
states, a deemphasis of the s-like states, indicat-
ing a strong Auger-matrix-element dependence.
More recent quantitative efforts have been limited
to the elemental solids, [e.g., Si, Li, Be, Cu,
Zn, Ge, and Ga (Refs. 30-35)] where similar
effects are observed.

In the gas phase the description of molecules
by the MO theory is basic. Good agreement
between experimental and theoretical Auger line
shapes have been obtained for several molecules
[these include H,0, NH,, CH,, C,H,, C,H,,
and CH,OH®**"3°] using a fold of one electron
MO’s as a description of the two-hole final den-
sity of states (DOS). Hole-hole correlation ef-
fects (configuration mixing) are expected to be
small because the effective hole-hole interaction
U is small relative to the nearest-neighbor bond-
ing interactions V. In highly ionic solids the
final two-hole DOS is expected to be adequately
obtained from an MO on the appropriate ion (e.g.,
to describe the Li,SO, S Auger line shape, the
MO description of the SO,?- anion would be ap-
propriate?®). Finally in most s and p band metals
(e.g., Al, Si, Li, Ag?"28:4:42) the Auger line
shape reflects a DOS similar to that generated
from a fold of the one-electron valence bands.
However, in certain narrow-d-band conductors
[e.g., Cu, Zn, Ni (Refs. 33-35)], the CVV line
shape reflects an atomiclike final state; i.e.,
the Auger decay proceeds as if it involved isolated
atoms. This has been attributed to hole-hole
correlation effects (configuration mixing) which
now are large because the hole-hole interaction
energy U is large relative to the band width I", %%
If U>2I', energy conservation forces the two
holes to remain on the atom in which they were
created yielding an atomiclike spectrum.3% 444

The extension to SiO, is indeed an interesting
one. The rather large covalent-bonding inter-
action between Si and O suggests alarge nearest-
neighbor interaction V, but a smaller interaction
of the Si or O atom with the remaining solid
(C<V). If the effective hole-hole interaction U
is large relative to both V and I', one expects
the Auger line shape to reflect the atomic DOS
as in the case of the d-band metal and the effec-
tive hole-hole interaction is just the one-center

atomic repulsion energy. If, on the other hand,

U is intermediate between V and I'(i.e., V>U>T)
one might expect a one-electron MO model on
some appropriate cluster (e.g., SiO,*- or Si,0%) °
to adequately describe the final two-hole DOS.
This is true because strong mixing will occur
within each band distorting and narrowing the
two-hole DOS one would get from a simple

fold of the one-electron valence band; but little
mixing will occur between the bands. Further-
more, the effective U is now expected to be

the interaction of two holes localized on the
central atom and its nearest neighbors; i.e.,

the molecular cluster. In the event that U<I'<V,
we would expect a simple fold of the one-electron
band DOS to be revealed, and the holes become
completely delocalized (U~ 0).

In this work we will describe the final two-hole
DOS by a fold of the one-electron MO’s on the
clusters SiO,*” and Si,0%. It is recognized that
our results will be cluster-size dependent, how-
ever, it is also well known that with increasing
cluster size the one-electron MO DOS asymp-
totically approaches the band DOS. We began
this section with a review of the literature which
demonstrated that the band DOS can be adequately
described in terms of the SO,*" and 8i,0% clus-
ters. Furthermore, the effective hole-hole
interaction U asymptotically goes to zero with
increasing cluster size as it is in the band
model. In the event that U>V >T, the effective
hole-hole interaction should approach the one-
center atomic interaction potential on the central

~atom (the atom with the original core hole). The

cluster MO approximation will reasonably ap-~
proximate this provided the “central” atom ap-
pears only once in the cluster. Thus the cluster
should include only the central atom and its
nearest neighbors to cover the range of possibil-
ities. We will reconsider some of these assump-
tions in the discussion, Sec. IV. In this work we
will examine the Si L, L,,V, Si L,,VV, and O KVV
Auger line shapes. Since all three Auger lines
involve the same valence bands, the simultaneous
calculation of the three line shapes provides a
good test of the theoretical approach.

II. EXPERIMENTAL

Measurements were made on ~1500-A-thick
steam oxides grown on 3- cm Si(111).%5 Operating
pressures without bakeout were in the low 1071°
Torr range. The surfaces were sputter etched
with a Xe-ion beam at 500 eV and 30 mA until
the surface contamination, consisting mostly of
carbon, was below detectability limits. The data
were taken with a PEI single-pass cylindrical
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mirror analyzer with coaxial electron gun, with
an incident-beam voltage of 1 kV and a beam
current of 10 pA. In order to avoid decomposition
of the SiO, by the electron beam, an oxygen
partial pressure of ~1 X 1077 Torr was maintained
during the measurements. A check on the con-
tamination level after measurement indicated that
the surface remained clean. Energy-loss spectra
agreed with those reported in the literature.*
First-derivative [dN(E)/dE] spectra were taken
at a 1-eV peak-to-peak modulation. These were
signal averaged for time periods, usually less
than 3 h, depending on the strength of the Auger
line. ‘

Data reduction consisted of subtracting an
appropriate background, integrating the spectra
to give N(E), deconvoluting with a function that
approximates the instrument response and the en-
ergy losses suffered by an outgoing Auger elec-
tron, and scaling by a function representing the
change in transmission of the analyzer and gain
of the detector over the energy range of the Auger
line. The merits of this approach and an alterna-
tive data reduction methodology are discussed
in Ref. 47.

In the case of the dN/dE spectra at energies
below 200 eV, where the secondary electrons
dominate, the background can be fitted either
by a simple polynomial or a function of the form*

dN 1
Bo% RV ARE (1)

where B is a constant and E, is adjusted to one

point on the dN/dE curve. This background sub-
traction was used here, with E ;=12 eV. The
shape of the L,,VV line, because it is at higher
energies where the background is slowly varying,

- is quite insensitive to reasonable ranges for the

choice of background. The L,L,,V line, which
lies in a region of rapidly varying background, is
much more sensitive to the background subtrac-
tion. After the background is removed, the lines
are integrated. An example of the integral
spectrum, N(E), for the Si L,,VV line is shown
in Fig. 1. Part of the L,L,,V line is also visible.
As the Auger electrons propagate through the
lattice, they experience energy losses, which
redistribute the electrons along the energy scale,
The electron energy analyzer and detector also
contribute distortions to the Auger line shape.
The loss function and instrument response for
each Auger transition can be approximated by the
backscattered spectrum of an-electron beam with
primary energy equal to the energy of the respec-
tive Auger transition®'*%; while this is an approx-
imation, it appears to give quite good re-
sults,20-27+28:41,42.50,51  Ap example of the loss spec-
trum is shown as the bottom curve in Fig. 2.
Using the Van Cittert method,* the function is
deconvoluted from the N(E) spectrum, resulting
in an Auger spectrum such as shown in Fig. 2.
The use of an instrument loss function mea-
sured at only the main peak of the Auger line
makes two assumptions, that there are no dif-
fraction effects and that the function does not
change with energy. For the amorphous film

Si0p

Si L23VV
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BACKSCATTER k

1 1

FIG. 1. N(E) Auger
spectrum of the Si L, V'V
transition and corres-
ponding backscatter spec-
trum at the energy of the
main feature.
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FIG. 2. Auger spectrum
of the Si Ly3VV transition
and part of the Si LL )3V
transition after deconvolu-
tion.
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considered here, diffraction effects are not a
problem. The N(E) spectra are slightly distorted
due to energy dependence in the instrument re-
sponse. We have approximated the effect here
by scaling the deconvoluted Auger line by a
transmission factor estimated for the analyzer.
The electron loss in the sample also has an
energy dependence which is characterized by the
energy dependence of the inelastic mean free path.
For the Si L,,VV and O KVV lines, the energy
variation is small and no corrections are made.
For the Si L,L,,V line, the knowledge of the mean
free path is poor and the Auger line width is nar-
row (~< 20 eV), so again no correction is made.
The resulting Auger line shapes for the Si
L,L,V, 8i L,,VV, and O KVV lines are shown,
respectively, as the solid lines in Figs. 4(a),
5(a), and 6(a).

III. CALCULATION OF THE AUGER TRANSITIONS
A. Theoretical formulations

The Auger transitions are calculated by as-
suming the valence electron DOS in SiO, can be
described in terms of the cluster linear-combina-
tion-of-atomic-orbitals~molecular orbital
(LCAO~-MO) model as discussed above. The tran-
sitions will involve the appropriate core hole,

Si L, L,,, or O K, coupling with the local elec-
tron DOS as represented by the occupation of
the atomic orbitals centered on that atom (i.e.,
atom with the core hole). .In the next few para-

100

graphs we will present the expressions from which
we calculate the transition energies, intensities
and line widths.

The transition energies will be calculated from
the formulation of Shirley and co-workers®®

Exxr(2)=Edgy +R(X, Y) = F(X, Y), @)

where EJyy is the transition energy deduced from
the one-electron binding energies referenced to
the Fermi level, R is an intraorbital and outer-
atomic-orbital relaxation term, and F(X,7Y) is
a two-electron. interaction energy describing the
coupling of the final-state holes., Our adaptation
of this formula from atoms to molecules, in par-
ticular the R(X, Y) and F(X, Y) terms, will be
described in more detail elsewhere.*

The transition intensities are calculated from
the expression

'[I{XY'OC Z C?{nCZYmPKnm’ (3)
n,m :
where c¢%, and ¢%,, are the populations of the »n, m
atomic orbitals on the central atom in the X, ¥
molecular orbitals, respectively, and Py, is
the appropriate atomic Auger matrix element ob-
tained from the results of McGuire® and Walters
and Bhalla.** Two-center terms are ignored,
which means that the sum in Eq. (3) reduces to
a single term for all cases considered here.
Each transition will be represented by a

Gaussian function centered about the transition
energy and whose area is proportional to the cal-



culated intensity. The line widths of the Gaussians
are calculated from

Texr=Tr +Ax +Ap +2K , (4)

where I’y is the core level width, Ay, y are the
valence level widths, and 2K is the singlet-triplet
splitting. The latter is added in when it is of the
order of or less than the other line width contri-
butions. Otherwise the singlet and triplet final
states are considered separate transitions. A
simple summation of the contributions is used be-
cause the various sources of line width are not
all Gaussian or Lorentzian or any other common
functional form, i.e., the I'y and 2K contribution
may account for nonresolved lines.

B. Empirically derived parameters
1. Energy

The valence-electron energy levels for SiO,
have been probed by photoemission,'?”!5 and by
Si K'®''° and O K,'%''" x-ray emission spectra.
Fisher et al.'® have correlated these measure-
ments so that they can be compared to each other
on the same absolute energy scale (see Fig. 3).
As discussed by several workers,®!!'!5 the six
orbitals can be grouped into three pairs (see
Table I; we will use the T, notation to identify
the orbitals): 4a, and 3¢, represent predominantly
O, electrons bonding with admixtures of Si,;
and Si;,, respectively; 5a, and 4, represent bond-~
ing orbitals with O,, added to Si,; and Si,,, respec-
tively; (5¢,, 1e) and 1¢, represent the predomi-
nantly nonbonding O,, orbitals. The energy of the
peaks is given by Fischer et al.'® relative to the
edge of the valence band. If we assume the Si 2p
binding energy relative to the Fermi level to be
103 eV,2*%5% we are led to a value of ~5 eV be-
tween the top of the valence band and the Fermi
level. The O 1s binding energy is thereby re-
quired to be 533 eV (relative to Fermi level)
which is in agreement with literature values,5%5¢
The one-electron binding energies of the various
electron levels to be used in this paper are sum-
marized in Table I,

When calculating the oxygen Auger line shape
we use the C,, symmetry. The O,, nonbonding
electrons occupy the 2b, and 7a, orbitals in this
symmetry class. The 2b, orbital is perpendicular
to the plane of the Si-O-Si cluster and is com-~
pletely nonbonding. The Ta, orbital lies in the
plane and thereby does have some bonding aspect;
Pantelides® identifies the 7a, contribution with the
shoulder at 4 eV in the O K, spectrum (Fig. 3).
Since they are close in energy compared to the
Auger line widths, we have chosen to identify
both the 2b, and Ta, orbitals with a common energy
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FIG. 3. Composite of the XPS, Si Lj3, Si Kz and
O K, x-ray emission spectra produced by Fischer ef al.
(Ref, 15) for SiO,.

as shown in Table I. Pantelides® also points out
that the data in Fig. 3 shows evidence for banding
effects in the “0,,” bonding group. The oxygen
electron.density, as measured by the O K, x-ray
emission, is concentrated at an energy appropri-
ate to the 4¢, orbital, i.e., at the top of this bond-
ing group. The concentration of O,, at the 4%,
energy may reflect the tendency for p electrons
to dominate at the top of a band. Similarly the
XPS peak in the “O,,” bonding group, which pre-
dominately samples the O, electrons, is slightly
displaced toward the 4a, orbital. This may reflect
the tendency of s-like electrons to dominate the
bottom of a band. As is evident from Table I, we
have chosen the 5b, and 6a, orbital energies to
reflect these observations.,

The two-electron interaction energy F(X, Y)
and the relaxation energy R(X, Y) need to be de-
fined within the MO model. Assuming the Slater
integral F° is the dominant term and utilizing the
zero differential overlap approximation in F(X, Y),
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TABLE I. One-electron binding energies and valence orbital linewidths in SiO,.

Cyy (8i,0) Ty (Si0y) Energy ?
Orbital group designation A (e © designation A(eV) € (eV)
: 2 1y
O,, nonbonding ‘} 3.3 le 1 8 (5,6)°
7&1
5¢,
“0,,” bonding 50, 1.5 4t, 1.5 11 (4)
5a, 1 14 (3)
“Oys” bonding 3ty 2 25 (2)
6a; 2 da, 2 27 (1)
Sy, 103
Siy, 154
Oy : 533

2 Energies referenced to Fermi level.
b Refers to the peak designations in Fig. 3.
¢ Estimated from XES and XPS data. )

TABLE IL Calculated Auger transitions [from Table I(b) populations].

Silicon Elyy® RX, V) F(X,V)? Egxr(eV) I1¢ K T (eV)
L Ly V :
4a, 24 9.4 7.2 25 0.5 ce* 5.2
3t, 26 9.4 7.0 28 0.3 5.2
5a4 37 8.6 -1.3 38 1.7 eee 4.2
4, 40 8.4 -6.6 41 1.8 e 4.7
Ly V. V
4a, 3t 51 5.5 -8.0 49 0.1 3.3 11.8
S8ty 3ty 53 5.5 -8.2 50 0.2 3.6 12.4
3ty  5ay 64 4.8 -6.9 62 0.4 eoo 4.3
4q, 4, 65 4.4 —6.7 62 0.8 e 4.7
3ty 4ty 67 4.5 —-6.9 64 2.8 0.1 4.9
5ay 4ty 78 3.8 -5.7 6 24 1.0 5.7
4ty 4ty 81 3.5 -5.6 79 7.6 1.4 6.9
L4ty Sty 84 4.7 -7.0 82 0.3 4.7 131
Oxygen
K V Vv
6a; 6ay 479 5.5 -18.4 466 1.0 eee 4.2
6a; Tay, 26495 498 5.7 -19.3 481 2.0 3.8 5.5
6ay 5by(S) 495 4.6 -12.5 485 0.5 1.9 4.4
62y  Tay, 2b(T) 498 5.7 -19.3 488 0.5 3.8° 5.5
6ay  5by(T) 495 4.6 —-12.5 489 01 1.9 4.4
Tay  Tay
2. 2, 517 6 —21.9 501 3.1 6.8
Tay  2b4(S) 517 6 -19.7 502 2.0 1.1 6.8
5b,  5by 511 3.6 -9.9 505 0.4 -e¢ 3.2
50,  Tay, 2b4(S) 514 4.8 —-12.6 506 2.0 0.5 5.0

2F(X,Y) is calculated only from F %, m) terms for Si, from F° and F? terms for O.
Energies measured relative to Fermi level. Egxy includes a term +K for those transitions
designated singlet (S) or triplet (T'), respectively. .
¢ The intensities are related only for the common core hole; no attempt is made here to re-
late the Si LiLy3V, Lo3VV, and O KVV total intensities. When (S) or (7) is absent the total
intensity, singlet plus triplet, is given for the transition if both exist.
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F(X,Y)= Y 4uCynF o, m),
nm

where ¢%,, Cym are the atomic-orbital populations
projected out of the X, Y molecular orbitals,
respectively. The sum includes all atomic-orbital
contributions to the molecular orbital, i.e.,
orbitals on the central atom as well as the ligand
species, and includes both one-center and two-
center terms. For Si as the central atom, the
higher-order Coulomb and exchange integrals
are neglected in the determination of the tran-
sition energy (in part they will be used to calculate
linewidth contributions). For oxygen as the
central atom, the higher-order one-center Slater
integrals are included. All Slater integrals are
obtained from the tabulation of Mann.*’

The relaxation energy in the atomic calculations
can be broken into four components: inner, intra,
and outer shell on the central atom, and extra
atomic. We have ignored the inner-shell relax-
ations as negligible in analogy to the atomic case.
The intrashell relaxation is an appropriate aver-
age, R,=),c%r,, of the atomic intraorbital re-
laxation terms 7,. For the oxygen 2s and 2p
orbitals we take the 6 eV calculated by Shirley5®
for atomic Ne; this probably overestimates the
intrarelaxation energy on oxygen. For the silicon
3s and 3p we take the values of 2 and 1 eV, re-
spectively, calculated by Gianturco and Coulson®®
for the 3s and 3p orbitals on sulfur. Following
Shirley we define the relaxation involving two
molecular orbitals R(X, ¥)=%(Rx+Ry). The O
KVV and Si LVV transitions both leave their
hole states in the outermost electron levels so the
outer-shell relaxation does not exist. We have
ignored the extra-atomic relaxation. For the
Si L, L,,V transitions the outer-shell relaxation
is calculated using the equivalent-cores approx-
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imation of Shirley®® for the Si,, orbital.

Table II presents the Auger transition energies
as well as the values of E° F(X,Y), and R(X,Y)
for the experimental choice of local electron
densities. The choice of these densities is the
subject of Sec. IIIB 2.

2. Intensities

We have calculated the Auger transitions for
three different choices of local electron popula-
tions: (a) ¢, determined from the work of Tossell
on a Si0,*" cluster, (b) ¢, determined from the
work of Yip and Fowler on a Si,0% cluster, and
(c) ¢, determined largely from the x-ray emis-
sion intensities and electron state counting.

The nonempirical MO calculations of Tossell”
on 8i0,* provide a set of atomic-orbital popula-
tions to use in the calculation of the Auger line
shape. The atomic-orbital populations as de-
scribed by Tossell are presented in Table III(a).
Note that the net charge state is Si‘2-?2 and O~1*5®
due to the representation of an orthosilicate ion
8i0,*". While SiO, might be written as Si*
(Si0,)*", by symmetry there can in fact be no
difference in the charge states of the two Si
atoms. One would expect, therefore, that in
Si0, some of the charge which Tossell indicates
resides on the O in (Si0,)*” will flow back to the
silicon atom.

The LCAO-MO calculations of Yip and Fowler®
on 8i,0° also provide a set of atomic-orbital
populations to use for the Auger calculations.
The atomic-orbital populations as derived from
Yip and Fowler are presented in Table III(c).
The net charge states are Si'3*5" and O™ !4,

The x-ray emission data suggest a way to adjust
the populations of the SiO,*" cluster to more ac-

TABLE III. Filled valence orbital compositions. Number of electrons per atom.

sio -2 (8i0,),"° Si, 0% ©
Si o o) Si o]
Orbital group Ty 3s 3p 2s 2p 3s 3p 2s 2p 3s 3p 2s 2p Cyy
ltl e eee DR 1-50 s o e 1‘50 so e ) Y . 2.00 2b1
OZP nonbonding 12 ceae ) oo 1.00 cee e e ec e 1.00 se e coe -~ . 2.00 7“1
Bty +c  0.06 cec 1,48 e .. ce 1.50
“Oy,” bonding 4, +c+ 114 ce+ 121 e+ 1,50 e+ 075 015 0.21 1.28  5b,
5a;° 0.34 *** 0.05 0.41 0.50 <+ e 0.25
“O,s” bonding 3t, tc+  0.18 1.45 e+ ecs 027 1.36 -
4a; 0.06 <+ 048 c°+ 015 +c+ 043 -+  0.03 0.04 1.86 **  6ay
‘Mulliken charge 0.40 1.38 1.9 560 0.65 177 1.79 5.00 0.18 0.25 1.8 5.28

2 Reference 7. ]
b Deduced from experimental data as outlined in text.
¢ Reference 5.
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curately represent SiO,. First note that the four
electrons on the silicate can be attributed to
neighboring silicons in silicon dioxide, so the T,
cluster orbitals represent the filled orbitals of
(8i0,),. The O,, nonbonding orbitals were shown
in both the $i,0% and SiO,*" clusters to be es-
sentially pure O,,. Given the eight orbitals in the
combined 1f,, le, 5¢, nonbonding group, there are
16 nonbonding electrons localized on the four
oxygens. The O K, x-ray emission spectrum has
an intensity ratio of about 4:1 between the non-
bonding and bonding O,, orbitals. This requires
four electrons to be localized on the four oxygens
in the “O,,” bonding group. The “O,,” bonding
group has four filled orbitals or eight electrons.
The remaining four electrons must be localized
on the Si in the Si 3p and Si 3s orbitals. The O,,
bonding orbitals in 7; symmetry split into a triply
degenerate ¢, and an @, component, If we divide
the four Si electrons equally among the four or-
bitals, then there will be three Si 3p and one
Si 3s electrons. in the O,, bonding group. This
choice of distribution is somewhat arbitrary and
" must be checked by the comparison of the calcu-
lated Auger line shapes to those measured.

The Si Kz shows a low-energy peak with
(15-20)% of the main peak intensity and the
Si L,, shows a similar peak with (20-25)% of
the main peak intensity. (We have chosen for
the moment to ignore the anomalously large
highest energy peak in the Si L,,; no satisfactory
explanation for this peak has been found. We will
come back to this point in the discussion.) There-
fore, the “0O,¢” bonding group must have ~0.54 and
0.30 Si 3p and 3s electrons, respectively. The 3s
contribution is a bit larger than the intensity ratio
itself since the L, cross section contains the
factor (AE)® which is significant for the Si L,,
transitions, This leaves room for 7.2 O, elec~
trons in this group, which fill the remaining states
in the 3¢, and 4a, orbitals. A summary of the
charge distribution dutlined above is presented in
Table III(b). The valence charge state is Si*!*¢
and O7°8,

Note that compared with the Tossell charge
state, the (SiO,), orbital populations do show the
expected increase of Si electrons. The (SiO,),
charge state is essentially determined by the 4:1
ratio of intensities assumed for the two peaks
in the O K, spectra. Gilbert et al.* estimate that
4:1 is a lower limit and 8:1 is an upper limit.

If we were to choose a larger ratio, the effect
would be to lower the number of electrons on O
and increase them on Si. This would bring the Si
net charge state even closer to the charge state
of Si'!, that estimated by Gilbert to be the most
reasonable. However, since we have no firm

rationale for doing so, we will stay with the
populations inferred above.

The Auger transition intensities for the (SiO,),-
derived populations are presented in Table II.
The intensities are calculated from Eq. (3) where
the values of ¢ are obtained by converting the
electron charge in Table III to a fraction of orbital
occupation. For instance, the Si 3p occupation of
the 41, orbital is 1.5 electrons times 2 Si atoms
divided by 6 available ¢, states giving ¢ to be 0.5.

3. Line widths

Three contributions to the line widths are
estimated for each transition: (a) The core level
width, (b) the valence orbital width, and (c) con-
tributions due to the singlet-triplet splitting in
the final-state hole-hole interaction. The core
level widths are taken to be I'(O,5) =0.2 eV and
I'(Si,s) =2 eV estimated from lifetime broadening®;
I'(Siy,) =1.2 eV estimated from the spin-orbit
splitting.’® The valence orbital widths can be
estimated from the x-ray emission and photo-
emission data and are presented in Table I.

The singlet-triplet energy differences 2K for
the various two-hole final states were calculated
from one-center Slater integrals, Where this
energy was of the order of the line width con-
tributions above, the 2K values were added into
the line width. In the O KVV transitions, the
magnitude of 2K was large enough to require
separate transitions for the singlet and triplet
final states. (Large-K values occur for Si
also, but only for small intensity transitions.)

The Auger line widths calculated for the. (SiO,),-
derived populations are presented in Table II.

IV. RESULTS AND DISCUSSION

When comparing the calculated and experimental
line shapes, two parameters have been allowed
to vary. The first is a multiplicative constant

“which simply adjusts the total intensity of the cal-

culated line shape. This parameter is necessary
because there has been no attempt at absolute
quantification. The second parameter, 6E, per-
mits the full calculated line shape to be shifted

up or down in energy. The 3F could reflect
sample charging shifts, extra-cluster relaxation
energies, or other processes which would not
change the line shape, but would affect the Auger
kinetic energies. These two parameters were de-
termined by forcing the pinnacle of the major
peak in the Si L,,VV and O KVV to align with its
experimental counterpart. The Si L, L,V was
aligned by requiring the energy of the high-energy
shoulder to agree with the experiment and then
determining the intensity factor by least-squares
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FIG. 4. (a) Comparison of the experimental (solid
line) Si LLy3V Auger transitions with those calculated
from the (SiOy), populations (dashed line) and from the
modified 4¢,, 5a; populations (dotted line). (b) 4¢,

(40 eV) and 5a4 (35 eV) contributions to the L L 43V line
shape.

fit to the top of the entire peak.

The comparison of calculated and experimental
line shapes for the Si L,L,,V transition is most
straightforward because it does not involve the
self-convolution of the valence density of states.
The comparison of the measured L,L,,V line
shape and the line shape calculated from the
(8i0,),-derived orbital population [Table III(b)]
is shown in Fig. 4. This feature is only that part
of the full line shape which originates from the
“0,,” bonding group. As can be seen in Table II,
there should be an additional feature about-10 eV
lower in kinetic energy with about one-sixth the
intensity which corresponds to the “O,,” group.
There is, in fact, structure observed in d>N(E)/
dE® spectra in the appropriate energy region but
it could not be separated cleanly from secondary
electron contributions in the base line. . :

There are two transitions which contribute to th
L,L,,V line shape presented as the dashed line in
Fig. 4; the higher-energy peak corresponds to the
4, orbital, the lower-energy peak to the 5a,
orbital. The measured 5a, orbital contribution
would actually be slightly reduced [(5~20)%] in
magnitude if one corrected the data for the elec-

tron sampling depth since the mean free path in
this energy region is beginning to increase sharply

. as energy decreases. If the assumed matrix

elements are correct, then the discrepancy be-
tween the calculated (dashed line) and measured
intensities shown in Fig, 4 is a reflection of the
relative populations of the Si 3s and 3p in the 5a,
and 4¢, orbitals, respectively. Recall that the
relative Si 3s and 3p populations of these two
molecular orbitals were established in a some-
what arbitrary fashion. If one wished to turn the
process around, the Auger line shape provides
a mechanism to test those relative populations.
The dotted line in Fig. 4 shows just such a fit
where the Si 3p contribution to the 4¢, orbital

in Table III(b) was increased by only 10% and
the Si 3s contribution to the 5a, orbital was de-
creased by 30% so as to keep the same net

~ charge. Since no charge need be transferred be-

tween the orbital groups, such an adjustment
would not affect the major features in the Si L,,VV
and O KVV line shapes. The small corrections
indicated by the fitted populations suggests that
the initial assignments are reasonable; the cor-
rections cannot be considered quantitative until
we have more accurate matrix elements and have
corrected for any line-shape distortions.

The theoretical energies had to be shifted down
by less than 2 eV to bring about the registry of
the calculated and measured L,L,,V transitions.
This is well within the uncertainties of the mea-
sured Auger energy, of the XPS binding energies,
and of our calculations. The line width is slightly
overestimated (by ~1 eV out of 7 eV) but the
agreement is also considered to be acceptable
given the approximations made.

The Si L,,VV calculated line shape from the
(SiO,), populations and the measured line shapes
are compared in Fig. 5. The theoretical energies
had to be shifted down by less than 1 eV. There
was no significant change in the calculated line
shape with the Tossell populations. The calculated
L,,VV line shape is dominated by the ratio of
the Si populations in the 3¢, and 4¢, orbitals; the
(8i0,), and Tossell populations do not differ much
in that regard.-

The intensities of the calculated peaks at 64 and
50 eV are too weak. One can postulate several
explanations for this discrepancy. The assumed
matrix elements and/or electron populations may
be wrong. We have tried to simply rearrange the
populations to achieve better agreement, but were
not successful in finding new populations which
were consistent with the x-ray emission data.

It may be that the AES and XES sample different
electron populations. A second possibility is that
the base-line and electron-loss corrections to



5384 RAMAKER, MURDAY, TURNER, MOORE, LAGALLY, AND HOUSTON 19

(a)
A\
I/ \\
v [\
@ L
z I
e N ! \\
z I\ ” A\
I’ \ \
/ \ \
/ \% \
Y \
(b) Sa—ns =
4tz 4tz
\
//\
> [
z [
= Il
- st ||
= VR
/ | /fl \ \\
31, 3t AL \
a2 \IV NI

40 50 60 70 80 90 100 |IlO
ELECTRON ENERGY (eV)

FIG. 5. (a) Comparison of the experimental (solid
line) Si Ly3VV Auger line shape with those calculated
from the (SiOy), populations (dashed line). The peak at
78 eV involves transitions with both valence electrons
from the O,, bonding group; the peak at 64 eV, one
each from the Oy, and O, groups; the peak at 50 eV,
both from the O,; group. (b) The major Auger transi-
tions arising from the individual molecular orbitals
which have local Si electron density. The origin of each
peak may be identified from Table II.

the data were inadequate and left too much ap-
parent intensity in the 50-eV peak. A third
possibility, namely, unaccounted contributions
from the L,L,,V transition, will be discussed
later. A second discrepancy between the calcu-~
lated and observed line shape lies in our under-
estimation of the intensities between the major
peaks. This is in large part due to our ignoring
the contributions resulting from shake-up and
shake-off. These processes account for ~(20-40)%
of the total intensities in Ne and Ar gas-phase
Auger spectra®®? and may account for much of
this discrepancy.

Since the Si L,L,,V and L,,VV data in Fig. 2
was taken under the same conditions and the loss
correction involved the same measured loss peak,
it is possible to compare the relative measured
areas of these two transitions with the theoretical
rates for electron excited Auger transitions. For
a 1-keV electron beam the ratio of the theoretical
cross sections for Si L, and L, , core ionization

is 01,,/0;,=17.3.° The ionized cores will most
probably deexcite via L,L,,V and L,,VV processes.

‘If every L, core hole results in both a L,L,,V and

L,,VV process, then the observed ratio should be
8.3; if no L,L,,V event is followed by an L,,VV
event then the ratio would be 7.3. The observed
ratio can be estimated from Fig. 2, if one
multiplies the L, L,V area in Fig. 2 by 1.2 to
account for the missing peaks at 25—-28 eV. The
experimental ratio is estimated to be 8+ 2,

The agreement between experimental and theo-
retical areas places some limitations on the
possibilities that base-line or loss corrections
to the Si L,,VV will account for some of the ex-
perimental intensity in the 50-eV peak. If one
changed either base-line or loss corrections in
such a way as to lower the 50-eV peak area rela-
tive to the 78-eV peak, then the same correction
would likely reduce the 40-eV L L,V peak area
relative to the 78-eV peak. The result might be
an unacceptable increase in the measured LZZ,VV/
L,L,,V area ratio. Nevertheless the 50-eV peak
is small and we cannot rule out the possibility
that base-line and loss correction errors are

(a)
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FIG. 6. (a) A comparison of the experimental (solid
line) O KVV Auger line shape with-those calculated
from the (SiO,), populations (dashed line). The peak at
504 eV involves transitions with both valence electrons
from the O,, nonbonding and bonding groups; the peaks
at 480 eV, one each from an O,, and O, group; the |
peak at 465 eV, both from the O, group. (b) The major
Auger transitions arising from the individual molecular
orbitals which have local oxygen electron density. The
origin of each peak may be identified from Table II.
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significantly altering the experimental ratio of
the 50- to 70-eV peaks.

The last transition is the O KVV; the comparison
of theory and experiment are shown in Fig. 6.

The theoretical energies were shifted down by
less than 1 eV to bring the two line shapes into
registry. Shirley’s®® calculation of the Ne gas-
phase Auger energy was in error by 3 eV; he
ascribed his error to the relaxation energy and
we have assumed the same relaxation energy in
this paper. Thus we must regard the close agree-
ment here as somewhat fortuitous. .

Shake-up and shake-off contributions to the
oxygen Auger peaks® %2 may account for much of
the areas between the major peaks which are
underestimated by the calculated line shape.
However, the O KVV theoretical line shape over-
estimates the relative intensities in the O,,0,,
0,,0,s peaks compared with the 0,,0,, peak (see
Fig. 6). This cannot be accounted for by shake-up
or shake-off. The same factors which might have
contributed to the Si L,,VV discrepancies can be
examined as sources of the discrepancies here.
The use of the atomic matrix elements to calculate
the O KVV intensities must be even more suspect
than it was for the Si Auger calculations. Whereas
for Si each major observed peak involves princi-
pally p-p and s-p transitions, in the case of oxygen
the three peaks at 503, 481, and 465 eV involve
different atomic matrix elements, p-p, s-p, and
s-s, respectively. The correct relationship be-
tween these three matrix elements is not even
assured in the atomic case. For instance, for
elements near oxygen experiment shows the
s-p/p~p matrix-element ratio to be substantially
smaller than that predicted by the theoretical ma-
trix elements that we used in this paper.%® If
our assumed s-p/p-p ratio were decreased our
present overestimation of the s-p Auger peak
would improve.

The possibility of a different charge balance
between the O,, and O,; orbitals accounting for
the observed discrepancy in the O KVV line
shapes can be examined. The only other elec-
tron spectroscopy to sample both the O, and
O,, electron densities is photoelectron spectros-
copy. From the XPS measurements of DiStefano
and Eastman'? one can measure the areas under
the O,, and O, orbital groups (estimating an
appropriate background as base line); the ratio
of these areas is A(0,,)/A(0,,)=0.6. Unfortu-
nately, the XPS measurement is not sensitive
to the local oxygen electron density and also
samples the electrons localized on the Si. From
the XPS cross sections of Scofield®* and the pop-
ulations of Table III(b) we estimate that the O,
area is essentially pure oxygen (~2% correction

for Si electrons) and the O,, area needs to be
multiplied by about 0.8 to correct for Si elec-
trons. The ratio of cross sections for the Al K,
excitation of the oxygen valence electrons is
given by Scofield® as 0,,/0,,=6.4. The XPS mea-~
surement of the electron population ratio is then
0,,/0,5=0.6 X (6.4) X 0.8=3. The equivalent ratio
calculated from the populations of Table I (b) is
2.8; to get the Auger line shapes to agree, this
ratio would have to increase to 3.5. Given the
uncertainties in the XPS ratio either 2.8 or 3.5
could be taken as agreeing with the XPS measured
ratio,

Returning to an earlier point, recall that when
the populations in Table II were established, we
ignored the highest-energy peak in the Si L,,
x-ray emission spectrum (see Fig. 3). The origin
of this peak is the subject of considerable debate.*®
Since the equivalent peak appears in the L,, spec-
tra of Sin SO,?-and P in PO,*-, one cannot write it off
simply as contamination. It may arise from defects
due tobeam damage, but no one has spoken of ob-
serving a beam-exposure dependence of its in-
tensity. According to the L,; selection rules, it
may be s- or d-localized Si electrons. If it
were to be Si s-like electrons, then the large
intensity observed in the L,, spectra should be
replicated in the Si L,L,,V Auger spectra about
2 eV above the 4%, orbital. But no such peak is
observed. If Si 3d electrons are the source, then
we might expect the electron repulsion term
F(X, Y) of the L L,, 3d Auger transition to be
smaller, and the Auger transition energy thereby
larger than for 3s electrons. Further the intensity
matrix element may be smaller. This raises the
possibility that a L,L,,V transition involving 3d
electrons may be hidden in the energy region be-
tween the identified L, L,V and L,,VV transitions,
The presence of 3d electrons may also account for
our underestimation of the high-energy side of
the L,,VV transition.

Finally, as a last point of discussion, we con-
sider the hole-hole interaction effects. An energy
shift of less than 2 eV (in all cases the theory
must be shifted down) is required to bring the
theoretical and measured major peak of each
line shape into registry. Excellent agreement
is found between the calculated and experimental
energies of all peaks in the three line shapes after
registry of the major peaks. Unfortunately the
magnitude of the hole-hole repulsion and static
relaxation effects U =R(x, y) - F(x, y) for the
various transitions within each line shape is
fairly constant; therefore the agreement between
theory and experiment of the relative energy of
the peaks in the line shapes is not a critical test
of the MO model. For the Si line shapes, the
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average value of U =R ~ F obtained from the
cluster MO model is small, +1.5 for Si L, L,,V,
-2.3 for Si L,,VV. The Si 3s and 3p orbital
splitting is #14 eV providing an estimate of V;

T is =2 eV (Table I). For a single Si atom U="7
eV.5" Thus, hole-hole correlation should cause
heavy mixing of the states within the band, but
little mixing of the cluster MO states. Note how
quickly the effective U decreases as the holes
delocalize from the Si atom to the Si0,*" cluster.
For the O KVV line shape, U is =14 eV as cal-
culated in the MO cluster model (Table II). The
O 2s and 3p orbitals split by about 2-3 eV, I is
again about 2 eV (Table I). For a single O atom
U=~14 eV.%" In this instance U>V =T and the
final two-hole DOS should be atomiclike. Note
.that the effective U calculated in the MO model
is equal to that of the single atom. This is true
because the major Auger contributions in the

O KVYV line shape come from those MO’s almost
completely localized on the atom (this was not
true on the Si). That the O KVV line shape in
Si0, is essentially atomiclike can be substan-

tiated by comparing it with the O KVV line shape
in the more ionic MgO.%® They are essentially
identical. The one-electron cluster MO model
has properly accounted for the hole-hole inter-
actions for both the Si and O Auger line shapes,
even though the degree of delocalization is quite
different in the two cases.

In summary we have calculated the Si L,L,,V,
Si L,;VV, and O KVV Auger line shapes for SiO,
utilizing the cluster MO model and compared them
to experimentally derived line shapes. In all
three cases the energies of the major features are
in agreement to within the uncertainties in the
calculations and measurements., The most likely
sources of the major discrepancies in intensity
are considered to be the assumed matrix elements
and electron populations, and the neglect of
Auger satellite contributions.
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