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Silicon valence states in calcium silicides: A Si L, ; V'V Auger line-shape analysis
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We present a Si L, ; V'V Auger line-shape analysis of the whole set of Ca silicides, Ca,Si, CaSi, and
CaSi,. Measured spectra are compared, after data processing, to theoretical ones, computed within
the framework of a one-electron picture. The overall good agreement found in this comparison al-
lows us to understand the observed Si L, ; V'V spectral changes in terms of the Si valence states’ evo-
lution across the whole family of Ca silicides. The narrowing of the pp spectral region and the ap-
pearance of a distinct sp shoulder observed on going from CaSi, to Ca,Si are related, respectively, to
the decreased width of the Si 3p band and to the narrowing of the Si 3s states together with their in-
creased energy separation from the Si 3p states. A breakdown of the one-electron picture is ob-
served in Ca,Si. We find that this effect is due to the quasiatomic configuration of the Si 3s states in
this compound. The introduction of a correlation energy between two sp-like-final-state holes im-
proves the comparison between theory and experiment, but does not appear to fully account for the
Si L, 3 V'V spectrum from Ca,Si. New theoretical effort is therefore needed to understand this spec-
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trum.

INTRODUCTION

Due to their great importance in integrated-circuit
technology, metal-silicon interfaces and the related bulk
metal silicides have been the subject of extensive studies
devoted to the understanding of the structural and elec-
tronic properties of these systems. In this respect, a char-
acterization of bulk systems like metal silicides is desir-
able in order to facilitate data interpretation from the re-
lated metal-silicon interfaces. Particular interest has
been dedicated to those systems (the majority of noble
and transition metals), which are known to lead to the
formation of a silicidelike layer at the metal-silicon inter-
face. Several review articles on this topic have appeared
in the last few years.!*

In this paper, an investigation of the Si L,; Auger
transition from the whole set of Ca silicides (Ca,Si, CaSi,
and CaSi,) is presented. The interest in this study relies
upon both fundamental and technological motivations.
These systems are, in fact, interesting in view of a deeper
understanding of the chemical bonding which takes place
in metal-silicon compounds. Being that the bonding in
transition-metal silicides is commonly described within
the framework of the two-level model based on the
Si p —metal d coupling, the question arises whether or not
this picture can be extended to those cases in which the d
occupancy of the metal is close to zero. In this respect,
calcium silicides can be considered as prototypes of
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alkaline-earth and rare-earth silicides. Furthermore, the
relevance of a detailed knowledge of the electronic and
structural properties of Ca silicides should be stressed to
understand Si(111)/CaF, and Si(111)/CaSi, interfaces.
The technological importance of these systems rapidly in-
creased due to their epitaxal growth on silicon.>® CaF,,
an excellent insulator, and CaSi,, a metal, result then to
be ideal candidates for the construction of three-
dimensional, fully epitaxial devices on silicon.

The Si-Ca system has recently been the subject of ex-
tensive studies aimed at an understanding of the chemical
bond and electron states at the Si/Ca interface’ and in Ca
silicides. Concerning Ca silicides, joint theoretical and
experimental work have been carried on, the latter based
on photoemission to probe the occupied states® and on x-
ray and uv bremsstrahlung isochromat spectroscopy® '
to probe the empty states.

In spite of this extensive experimental and theoretical
work, a Si L, ; V'V Auger investigation of Ca silicides ap-
pears to be attractive in view of the unique characteristic
of this electron spectroscopy. Whenever transitions in-
volving valence holes in the final state are considered, the
Auger process provides information about a local valence
density of states, as opposed to all-sites density of states
probed, for example, in conventional photoemission.'' It
has to be stressed that photoemission methods which
could be, in principle, angular momentum and/or Si-site
selective are not effective for the specific case of Ca sili-
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cides because (i) Ca 3d photoionization cross sections do
not exhibit any Cooper minimum effect and (ii) resonant
photoemission at any Si core level would be hindered by
the very strong contribution of Ca 3d states at the per-
tinent photon energies.

In Auger spectroscopy, on the other hand, the Si
valence states can be directly investigated by the Si
L, ,VV transition. The use of a core-valence-valence
(CVV) Auger transition to gain information on the
valence states relies upon the assumption that many-body
effects, in particular, hole-hole correlation in the final
state, are not too important. This requirement has been
shown to be generally met by the Si L, ; V'V transition,
not only in elemental silicon, 12=15 pyt also in silicon com-
pounds.'®”! This transition is therefore commonly in-
terpreted within the framework of a pure bandlike pic-
ture, as opposed to the atomiclike picture holding in
cases in which many-body effects are important. Pro-
vision only has to be made for matrix element variations
across the valence band,'’ which greatly favors final
states with 2p holes with respect to final states with one s
and one p hole or with 2s holes.

Previous Auger work on Ca silicides has been devoted
to draw attention to the presence of correlation effects in
the Si L, ; V'V Auger spectrum from Ca,Si (Ref. 20) and
to assess the relevance of a knowledge of Ca silicide elec-
tron states to rare-earth—silicon systems like the Yb/Si
interface?! and Gd silicides. 2

In this paper, the Si L, ; ¥V Auger transition from the
whole set of Ca silicides is investigated and interpreted on
the basis of theoretical valence-band density of states
(VBDOS) calculations. A discussion of the Si L,;VV
transition from the intermediate monosilicide is present-
ed here for the first time. A close relationship is found
between calculated valence electron states and measured
Si L, ; V'V spectra. In particular, on going from CaSi, to
Ca,Si, the observed narrowing of the pp spectral region is
related to the decreasing width of the Si 3p band and the
formation of a distinct sp shoulder reflects the narrowing
of the Si 3s states together with their increasing energy
separation from the Si 3p states. Moreover, the appear-
ance of atomic effects in the sp part of the Ca,Si spectrum
is consistently related to the valence-band configuration
of this system, that is to the quasiatomic character of the
Si 3s states. The introduction of a correlation energy be-
tween two sp final-state holes within the framework of the
Cini-Sawatzky theory is shown here to improve the
agreement with the experiment. Nevertheless this ap-
proach is not completely adequate to give a detailed
description of the Ca,Si spectrum. New theoretical work
is therefore stimulated in order to undersand the sp part
of the Si L, 3 V'V spectrum from Ca,Si.

EXPERIMENTAL AND THEORETICAL TECHNIQUES

Experimental procedure

The samples have been prepared by melting
stoichiometric amounts of Ca and Si in tantalum cruci-
bles in an inert gas atmosphere. The structure of the Ca
silicides has been checked with x-ray diffraction. The ex-
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tra phases resulted to be confined below 3%.

The Auger measurements have been performed in an
ultra-high-vacuum (UHV) system (base pressure
~1X107'° mbar), on which a PHI model 590 Single
Pass cylindrical mirror analyzer (CMA) with internal co-
axial electron gun is mounted. The sample surfaces have
been cleaned by scraping with a diamond file in the same
UHYV apparatus. The Auger spectra have been excited by
an electron beam with 1 keV primary energy and have
been acquired in the derivative mode (2 eV peak-to-peak
modulation voltage) via a lock-in amplifier. The CMA
intrinsic resolution has been fixed to 0.6%. Electron-
energy-loss spectra, excited by a primary beam at the en-
ergy of the main peak in the Si L, ; V'V transition, have
been acquired for each Ca silicide with the same experi-
mental conditions.

Method of calculation

The structure of Ca-silicides is quite complex: CaSi,
and CaSi present two molecules per unit cell with two
nonequivalent Si atoms in CaSi,, while Ca,Si has four
molecules per unit cell with two nonequivalent Ca
atoms.?® For this reason, the calculation of their elec-
tronic properties has been performed only recently.® 10
The present study of the Auger line shape of Ca silicides
is based on these recent papers.

Details of the VBDOS calculation are out of the scope
of the present work and presented in Ref. 8. We are sim-
ply reminded that the electronic structure of Ca silicides
has been investigated through a first-principle approach
by using the efficient computational scheme offered by
the Andersen’s linear muffin-tin orbitals method in the
atomic-sphere approximation.?*?* Exchange and corre-
lation contributions to both atomic and crystalline poten-
tial have been included through the Hohenberg-Kohn
density-functional description in the Kohn-Sham local-
density approximation®®~?® and the k-integrated func-
tions have been evaluated by the Jepsen-Andersen-
Lehmann-Tart tetrahedron method® on a grid of 140
(Ca,Si) and 147 (CaSi,CaSi,) k points in an irreducible
portion of the first Brillouin zone.

RESULTS AND DISCUSSION

Theoretical results

A comprehensive presentation of the calculated
VBDOS for the three Ca silicides can be found in Ref. 8.
Here, we just recall the main conclusions which can be
drawn from a joint analysis of total and partial density of
states concerning the chemical bond in Ca silicides.

(i) The Si-Ca interaction presents both covalent and
ionic contributions. Interatomic transitions!! associated
with this partial ionicity of the bond cannot in any case
affect the picture of a local density of states probed by the
Si L,,VV transition, because silicon is the most elec-
tronegative element in this compound.

(i) Ca s,p, and d states participate in the covalent in-
teraction with Si states, this situation being different from
the commonly accepted picture of the bonding in
transition-metal silicides, where this interaction involves
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primarily the metal-d states.

(iii) The participation of the Si states in the bonding in-
teraction is strongly dependent on the stoichiometry.
Whereas in the Si-rich compound both s and p states in-
teract with Ca states, the s states participation in the
bonding gradually decreases with increasing Ca content.
In the Ca-rich compound, the s states are completely
dehybridized from the other valence states and the Si
configuration is closer to the atomic s’p? rather than to
the sp> one typical of solid-state silicon.

Total densities of states have been compared in Ref. 8
to photoemission results showing a good agreement for
each silicide. This makes us quite confident in using
these calculations to interpret the Auger spectra. To this
end, Si site s and p projected densities of states have to be
considered and compared to the Si L,;VV measured
spectra. This comparison looks interesting, the Si states
being more stoichiometry dependent than the Ca ones.
In view of this comparison and to better describe the
features present in the DOS, Si site, and angular momen-
tum projected densities of states are shown in Fig. 1 for
the three Ca silicides [for CaSi,, the results relative to the
two inequivalent Si sites, Si(1) and Si(2), are shown]. The
most striking feature in these curves is the Si 3s states’
evolution on passing from CaSi, to Ca,Si. In fact,

Density of states (states/eV atom)
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Energy E-Er (eV)
FIG. 1. Density of states of the three Ca-silicides projected
onto the Si s and p orbitals.
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whereas in CaSi, and in CaSi these form a broad band of
states partially hybridized with the Si 3p ones, in Ca,Si
the s-p hybridization is almost completely absent. The 3s
states are in this case separated by a =4 eV energy gap
from the upper 3p states: they are located at =7 eV
below the Fermi level and their bandwidth is of the order
of 1 eV so that they are really in a quasiatomic
configuration. Concerning the Si 3p states, the trend
shown in Fig. 1 corresponds to a decrease in their energy
bandwidth on going from CaSi, to Ca,Si, this reflecting a
reduced Ca-Si interaction in the Ca-rich compound.

Experimental results

The as-acquired derivative spectra relative to the Si
L, ;VV Auger transition from the three Ca silicides are
presented in Fig. 2. The trends observed on going from
CaSi, to Ca,Si are the following: (i) the main peak be-
comes narrower and more symmetric in shape; (ii) around
85 eV a feature, absent in CaSi,, becomes visible in CaSi
and grows to a well-defined peak in Ca,Si. The same
spectra are shown in Fig. 3 after computer integration,
linear background subtraction, and deconvolution of in-
strumental broadening and energy-loss structures. The
subtracted background has been determined by a straight
line extrapolating the almost linear background at the
high-energy side of the integral spectrum. Concerning
the deconvolution, the acquired -electron-energy-loss
spectra have been integrated and the background sub-
tracted in the same way as the Auger spectra. They have
then been used as an approximation of the instrument-
loss function for the Si L, ; V'V Auger transition in the
deconvolution procedure, which has been performed by
using the well-known Van Cittert iterative method.® It
should be reminded here that a rescaling of the loss struc-
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FIG. 2. As-acquired, derivative spectra of the Si L,;VV
transition from the whole set of Ca silicides.
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FIG. 3. Si L, ;VV line shape from the whole series of Ca sili-
cides after data processing showing the spectroscopic assign-
ments of the different structures.

tures’ intensity with respect to that of the elastic peak
would, in principle, be required. This is due to the fact
that the use of the elastic peak spectrum as the
instrument-loss function generally underestimates the in-
elastic structure of the Auger emission spectrum.>®!3?
Though this kind of rescaling has not been shown in the
data presented here, we checked that this procedure
would essentially depress the region lying at the low-
energy side of the main peak without affecting peak
shapes and peak positions.

The evolution of the spectra shown in Fig. 3 is similar
to that found in the as-acquired derivative spectra, that is
(i) the main peak, located at about 90 eV, becomes more
symmetric and its width decreases with increasing Ca
content; (ii) a shoulder at the low-energy side of the main
peak grows up to a well-defined structure in Ca,Si.

Within the bandlike picture, a CV'V Auger transition is
given by the self-convolution of the VBDOS projected
onto the atomic site where the initial core hole has been
created. As mentioned above, the Si L, ; V'V spectrum is
dominated by pp transitions. In elemental silicon, the
I(pp):I(sp):I(ss) ratio, computed from atomic wave
functions, is 1.0:0.9:0.1, but a comparison to measured
spectra suggests the ratio 1.0:0.6:0.1 as a more realistic
one for solid-state silicon. !> This reduction of the s-states
contribution has been interpreted, '* keeping in mind the
local nature of the Auger process, as due to the high radi-
al extent of these states associated with their bonding
character.

Taking into account the different relative weight of the
PD> sp, and ss transitions in the Si L, ; V'V spectrum, an as-
signment of the experimentally observed features shown
in Fig. 3 can be done. The main peak is associated with
transitions leaving 2p holes in the final state, while the

shoulder at the low-energy side of this peak is due to
transitions leaving one s and one p hole in the final state;
ss-like contributions cannot be observed. The evolution
of the spectra with increasing Ca content can be under-
stood on the basis of the single-particle VBDOS present-
ed in Fig. 1. In particular, the narrowing of the main
peak and its more symmetric shape are due to the de-
creased width of the Si 3p band and to the formation of
the energy gap between 3s and 3p states. In the same
way, the fact that the sp part of the spectrum becomes
more and more resolved on going from CaSi, to Ca,-Si is
related to the narrowing of the Si 3s states and to their in-
creased energy separation from the Si 3p states.

Comparison between measured spectra
and theoretical calculations

Having checked that the major features in the experi-
mental spectra can be interpreted on the basis of the cal-
culated VBDOS, we now present a more detailed com-
parison between calculated and measured spectra. To
take into account the different weights of the pp, sp, and
ss transitions, the Auger current is computed as the self-
convolution of the “transition density of states.”

N"(E)=N,(E)+a,N,(E) .

Here N,(E) and N(E) are partial (angular-momentum-
and Si-site—projected) densities of states, with angular
momentum p and s respectively; a, is a number that is
fixed to 0.3 and that gives a measure of the s-electron par-
ticipation in the transition, thus simulating nonconstant
matrix elements. By self-folding N'(E), one obtain a
linear superposition of self-folds and crossfolds of the s
and p partial densities of states, with the I (pp):I (sp):I (ss)
ratio equal to 1.0:0.6:0.09, nearly equal to that found by
Feibelman and McGuire in elemental silicon.'? Different
values of a, considered as a fitting parameter, can be
found in the literature for different silicon com-
pounds. 71833

The computed self-folds of Ca silicides are presented in
Fig. 4. As one can see, they actually show the same
trends observed in the experimental spectra. In particu-
lar, they show a narrowing of the main peak and a better
resolution of the sp spectral region on going from CaSi,
to Ca,Si. A direct comparison between theory and exper-
iment is presented in Fig. 5, where the self-fold of the
transition density of states of each Ca silicide is superim-
posed to the corresponding experimental spectrum. To
simulate effects such as lifetime broadening, the theoreti-
cal curves have been Gaussian broadened (o =1 eV).
Furthermore, they have been shifted in energy by the
binding energy of the L, ; core level, with the work func-
tion of our analyzer subtracted, so that the experimental
energy scale of the Auger measurements can be retained.
The core-level binding energies have been derived, for
each silicide, from photoemission measurements.>* The
theoretical curves have been vertically scaled in order to
get, at the curve maximum, the same height of the mea-
sured curves. Within the present experimental accuracy,
the energy position of the main peak (that is the pp part
of the spectrum) in the measured curve is in close agree-
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FIG. 4. Self-fold of the transition density of states for the
whole set of Ca silicides.

ment with that of the same peak in the calculated curve
for each Ca silicide. The shape of the main structure in
the computed curve is also in fairly good agreement with
that of the measured curve. All these observations lead
us to conclude that, as far as the main structure is con-
cerned, a one-electron picture appears to be satisfactory.

N
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FIG. 5. Comparison, for the three Ca-silicides, between the
measured Si L, ;VV line shape (solid line) and the Gaussian
broadened self-fold of the transition density of states. For
Ca,Si, together with the uncorrelated spectrum (a), a correlated
spectrum (b) is also shown computed with U, =U,;=3 eV and
U, =0eV.

Correlation effects between 2p-like—final-state holes in
the Si L, ; V'V transition from Ca-silicides are therefore
weak. Having established this result for the pp part of
the spectrum, we turn our attention to the sp one. We
should first notice that the sp shoulder intensity is always
higher in the theoretical curves than in the experimental
ones. This can hardly be ascribed to uncertainties con-
nected to data processing. In fact, both a rescaling of the
inelastic structure with respect to the elastic one in the
backscattering spectrum and a different background sub-
traction among those commonly quoted in the litera-
ture'! would depress the sp structure with respect to the
pp one. The observed disagreement can be due to an
overestimation of the s-electrons contribution to the Si
L, ,VV transition that we fixed by keeping a;=0.3. For
CaSi, and CaSi, a better agreement between theory and
experiment can be achieved by properly adjusting this pa-
rameter. However, this does not appear to be true for
Ca,Si. In this case part of the measured sp feature lies
outside the low-energy end of the calculated one and a
reduction of the sp structure as a result of a smaller a;
value would increase the observed disagreement. Furth-
ermore, a smaller a; value would be inconsistent with the
degree of Si 3s states localization, which is maximum in
Ca,Si. In fact, on the basis of the strong localization of
the Si 3s states in this system, one should expect a value
of a, greater than that of the other two Ca silicides. A
better agreement with the experimental data cannot,
therefore, be achieved by adjusting a,. One should ques-
tion at this point the validity of the picture used to de-
scribe the Si L, ; V'V transition from Ca,Si. As we have
already concluded in Ref. 20, a pure bandlike picture
cannot properly describe the sp part of the Si L,;VV
transition of Ca,Si. In fact, atomiclike effects have been
found in Ca,Si and have been consistently related to the
VBDOS configuration of this system.

From the analysis of the whole set of Ca silicides, we
can point out a clear relationship between calculated
VBDOS and the appearance or not of atomiclike effects
in the measured Auger spectra. A pure bandlike picture
results, in fact, to be adequate in the case of CaSi and
CaSi,, whose theoretical VBDOS calculations show that
the Si 3s states are spread over a wide energy range, in a
bandlike configuration. On the contrary, a failure of this
picture is observed in Ca,Si, that is in the case for which
the calculations show the Si 3s states to be in a quasicore
configuration. The absence of many-body effects in the
main peak of the Si L, ; V'V Auger spectrum from Ca sili-
cides, well described by the self-fold of the Si p partial
density of states, provides support to the theoretical re-
sults on the Si 3p states and on their evolution through
the Ca silicides. Such a check of the theory would not
have been possible with photoemission data alone. Con-
cerning the Si 3s states, even though the calculated distri-
bution well describes the measured spectrum of CaSi, and
CaSi, a check of the evolution of these states across the
whole family of Ca silicides is prevented from the break-
down of the bandlike picture in the sp region of the Ca-
rich compound.

The breakdown of the bandlike picture in the case of
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CVV Auger transitions can be treated within the frame-
work of the theory proposed by Cini** and, independent-
ly, by Sawatzky®® in the case of initially filled valence
bands. For nondegenerate bands, the correlation energy
U between the two final-state valence holes enters the
theory through the expression

_ D°(E)
[1—UF(E)P+7UYDYE)}? "’

where DY(E) is the self-fold of the one-particle density of
states and F(E) is the Hilbert transform of DY(E).

For an unfilled band, different treatments have been
proposed. According to Tréglia et al.,” this equation is
still valid, but now D%E) is the self-fold of the single-
particle spectrum, with self-energy effects included. In
this light, various Auger spectra have been investigated
by computing D% E) from the measured photoemission
spectrum.>® More recently, Cini and Verdozzi*® suggest-
ed that D%E) should be computed from the undressed
particle hole, without self-energy effects, as in the filled
band case. The two holes tend to interact as bare holes
essentially because the size of their screening clouds is
larger than the range of hole-hole repulsion. This bare-
ladder approximation is correct when the number of the
holes in the valence band is low.

The method has been extended to the case of degen-
erate bands,* showing that, if the spherical symmetry of
the atom is not too much distorted by the solid, the equa-
tions for different total angular momenta decouple giving
rise to a set of equations, each being identical to the one
valid for nondegenerate bands and having its own value
of the correlation energy U.

The low-hole density condition is not fulfilled by the
Ca silicides, thus making the Cini-Sawatzky approach
not strictly applicable in this case. However, due to the
lack of a more general theory, we may use it to investi-
gate, at least in an approximate way, the presence of
atomic effects in the Si L, ; V'V transition from Ca,Si. It
has already been shown that the best agreement between
theory and measured spectrum can be obtained by assum-
ing a correlation energy Uy, of the order of 3 eV between
two sp final-state valence holes, while leaving equal to
zero the correlation energy U, between two p-like
holes.?’ The correlated Auger spectrum of Ca,Si, com-
puted with U, =U;=3 eV and U,, =0 eV, is also shown
in Fig. 5. The calculation leads to a shift of the sp peak
to lower kinetic energies in such a way that the low-
energy tail of the calculated and measured spectra coin-
cide. However, the shape of the sp structure is different
from the measured one. In particular, the shift of the sp
peak to lower kinetic energies causes a depletion of
Auger current at 85-86 eV. This is in contrast to the ex-
perimental result, which shows a well distinct emission at

D(E)
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that energy. We believe that this disagreement is not due
to some broadening or matrix element effects, but gives
evidence of the occurrence of phenomena not described
in our treatment of two-holes interaction. It follows that
our inclusion of correlation effects in a bandlike Auger
calculation cannot definitely remove all the observed
discrepancies. Theoretical work is in progress to better
understand the Si L, ; V'V transition from Ca,Si.

CONCLUSIONS

A joint experimental and theoretical investigation of
the Si L, ; ¥V Auger transition from the whole set of Ca
silicides has been carried out. By comparing the mea-
sured spectra to the self-convolution of calculated transi-
tion densities of states, it is found that this transition can
be fairly well accounted for in a pure bandlike picture for
CaSi,, CaSi, and for the pp spectral region of Ca,Si. On
the contrary, a breakdown of this picture is observed for
the sp part of the Ca,Si spectrum, where evidence is
found of a correlation between the two final-state sp
valence holes. The overall result provides complementa-
ry support to the theoretical calculations with respect to
that provided by photoemission experiments. Whereas,
in fact, in photoemission the evolution of the total density
of states across the whole family of Ca silicides can be in-
vestigated, the Si L, ; V'V Auger analysis allows the evolu-
tion of just the Si states to be followed. The good agree-
ment found here between theory and measured spectra
concerning the pp spectral region supports the theoretical
picture of the Si p partial density of states evolution in Ca
silicides, that is the narrowing of the Si 3p band with in-
creasing Ca content. The failure of the bandlike picture
in the sp region of the Ca,Si spectrum is also directly re-
lated to the computed Si s partial density of states, which
shows a quasicore configuration of the Si 3s states in
Ca,Si. On the other hand, the absence of this effect in the
other two compounds is due to the bandlike configuration
of their s states. The introduction of a correlation energy
restricted to the sp region of the spectrum of Ca,Si within
the Cini-Sawatzky theory improves the comparison with
the experimental data, but is not able to fully account for
the measured Si L, ; V'V Auger transition from this com-
pound. A detailed understanding of it is therefore still an
open problem and new theoretical effort is needed.
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