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The (100) silicon —silicon dioxide interface.
II. The Si L VV Auger lines

T. Kunjunny and D. K. Ferry
Colorado State University, Fort Collins, Colorado 80523

(Received 12 December 1980)

The electronic state, calculated by a slab semiempirical tight-binding method, is uti-
lized to calculate the Si L2 3VV Auger transition line shapes. These calculations are car-
ried out for (a) the free Si(100) surface, (b) the 2 X 1 reconstructed surface, (c) the oxygen
chemisorbed surface (for both atomic and molecular oxygen), and (d) the interface between
a thin oxide and Si. New states which are typical of the Si—0 bonds appear as charac-
teristic peaks corresponding to these states in the Auger spectra. These lie between the
positions of the Si peak in the bulk Si and Si02 and correspond to previously observed ex-
perimental peaks. From comparison with the available experimental data, it appears that
the initial oxidation is by atomic oxygen rather than by molecular oxygen.

I. INTRODUCTION

In recent years there has been considerable in-
terest in the theoretical calculation of Auger lines.
Several researchers' have examined the valence-
band Auger line shapes for Si (i.e., L2 ~ VV and
L )Lp 3 V transitions). Houston et at comp. ared ex-
perimental results for bulk Si with the theoretical
calculations of Feibelman and McGuire. ' They ex-
tracted the transition density of states and found
that the line shapes for the two transitions differ,
indicating the importance of matrix element and
band convolution effects. The L ~L2 3 V line shape
closely resembles the results of other measurements
of the Si valence density of states, but the L2 3 VV
line showed a strong emphasis for contributions
from p-like states, as opposed to the sp hybrids
composing the valence band.

The matrix elements for the Auger transition
involve the Coulomb potential connecting initial
and final states, which are represented by a core
wave function and an appropriate continuum wave
function identical in form to a low-energy-
electron-diffraction wave function. By expanding
the potentials in terms of the vector separation of
ion cores R, the Auger matrix element M is found
to vary as R . Therefore, the probability of in-
teratomic (transitions involving two distinct atoms)
Auger processes falls off very rapidly with the
separation of the cores. Hence the Auger line is
characteristic of a local density of filled states at
the atom on which the original core hole was

created.
. Following the work of Houston et al., Feibelman

et al. and Feibelman and McGuire' gave a de-
tailed treatment of theoretical Auger lines, em-

phasizing and simplifying the importance of matrix
element effects. Jennison extended this theory fur-
ther and showed that the partial density of states
obtained from the band structure must be properly
normalized for the local basis function used to cal-
culate the atomiclike Auger matrix elements. In
the present work, the Feibelman-McGuire' theory
of Auger line shapes will be followed, which in
simplified terms is a weighted average of the self-
folds of ss-, sp-, and pp-type configurations. The
Auger electron energy distribution N(E) in the
simplified form is given by

N(E)= Wpp(pp S pp)—+ Wp(p, S pq)

+W„(p, S p, ),
where the convolution is defined by

f Sg= I dw f(E—w)g(.w),

and the entire line is shifted by the core-state ener-

gy. Here, 8'zz, 8',&, and 8'„are the relevant ma-
trix elements obtained empirically for the LVV
lines in bulk Si by a set of values best fitting the
experimental results of Houston et al.

Since the Auger electron emission frequently in-
volves valence electrons and always involves the
binding energies of the core levels, the line shape as
well as the most probable energy is strongly influ-
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THE (100) SILICON —SILICON DIOXIDE INTERFACE. II. . . .

structure is wiped out by the manner in which the
difFerent Auger lines from. difFerent layers overlap
their contributions.

The calculations were repeated for a Si—O bond
length of 1.55 A. The overall features of the
LDOS are also similar. However, the smaller bond
length seems to reduce the density of states at —22
eV. Also, the characteristic peak at —4 eV is
broadened at the peak itself and is slightly shifted
to lower energy by 0.5 eV. The prominent peak at
—2 eV for the Si in Si02 seems to split as well.

III. DISCUSSION

The silicon L VV Auger line shapes for the
Si(100) surface with (i) a thin layer of oxide, (ii)
chemisorbed molecular oxygen, (iii) atomic chemi-
sorbed oxygen, and (iv) the Si bulk line are com-

pared in Fig. 9. Each peak shows characteristic
features which are summarized here. The molecu-
lar chemisorbed surface closely resembles the bulk
line except for a broad peak centered around 71
eV. There are weak peaks around 85, 92, and 94.5
eV while the major peak is at -90 eV. The major
peak position in both atomic oxygen chemisorbed
as well as oxide-formed surfaces are approximately
89 eV. At low-energy region, -70 eV, both sur-

65 70 75 so s5
Electron Energy (eV)

.90 95

FIG. 9. Comparison of the Si I.VV Auger line shapes
a—bulk line, b—for atomic chemisorption, c—for
molecular chemisorption, and d—for the interface.

faces give rise to small peaks which can be con-
sidered as characteristics of the Si—0 bonds pre-
sent. For the thin oxide interface, there are new
states at 85, 83, 79, 75, 71, and 69 eV, whereas for
the atomic oxygen chemisorbed surface there is a
single peak at -86 eV in addition to the low-

energy peak at 70 eV. The atomic oxygen chemi-
sorbed line is much broader than the other three
line shapes.

In recent years, experimental studies of the Si-
Si02 interface by Auger sputter profiling has re-
vealed the presence of additional chemical states at
the interface which are not attributable to either Si
in Si02 or to bulk Si. Joyce and Neave' in a
study of the silicon-oxygen interaction using Auger
electron spectroscopy noticed oxygen-induced states
at 68 and 63 eV, a feature common to Si surfaces
having an extensive. coverage of oxygen. Garner et
al. ' have observed additional structures at -71 eV
in the Si L VV transition for oxygen adsorbed on
the Si(111) 2&(1 surface. Helms et al. ' and Wager
and Wilmsen' observed a state in the Auger spec-
trum which has an energy about halfway between
the peak of Si in Si02 and that of the free Si peak.
This appears at -83 eV compared to -90 eV for
bulk Si and -74 eV for Si02. Morgen et al. ' ob-
served similar states at a Si(111)surface during the
adsorption of oxygen, in which peaks appear at
76.1, 73.1, 68.4, and 62.1 eV. Jost and Johnson'
observed an interface-related state around 83—85
eV. All of the above suggests the existence of ad-
ditional chemical states attributable to the Si-Si02
interface. The results obtained here are similar to
this experimental data. However, since many of
these experiments are done for the Si(111)surface,
a direct comparison of those numbers may not be
appropriate, but many experimentalists suggest
that the results of the (100) and (111)surfaces can
be quite similar.

The results obtained here suggest that the initial
oxidation of the Si(100) surface, as well as the
characteristic Si-Si02 interface states in well-

developed oxides, is primarily due to atomic oxy-
gen bonded to the Si dangling orbitals. The LDOS
obtained in paper I and the resulting Auger line
shapes suggest that this is the more probable (rath-
er than molecular chemisorption) result.

A final limitation to the results reported here
should be mentioned. Throughout, we have as-
sumed that the Si matrix elements remain the same
as in bulk Si. These matrix elements reflect the lo-
cal (atomic) environment and should therefore be
afFected by changes in the relative contributions of
s and p wave functions to the bond charge. It can
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therefore be expected that the matrix elements
could change at the surface, or for different adsor-
bates, or for Si in Si02. Indeed, Jennison has re-

cently shown this to be the case for Si in SiO2
Nevertheless, Feibelman and McGuire' have
shown that only minor corrections to the Auger
line shape occur at the ideal Si(111)surface, and
we hope for similar behavior here. Even if such
changes in the bond charge occurred, they would
predominantly produce small changes in the
strength of partial DOS (matrix element changes)
rather than in the positions of the dominant spec-

tra, and it is these positions that we are comparing
to experiment. However, this limitation could be
critical and without consistent matrix element cal-
culations, such as those of Jennison, the present
results are only suggestive.
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