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Structures in the electron-energy-loss spectrum up to 30 eV above the L, ;3 edge of clean silicon,
excited with high- and low-energy electrons, are found to be in good agreement with a multiple-
scattering calculation of the empty density of states of a tetrahedral cluster of 17 silicon atoms. The
relaxation of the excited atom is investigated by means of the emission spectrum. The decay chan-
nels involving electrons in resonant scattering states produce high-energy satellites to the conven-
tional Auger transition in accordance with the excitation spectrum.

I. INTRODUCTION

Computations of the electronic density of states (DOS)
of solids have been limited in the past either to the occu-
pied bands or to states near the Fermi level, E, accord-
ing to the needs of available spectroscopic results, e.g.,
photoemission, reflectivity, etc. With the emergence of
the experimental procedures probing unoccupied states
far above Ep, such as bremsstrahlung isochromat spec-
troscopy (BIS) or x-ray-absorption spectroscopy, compu-
tations have been extended to such states.! Electron-
energy-loss spectroscopy (EELS) yields information on
the initial and final states and the matrix elements cou-
pling them. Hence, such experiments need the support of
the theoretical DOS and the transition matrix elements,
where the matrix elements weigh the transitions to
different angular-momentum channels. For the excita-
tion of core states, mainly the unoccupied DOS has been
investigated; modulations measured above the core edges
are the basis of XANES (x-ray-absorption near-edge
structure) and EXAFS (extended x-ray-absorption fine
structure) used for structural investigation of the local en-
vironment of atoms in a solid. Owing to the growing
mean free path of the electrons excited above Ep going
from the EXAFS to the XANES regime, interference
with the outgoing electron wave is not only due to single
backscattering at the neighbors of the excited atom, but
also to scattering at several centers [multiple scattering
(MS)]. For the excitation of the inner shells, mostly x
rays from a synchrotron-radiation source have been used.
EXAFS-like modulations have also been reported ir
EELS with high-energy electrons (300 keV) in transmis-
sion? and with low-energy (1-2 keV) electrons in
reflection’ experiments.

The recombination of excited core levels results in
Auger and/or Coster-Kronig transitions with well-
defined emission energies. For some elements structures
above the Auger transition have been investigated.
Those observed on the high-energy side of the Cu 3pVV
Auger transition® have been attributed to EXAFS-like
processes.” On the other hand, similar structures ob-
served in a limited energy range above the silicon 2pVV
Auger transition have been attributed by some authors to
plasmon gain® and by others to double-ionization’ pro-
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cesses. It is not yet clear why, with excitation by low-
energy electrons, some materials show strong modula-
tions in the EXAFS region above the core edges or
beyond the CV'V Auger transitions and others do not at
all. Therefore, it is useful to investigate the near-edge re-
gion, where not only information on neighbor distances is
present as in the extended fine-structure region, but also
on bond angles because of MS paths.® The aim of this re-
port is to contribute towards the understanding the struc-
tures above the Si 2p edge and the Si 2pVV Auger transi-
tion, as it has been shown that in Si a strong similarity ex-
ists between near-edge structures obtained by convention-
al methods and those investigated with low-energy elec-
trons.’ Furthermore, Si has been chosen as an example of
a material which does not show modulations in the
EXAFS region. A self-consistent MS calculation has
been performed for a tetrahedral cluster of 17 Si atoms to
obtain the scattering channels in the conduction band
and several eV above it. Clusters of 17 scatterers have
been chosen to include the nearest and next-nearest
neighbors. The inclusion of the third-nearest neighbors
requires a cluster of 29 scatterers; this would consider-
ably increase the computer time. Results are compared
with EELS data, obtained with an excitation energy of
450 eV, and published data from high-energy electron ex-
citation.!® The structures above the 2p¥VV Auger transi-
tion are identical as an autoionization emission from a
partly relaxed Si atom. In Secs. II and III experimental
and theoretical procedures are outlined. Results are re-
ported in Sec. IV. Discussion and conclusions follow in
Secs. V and VI.

II. EXPERIMENT

The experiments were performed in an ultrahigh-
vacuum apparatus with a total pressure in the 10~°-Pa
range. Silicon wafers with (100) faces (B doped, 5 : cm)
were chemically etched before insertion into the vacuum
chamber. Final surface preparation was achieved by
sputtering (Ar*, 2750 eV; 1 uAmm~2) and annealing
(1200 K) cycles until no trace of C and O contamination
could be detected by Auger-electron spectroscopy. The
annealing temperature was chosen high enough to
guarantee the recrystallization of the sputtered surfaces.
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Positive ions for sputtering and electrons are produced by
means of a hybrid gun.!'! A single-stage cylindrical mir-
ror analyzer with a resolution of AE/E =0.004 and a
high-current channeltron are employed to detect the
secondary electrons. The axis of the gun and of the
analyzer are aligned perpendicular to each other. The
electron incidence was along the surface normal. The
EELS measurement was recorded with a primary elec-
tron energy of 450 eV in order to keep the total energy
resolution near the L, ; edge at about 2 eV. The Auger
intensity was measured using a primary electron energy
of 1 keV to increase the intensity of the primary beam
and hence the intensity of emitted Auger electrons. The
EELS spectrum was recorded in the negative second-
derivative mode employing a phase-sensitive amplifier
and modulating the potential of the outer cylinder of the
analyzer with 1.4 V peak to peak. The registration of the
second derivative eliminates the background of secondary
electrons up to a quadratic contribution that otherwise
constitutes a severe limitation to electron-excited spec-
troscopies. Since the second derivative is the inverse of
the radius of curvature of the original function, the extre-
ma are inherently at the same energy position. The
Auger intensity was recorded both in the integral and in
the second-derivative form. Further details of the experi-
ment have been communicated before.!?

III. THEORY

A cellular MS technique!® has been used to calculate
the empty density of states. The model material was a
tetrahedral cluster of 17 silicon atoms in the diamond
structure with a lattice constant of 10.2612 atomic units
(a.u.) =5.43 A immersed in the spherical average poten-
tial of the rest of the system. In a.u. the local MS DOS
pi(r; E) for the atom i at energy E is given by the integra-
tion over the cell i of the diagonal elements of the imagi-
nary part of the Green’s function,

1 + — [ (e
—Wfidr((rIImG (E)|t);= [pi{G;E)dr, (1

where the (( ---)), denotes a configurational average
with the atom i fixed. The G* matrix of the system is
given in terms of the free electron Green’s function G§
as

G*=Gg /(1-G¢K) . 2)

K being the single-site scattering matrix for stationary-
wave boundary conditions. G* can be expressed in a su-
permatrix angular-momentum representation (G ) as

Giz,j):'= > G(_)?L,kL"[(I—GSLK)_I]kL",jL' - 3)
kL"
L is the ordered pair (/,m) and i,j,k, denote scatterer
atoms. The radial local density of states can be written in
terms of (3) with {( - - - ), denoting a spherical average
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where r'=|r'| = |r—r; | and the R,(+';E) are the solu-
tions for energy E of the radial Schrddinger equation for
atom / in the atomic potential V' (r') with the boundary
condition

R/(r';E)=j,(kr') cosn; —n,(kr') siny, .

The potential is computed by superimposing the free-
atom charge density obtained from a relativistic self-
consistent statistical Xa exchange calculation'® to the
central cell of a 14-shell cluster.

IV. RESULTS

Figure 1 compares the calculated empty MS DOS with
EELS results on the silicon L, ; edge. The curve labeled
A is the energy-loss spectrum of electrons with a primary
energy of 450 eV recorded in the second-derivative mode.
Curves s, p, d, and f are the calculated empty MS DOS
contributions, corresponding to angular-momentum-
scattering paths with [/ =0, 1, 2, and 3, respectively. All
four curves have the same ordinate scale. Curve B
shows, in the integral mode, the energy-loss spectrum of
high-energy electrons obtained from a Si film a few hun-
dred A thick.'® The abscissa represents the energy loss
for curves 4 and B. All curves are aligned to coincide at
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FIG. 1. Reflection EELS results from Si(100) at an excitation
energy of 450 eV (curve A) are compared with those of a
transmission experiment (Ref. 10) using high-energy electrons
on a crystalline Si film (curve B). Calculated /-projected empty
MS DOS are displayed as curves s, p, d, and f where the labels
denote the angular momentum / =0, 1, 2, and 3. The abscissa
gives the energy in eV relative to the L,; core-excitation
threshold. Curve 4 is taken in the negative second derivative.
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the bottom of the conduction band. Vertical lines are
drawn to indicate common features. The excitation of
the L, edge is observed at about 50 eV: Curve A4 shows a
sharp transition, while in curve B it is only represented as
a faint shoulder.

The comparison between theory and experiment shows
that up to 30 eV the empty DOS is dominated by the
scattering paths with d angular-momentum character.
Here, all features in 4 and B are in good agreement with
calculations within a difference of smaller than 2 eV. For
higher energy losses the largest contribution stems from
f-like scattering. In this region, the EELS data show
discrepancies, and the differences grow up to 3.7 eV. The
remaining difference in the background is due to the fact
that A is measured in the second-derivative mode, elim-
inating background up to a quadratic contribution.

Figure 2 shows the high-energy leading edge of the Si
2pVV Auger transition intensity (curve A) and its nega-
tive second derivative (curve A’) which reveals latent
structures. Also shown 1is curve A4 in 35-fold
amplification. The energy scale is corrected for the work
function of the analyzer. Since the EELS spectrum con-
tains different excitation channels and the Auger transi-
tions represent the relaxation processes of the excited
atom, it is appropriate to compare the Auger spectrum
with the corresponding EELS data (curve 4 in Fig. 1);
the latter is shown here in curve C. The positioning of
the energy scale is not straightforward if electron correla-
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FIG. 2. Spectrum of the silicon 2p¥VV Auger transition inten-
sity and its high-energy satellite (curve A) with its 35-fold
amplification [(curve A)X35] measured in the integral mode.
Curve A’ shows the measured negative second derivative. The
measured 2p edge, as shown in Fig. 1, curve A4, is plotted as
curve C aligned to the main structure above the 2pVV Auger
transition (see text).
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tions are not neglected. In the figure, the 2p edge in
curve C is aligned with the main feature above the 2pVV
transition; a tentative justification of this procedure is
given in the next section. This allows agreement in the
position of structures in curves A’ and C (both second-
derivative spectra) at 126 eV.

V. DISCUSSION

The understanding of the Si L, ; absorption edge was
initiated by Gaehwiler and Brown,'* who performed pho-
toabsorption experiments near the 2p edge of Si using
synchrotron radiation. Their analysis, employing one-
electron band theory, failed to account for the observed
structures. Later, Ritsko et al.!> performed a calculation
adding to the free-electron absorption an EXAFS-like
contribution due to the crystal structure. They attributed
the broad background observed in the high-energy EELS
(Fig. 1, curve B) mainly to the free-electron absorption,
ignoring backscattering.!

In electron-excited transitions the dipole approxima-
tion is valid if gr << 1, where r is the radius of the excited
core and g the momentum transfer. The transition prob-
ability, then, in a single-particle formalism, is proportion-
al to an energy-dependent matrix element times a project-
ed empty DOS with appropriate symmetry. The cri-
terion for the dipole approximation is fulfilled for the re-
sults represented as curve B in Fig. 1, but certainly not
for curve A. Nevertheless, the agreement of prominent
structures is striking. Therefore, this agreement of both
spectra can be explained by the dominant d part of the
empty MS DOS which is mainly probed by the absorp-
tion experiments. In the energy-loss region above 30 eV,
where the f part is dominant, agreement becomes poorer.
Also, the L, edge in 4 manifests the occurrence of tran-
sitions other than of dipole type, whereas in B the small
empty p DOS limits the transition probability.
Discrepancies in energy between the calculated partial
DOS and the experiment are attributed to the energy
dependence of the ground-state potential'” as observed in
BIS (Ref. 18) and x-ray-absorption measurements,!® and
to the fact that we have neglected matrix elements lead-
ing to final scattering states of different symmetry, since
mixing can produce a slight shift of the energy position.
The cellular MS technique is able to treat itinerant and
localized states with equal precision.!* This is achieved
for the occupied bands by performing a large number of
calculations with different assumed configurations in or-
der to find self-consistently the occupation of the f bands.
In the present work, the unoccupied f bands are calculat-
ed. EELS results, however, depend on the difference of
the total energy of the system before and after the excita-
tion process, where there is an electron in the final state
occupying the f band. Since the f-level eigenvalues de-
pend strongly on occupation, the discrepancy between
the measurements and calculations above 30 eV can be
due to such final-state effects. Furthermore, changing the
lattice constant of the tetrahedral cluster shifts the ener-
gy positions of the maxima.?’ Several calculations have
been performed allowing contraction and expansion of
the diamond cluster up to 10%. The results presented



here for an unrelaxed lattice produce the best fit for the
structures in the near-edge region up to 30 eV.

The Si 2pVV Auger transition (Fig. 2, curve A4) shows
several structures on the high-energy side. In the past,
the main structure at 108 eV has been attributed either to
the 2pVV emission with a double-ionized initial state’ or
to a plasmon gain of emitted Auger electrons.® In the
light of the present calculations, an alternative explana-
tion is possible. Whereas in the initial state of a conven-
tional Auger process a 2p electron is excited to infinity, in
the case of electron excitation there is a nonvanishing
probability that it occupies a resonant scattering state
above Ep. This electron can then participate in the
recombination of the core hole, producing satellite lines
to Auger transitions, known as autoionization emission in
the case of isolated atoms?' and transition metals.!? The
density of the MS channels where an excited electron can
resonantly be trapped is represented by the empty DOS
in Fig. 1. In order to estimate the energy difference be-
tween the Auger and the autoionization emission, one has
to consider the initial and final states of the two process-
es; in the conventional Auger process the initial state is
2p°3(sp)* and the final state is 2p®3(sp)>. For the au-
toionization process the initial state is 2p>3(sp)*3d !, the
additional electron occupying the otherwise empty d
state. This is possible because of the large empty MS
DOS with d symmetry and the allowed dipole transitions
from p to d symmetry. Then, the final state is a single
hole in the valence band: 2p®3(sp)>. We have calculated
the total energies of all four states using a relativistic
self-consistent-field program with Wigner-Seitz boundary
conditions with a radius of 3 a.u. (=1.588 A) in order to
estimate the emission energies of the two processes. Both
initial-state energies were calculated in the self-
consistently computed potential of neutral silicon with
the same boundary conditions, i.e., the initial states are
not relaxed. For the final states the calculation was done
once fully relaxed, i.e., until self-consistency is reached,
and once not relaxed. In the conventional Auger transi-
tion, this gives rise to a difference in energy of up to 25
eV between the relaxed and the unrelaxed final state, and
in the autoionization the difference is less than 7 eV. If
one chooses arbitrarily a degree of relaxation of 70% for
the final states, the emission energies of the electron in
the two cases are 92 and 108 eV, which is in excellent
agreement with the measured data. This estimation
justifies our alignment of the loss spectrum with the
autoionization-emission resonance.

Two further structures are present in the second-
derivative curve (A') beyond the autoionization emis-
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sion: The first corresponds to that in the loss spectrum,
while the second is attributed to the 2sVV Auger transi-
tions.

VI. CONCLUSION

We have presented a comparison between EELS data
above the L, ; edge of silicon and a MS calculation of the
empty DOS. The agreement between the EELS spectra
and the computed MS DOS is very good in an energy
range up to 30 eV above the L, ; edge. Thus the near-
edge structures above the Si L, ; edge can be assigned to
the transition of a 2p core electron into empty MS chan-
nels with d character. Beyond 30 eV the spectral shape
can be accounted for by the p-f transitions, which are not
forbidden under the present experimental conditions. No
attempt was made to calculate higher-order / components
of the DOS since the matrix elements for transitions into
such states are very small. An alternative explanation for
the high-energy satellite to the main 2pV'V Auger line is
given in terms of excited electrons participating in the
Auger transition. Thus the decay of the MS resonances
are observed in the emission spectrum; this is consistent
with an autoionization process. An estimate of the satel-
lite energy requires a partial relaxation of the silicon
atom. Structures above the conduction-band edge have
been measured in BIS experiments,”?> which resemble
closely the present results. As a result, we conclude that
the EELS with low-energy primary electrons in the
reflection mode offers a useful tool for probing the local
geometry around the excited atom by means of the MS
channels. Nevertheless, if more than a single symmetry is
dominant in the empty MS DOS, matrix elements for
transitions into different / components have to be con-
sidered. In this work, it is found that the computations
for an unrelaxed lattice reproduce the measured spectra
best. In order to obtain detailed information about the
surface structure of Si(100), further calculations with
clusters representing a surface geometry with partially re-
laxed surface atoms have to be performed.
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