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The electronic structure of buried a-FeSi; and (-FeSiy layers produced by ion-beam synthesis
has been studied. Using fluorescence spectroscopies, we were able to investigate the silicide lay-
ers, which are buried below a 600 A Si cap layer, in situ. The occupied local Fe d density of
states was determined by Fe L3 soft-x-ray-emission spectra, excited both with high-energy electrons
and monochromatized synchrotron radiation. Using soft-x-ray-absorption spectra recorded in the
fluorescence-yield mode at the same Fe L3 edge, the unoccupied Fe d density of states was deter-
mined. The formation of a band gap of 0.840.2 eV in the electronic states of d symmetry at the Fe
atoms of 3-FeSiz could be observed in the experiments. We present ab initio band-structure calcula-
tions for a-FeSiz; and 3-FeSi; and compare the results to the spectroscopic data. The influence of a
core hole on the soft-x-ray-absorption spectrum is studied by calculating the electronic structure of
a substitutional impurity in the form of a core 2p3,; ionized Fe atom using a supercell calculation.

I. INTRODUCTION

Transition metal silicides have been studied intensively
in the last decade for a variety of reasons. One driving
force is their potential for application in very large scale
integration and for the design of fast elements within mi-
croelectronic device technology.!™ This potential orig-
inates from the electronic properties of the silicides in
conjunction with the possibility for epitaxial growth in
and on Si.

While most of the silicides studied so far are metal-
lic and thus interesting for the production of connections
and high-quality Schottky barriers to Si, 3-FeSi, has re-
cently attracted interest because it is a semiconductor.

FeSi; exists in two thermodynamically stable (bulk)
phases, as tetragonal, metallic a-FeSi; and as orthorhom-
bic, semiconducting 3-FeSi;.*®> The phase transition
temperature is ~ 937°C,® where (3-FeSi, is the low-
temperature stable phase. [(3-FeSi; has an indirect band
gap of about 0.78 eV,”® and a slightly larger direct gap
of about 0.83 eV.7" 14

The formation of the band gap in (-FeSi; has been
described in terms of a Jahn-Teller-like transition from a
metallic FeSi; phase in a hypothetical CaF; structure to
the orthorhombic 3 phase.!® The presence of the o and
[ phases with a metallic to semiconducting transition
makes FeSi; an interesting system for basic studies of
the electronic structure.

Ion-beam synthesis (IBS) has overcome growth prob-
lems for a variety of transition metal silicides.'® In par-
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ticular, well-defined layers of a- and (3-FeSi, buried in Si
can be produced by this technique.'”18

Conventional electron spectroscopies are not suited to
studying the electronic structure in these buried lay-
ers due to the short electron mean free path. How-
ever, photon-in—photon-out spectroscopies can be used
to extract physical information from buried structures.
We have studied buried layers of a-FeSi; and (-FeSi,
synthesized by IBS using fluorescence-yield (FY) soft-x-
ray-absorption (FY-SXA) and soft-x-ray-emission (SXE)
spectroscopy. In SXA, a core electron is promoted to an
unoccupied electronic state. The absorption as a function
of photon energy can be monitored by the FY produced
by the radiative decay of the core hole. In SXE, a previ-
ously prepared core hole is filled by a valence electron in a
radiative process. The generated fluorescence radiation is
analyzed in a spectrometer. As we will show in Sec. IV B,
the interpretation of SXE and SXA spectra can often be
simplified. In such a case the SXA (SXE) spectra become
a direct measure of the unoccupied (occupied) density of
states (DOS). As in both cases a localized core orbital
at a specific atomic species is involved in the transition,
the local DOS at these sites is monitored. Due to dipole
selection rules, only valence states of certain angular mo-
mentum are probed (partial DOS). Hence, SXE and SXA
yield information about the local partial DOS (LPDOS).
In order to probe the Fe d states, which are important
for the electronic structure in FeSi, as a 3d transition
metal compound, we have measured the Fe L absorption
and emission spectra. Combining both techniques, we
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get a complete experimental picture of the Fe d DOS in
a-FeSi,; and (-FeSi,.

From SXE data on as-implanted (i.e., not annealed)
samples we obtain information about the IBS process.

The experimental results are complemented by ab ini-
tio band-structure calculations for both phases of FeSi,.
While the electronic structure of 3-FeSi, has been calcu-
lated before by several groups,'®1® we are not aware of
any previous calculation of a-FeSi;. The band-structure
results such as the calculated and then broadened occu-
pied Fe d DOS of the silicides can be compared directly
to the SXE spectra. A comparison with the SXA spectra
is more involved: according to the final state rule,2° the
observed spectra should reflect the LPDOS of the sili-
cides in presence of a core hole. Therefore we calculate
in addition both silicides with a core electron transferred
to the valence electrons and compare the broadened un-
occupied Fe d DOS of these calculations with SXA data.
The presence of a core hole in the calculation leads to a
good quantitative and qualitative understanding of the
experimental SXA results.

This publication is organized as follows. The tech-
niques used in the experiments and those used in the
band-structure calculations are presented in Secs. II and
III, respectively. Results for a-FeSi; and (-FeSi, are
presented and discussed in Sec. IV. First, the theoret-
ical results are treated (IV A), and then the kind of in-
formation that can be obtained experimentally by the
spectroscopies used is discussed (IVB). Experimental
results concerning the occupied electronic states (IV C)
and the unoccupied electronic states (IV D) are presented
and compared to the theoretical results. Finally the
SXE spectrum of an IBS sample in the unannealed, as-
implanted state (IV E) is discussed.

II. EXPERIMENTAL TECHNIQUES

Buried layers of FeSi, were produced by IBS.!7 Af-
ter implanting 2.8 x 107 Fetcm™2 at 200 kV into a
(111)Si wafer at 350°C (as-implanted samples), rapid
thermal annealing at 1150°C for 10s led to an a-
FeSi, layer of 125 nm thickness, covered by a 60 nm
Si cap layer. On other samples prepared follow-
ing exactly the same procedure, composition, inter-
face quality, and the overall geometry of the layers
were checked by Rutherford backscattering spectroscopy
(RBS) and cross-sectional transmission electron spec-
troscopy (TEM). X-ray-diffraction (XRD) measurements
indicated the presence of a-FeSi, only.

By furnace annealing at 800 °C (i.e., below the phase
transition temperature) for 17 h the a-FeSi, layers were
converted into (8-FeSi,. Again, the samples were charac-
terized by XRD, RBS, and TEM.!7

SXE spectra were recorded in a new spherical grating
grazing incidence Rowland spectrometer, which will be
described in detail elsewhere.?! Electrons with 4.7 keV
energy and monochromatized synchrotron radiation from
the X1B monochomator?? at the National Synchrotron
Light Source (NSLS) were used for excitation. The best
resolution in the emission spectra, 0.4 eV, was achieved
in second order on a 5 m grating with 1200 lines/mm
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using a 10 ym entrance slit.

FY-SXA spectra were recorded using the SX-700-II
monochromator?? at the Berliner Elektronenspeicherring
Gesellschaft fiir Synchrotronstrahlung GmbH (BESSY)
with a resolution of 1.0 eV at the Fe L edge. Absorption
was measured by the partial fluorescence yield using a
Ge detector with a resolution of 100 eV in a near-normal
incidence and grazing take off setup in which saturation
was found to be negligible.?4

III. DETAILS OF THE ELECTRONIC
STRUCTURE CALCULATIONS

The calculations are based on the density functional
theory in the local density approximation (LDA). For
the exchange and correlation potential we used the
Hedin-Lundqvist parametrization.2> The density func-
tional equations are solved by applying the the full-
potential linearized augmented plane wave (FLAPW)
method,?® which is known to be precise for open struc-
tures and transition metals. The eigenstates of the core
electrons (Fe: [Ar], Si: [Ne]) are obtained as solutions of
the Dirac equation and for the valence electrons we used
a scalar relativistic approach. The crystal structure of
a-FeSi, is tetragonal with three atoms in the unit cell.
(-FeSi; has 48 atoms in a base-centered orthorhombic
unit cell. This unit cell contains two inequivalent Fe sites
with eight atoms of Fe(1) type and eight atoms of Fe(2)
type as well as two inequivalent Si sites with 16 atoms
for each type. Since the electronic structures of the two
different Fe and Si atoms are rather similar we discuss
below always the average of the Fe and Si atoms and
compare these with the experimental data. The Bravais
matrices and the positions of the atoms can be found in
Ref. 5. Basis sets of approximately 90 augmented plane
waves (APW) per atom gave sufficiently accurate results
for all calculated quantities. This was checked against
a 180 APW /atom calculation of a-FeSi,. Self-consistent
calculations were carried out with 120 k points in the ir-
reducible wedge of the Brillouin zone of a-FeSi, and 15 k
points in the irreducible wedge of 3-FeSi;. The DOS of
B-FeSi, was calculated with an increased number of 60 k
points.

For the theoretical studies of the silicides with core
hole the complete final state screening effects are treated
by calculating the electronic structure of a substitutional
impurity in the form of a core-ionized impurity imbedded
in a supercell. The core hole to be screened is taken as
a Fe 2p3/, state since this corresponds to the transition
measured in the experiment. The Fe core electron was
transferred to the valence band (a-FeSiz) or conduction
band (B-FeSi,) of the silicides. For a-FeSi, the calcula-
tions were performed using a 24-atom supercell with one
core hole and for 3-FeSi, the simple unit cell of 3-FeSi,
with two core holes in one layer of Fe(1) was used. Thus
a minimal distance of ~ 10 a.u. between two holes is
ensured. This was found sufficient to avoid a significant
hole-hole interaction. As before for 3-FeSi,;, we used for
both supercells 15 k points to obtain a self-consistent
electronic structure and 60 k points for the DOS calcu-
lation.
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IV. RESULTS AND DISCUSSION

A. Band-structure calculations

From the calculated DOS of a-FeSi; (Fig. 1) we can
derive a simple picture of the bonding properties of these
silicides. The Si s band is located between —13 and —7
eV (relative to the Fermi energy Er). Between —7 and
—2 eV the four Si p electrons overlap with the six Fe
d electrons of ty4 type, thus forming strong bonding or-
bitals in the Fe-Si direction. The two remaining Fe-d (eg4-
type) orbitals are located above and below Er. Pointing
in the Fe-Fe direction, they are of nonbonding character.
The peak in the DOS between —1.5 ¢V and Ef contains
electrons of Fe d and some Si p type; the other peak is
located between Er and 1.5 eV and consists of Fe d DOS.
Above the minimum at 1.5 eV a mixture of Fe d and Si
s,p and d states dominates the DOS.

The band structure of a-FeSi; (Fig. 2) confirms this
picture. The flat d bands above and below Ep are
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FIG. 1. Density of states (DOS) of a-FeSi;. Top panel
shows the total DOS (full line) decomposed into the local
(L)DOS of Fe (long dashed line) and Si (short dashed line).
The middle and bottom panel show the LDOS’s of Fe and Si,
respectively, decomposed into angular momentum contribu-
tions s (short dashed line), p (long dashed line), and d (full
line). For Fe the s and p DOS’s are insignificant compared
to d contributions. The top panel contains also the number
of states (NOS) (full line, same scale). DOS and NOS are
expressed in units of electrons/Ry per formula unit (f.u.) and
electrons/f.u., respectively. Fermi energy is indicated by a
vertical dotted line at 0 eV.
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FIG. 2. Band structure of a-FeSi; along symmetry lines
in the first Brillouin zone. The position of the Fermi energy
is indicated by a horizontal dashed line at 0 eV. The notation
of the high-symmetry points was chosen according to Bradley
and Cracknell (Ref. 44).

sparsely connected. In (-FeSi, these small connections
break and a gap opens between the two Fe eg-type states
(Fig. 3). The calculated band gap of 0.78 €V is in fair
agreement with experimental data.”® Christensen!® has
suggested that the LDA could give correct results for
band gaps that are opened by a Jahn-Teller-like effect.
From the calculation the band gap of 3-FeSi; is almost
direct and a slightly larger direct gap (0.82 eV) at the Y’
point can be seen in the band structure in Fig. 4. Com-
paring with Refs. 15 and 19 one has to take into account
that in a simple orthorhombic setup the I" and Y points
coincide, and only one maximum in the valence bands can
be seen. As the I'-Z direction is perpendicular to the ba-
sis of the lattice, the gap is located at 3(I-Z) in both
cases. The electron states at 3(I'-Z) and Y are of mixed
Fe d,p and Si p type while the holes are of pure Fe d char-
acter. This is consistent with the results of Eppenga,!®
who also calculated the transition probabilities between
both states and found them to be quite small.

Total energy calculations for both silicides at experi-
mental lattice constants correctly predict that 3-FeSi; is
indeed more stable than a-FeSiz, but the energy differ-
ence between the phases is small (1.7 mRy/atom).

To compare with the SXA experiments, we also cal-
culated both phases with an Fe 2p3,, core hole (Fig. 5).
In these calculations, care has to be taken to screen the
core holes so that no “multiple-hole” effects arise. A hole-
hole spacing of approximately 10 a.u. was found to be
appropriate for these structures.

In a-FeSi; a small peak just below Ef arises, consisting
of Fe d DOS, mostly from the Fe with the core hole,
and Si p states. The peak above Ep in ordinary a-FeSi,
is sharpened in the structure with the core hole and a
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FIG. 3. Density of states (DOS) of 3-FeSiz, using the
same notation as Fig. 1. The local densities of states of Fe
and Si are the average over the two inequivalent Fe and Si
sites, repectively, in the unit cell of 3-FeSis.
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FIG. 4. Band structure of 3-FeSi; along symmetry lines in
the first Brillouin zone and for energies close to the band gap.
The position of the Fermi energy indicated by a horizontal
dashed line at 0 eV is somewhere in the band gap and is
arbitrarily positioned at the top of the valence band. The
notation follows Ref. 44.
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FIG. 5. Local partial density of states (LPDOS) of Fe d
electrons in a-FeSi, (top panel) and in 8-FeSiz (lower panel).
Compared are the DOS’s of Fe atoms with a 2ps/, core hole
(full line) and without one (dashed line). LPDOS of the atom
without core hole is expressed in units of electrons/Ry per
formula unit. For better comparison the LPDOS of the atom
with core hole is scaled in magnitude to have the same formula
unit as the one without core hole. In 3-FeSi, the core hole
was introduced in one layer of Fe(1) and the LPDOS of the
Fe atoms without core hole is the average over the remaining
Fe(1) and Fe(2) type atoms. The Fermi energy is indicated
by a vertical dotted line at 0 eV.

shoulder on the low-energy side appears. This shoulder
is also visible in the SXA spectra. Above 1.4 €V the DOS
is not changed by the core hole.

In (-FeSi, the calculation shows the valence band to
be almost unaffected by the core hole. The large double
peak at the bottom of the conduction band is split into
four smaller ones and one of these peaks is occupied by
the excited core electron. Again this peak consists of Fe
d and Si p states; most of the Fe d DOS is contributed
from the Fe with the core hole. At the end of the Fe “e,”
band (1.0 eV), no significant influence on the DOS can
be detected.

The band structure of (3-FeSi, with the core hole
(Fig. 6) gives a more detailed account of these obser-
vations. The highest valence band maximum is still be-
tween the I' and Z points of the Brillouin zone and there
is a second maximum at the Y point. Due to the intro-
duction of core holes the symmetry is reduced and the
degeneracy of certain bands along high symmetry lines is



18 334
o
e
-_,\/Q 4 § '
/\_ \
i /. y
0.0 — — -
RIS
\_/—
~05 4
-1or D—ﬁ'\/ \/ 7]
N
-15F 9,\ ;—-f -
71"\ m\')(. A
R S r z T Y r
FIG. 6. Band structure of 3-FeSi; including an Fe 2p3,,

core hole for 2 Fe atoms in the unit cell of 24 atoms. The band
structure is shown along symmetry lines in the first Brillouin
zone and for energies close to the band gap. The position of
the Fermi energy is indicated by a horizontal dashed line at
0eV.

lifted. This is particularly drastic for conduction bands.
This explains the split of the double peak observed in
Fig. 5 into four smaller ones. In particular the conduc-
tion band minimum does not coincide in k space anymore
with the valence band maximum.

B. DOS information from soft-x-ray spectra

The spectral shape observed in SXE or SXA spec-
troscopy is related to the occupied (SXE) and unoccupied
(SXA) LPDOS of the material investigated. Often elec-
tron correlation and dynamical effects can be neglected;
then the observed intensity I, in transition involving a

photon of energy hw to or from a core level of p symmetry
- .27
is

I, o (hw)*[N.(E)M;, ,(E) + ENa(E)M; 4(E)). (1)

Here N, and N4 denote the DOS of s or d character lo-
cally at the atomic species involved in the transition. For
3d transition metals M2 ;(E) > M?, so that the influ-
ence of the Fe s DOS is small compared to that of the Fe d
DOS. The matrix elements M, ;(E) vary slowly over the
narrow energy interval of interest2® without adding fine
structure to the observed spectra. The factor (hw)3 is
present in SXE only, due to the cubic energy dependence
of the density of states for photons. (SXA spectra are
normalized to the incident photon flux.) Another differ-
ence between SXE and SXA is that according to the final
state rule2® the measured DOS in SXA is the DOS with
a core hole present. The impact of this core hole on the
LPDOS depends on the material investigated. We will
come back to this point when discussing the SXA spectra
in comparison with the band-structure calculations.
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Inherent broadening results from the finite lifetimes
of the initial and final states. We expect the core hole
lifetime width to be close to the value for elemental Fe,
0.24 eV.2% The lifetime of the excited electron in SXA
and the valence hole in SXE varies from negligible at the
Fermi level (EF) to 1-2 eV for energies deeper in the
corresponding bands, resulting in an extra broadening at
the corresponding transition energies.

In general the spectra can be affected by correlation
and dynamical effects. In strongly correlated systems,
which are characterized by very narrow bands, SXE and
SXA cannot be interpreted in the one-electron picture
leading to the DOS approach described above. A de-
scription in terms of quasiatomic excitations is then more
appropriate.3! As the d band in a-FeSi, and 3-FeSi, is
spread out due to the interaction of Fe d and Si p states,
we expect correlation effects to be small. If correlation
is important at all, we expect it to occur in the narrow
eg-type states around Er (between —1.5 eV and 1.5 eV
in the calculations). We will further investigate this pos-
sibility in the context of the SXE spectra.

Dynamical effects can introduce additional structure
in free-electron-like systems, which are characterized by
very broad bands.3%:33 Due to the presence of the narrow
eg-type states in addition to the low DOS at the Fermi
level we expect these effects to be negligible in a- and

[3-FeSi,.

C. Occupied Fe d DOS

In Fig. 7 we compare results from the band-structure
calculation to the SXE spectra excited with 4.7 keV elec-
trons of a-FeSi, and (3-FeSi;. Circles represent the ex-
perimental data, while the solid lines show the results
of the calculations. The calculation has been broad-
ened with a Lorentzian of 0.24 eV full width at half
maximum (FWHM) to account for the core hole lif-
time broadening, with an energy-dependent Lorentzian
of 0.03(E — Er)? eV to account for the lifetime of the
valence hole in the final state of the SXE process, and
with a Gaussian of 0.4 eV FWHM to account for the ex-
perimental resolution. To establish the energy scale, the
Fermi level was defined as the energy corresponding to a
50% intensity drop in the high-energy flank of the SXE
spectrum of metallic a-FeSi,.

The dominating peak at about —1.3 eV in both spectra
can be attributed to the nonbonding, e4-type Fe d states.
Experiment and theory agree well in the position and the
shape of the Fe d LPDOS. Even though it is not possible
to compare experiment and theory on an absolute energy
scale, the experimental spectra of a-FeSi; and (-FeSi,
are carefully calibrated relative to each other and so are
the calculated spectra. As can be seen in Fig. 7, the rela-
tive peak positions between the a-FeSi; and the 3-FeSi,
spectrum are reproduced by the calculation. The overall
agreement indicates that the simple LPDOS model for
the SXE process is valid in the present case. Further-
more, the shape of the spectra is predicted well by the
calculation. The shape of this peak is asymmetric in both
spectra, containing a low-energy tail below —2 eV. We in-
terpret this tail as due to bonding Fe d states involved
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FIG. 7. SXE spectra (circles) recorded with an experi-
mental resolution of 0.4 eV for buried layers of a-FeSi; (top)
and (3-FeSiz (bottom) are shown and referred to the Fermi
energy. The underlying curves are the Fe d LPDOS’s of our
band-structure calculation (Figs. 1 and 3) broadened in order
to account for the lifetime of the core hole (Lorentzian 0.24 eV
FWHM) and the valence hole [Lorenzian (E — Er)?0.03 eV
FWHM] and the experimental resolution (Gaussian 0.4 eV).
The energy scales of the experimental and theoretical curves
are shifted relative to each other by 0.6 eV for easier compar-
ison (theory shifted to higher energy). Markers refer to the
SXE spectra and indicate the 0.24 eV shift of the high-energy
flank in the two spectra.

in the Si p—Fe d bonds. This interpretation is supported
by peaks of the LPDOS at corresponding energies in the
band structure calculation.

The calculation predicts a shoulder due to these bond-
ing states at about —3 eV in the Fe d DOS of a-FeSi,
while for 3-FeSi, only a low-energy tailing of the main
peak is predicted as the structure related to the corre-
sponding bonding states is closer in energy to the main
peak. Additional experimental confirmation for this in-
terpretation is given by the spacing of 1.6 eV observed
between Fe d and Si p—Fe d related structures in Si SXE
spectra of FeSi;,3° and by analogous results in a previous
SXE investigation of CoSi;.34

We note that the a-FeSi, spectrum is somewhat
broader (FWHM = 2.7 ¢V) than the §-FeSi, spectrum
(FWHM = 2.6 eV). Based on the calculations we at-
tribute this difference partly to the difference in the bond-
ing states.

In the high-energy region above Er between about
0.5 eV and 3.5 eV, we observe a satellite which can be
attributed to additional valence excitations created by
the 4.7 keV electrons used to produce the core hole for
SXE. For energy reasons this satellite cannot be a nor-
mal DOS feature. In Fig. 8, we present a SXE spec-
trum for (3-FeSi; excited with photons of 710 eV energy
(with a FWHM of about 4 eV). As the photon energy was
tuned to be close above the Fe 2ps/; binding energy in
FeSiz, double-excitation satellites (and Fe Lg emission)
should be suppressed.3® The spectrum was recorded with
slightly lower resolution than the electron-excited spec-
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FIG. 8. SXE spectra for 3-FeSiz, excited with 4.7 keV
electrons (open circles) and photons of 710 eV energy (filled
circles). Smoothed lines have been drawn through the data
points to guide the eye. The photon-excited spectrum was
recorded with slightly lower resolution than the electron-
excited spectrum. Due to the low excitation energy in the
former case, the L, emission (around 718 eV) and the double-
hole satellites (between about 707 eV and 710 eV) are sup-
pressed.

trum, resulting in the larger width of the main peak. A
clear reduction of intensity between about 707 eV and
710 eV is seen, corresponding to the same high-energy
region above Er mentioned above. This reduction con-
firms that the intensity in the electron-excited spectrum
in this region is due to double excitations. The presence
of this satellite is a direct indication of correlation in 3-
FeSi,, showing that an additional valence hole is not fully
screened during the core hole lifetime. Apart from this
satellite all the spectra shown here are independent of
the means of excitation, supporting their interpretation
in terms of the LPDOS in a single-electron picture.

SXE spectra for (3-FeSi;, a-FeSi;, an as-implanted
sample (ai), and elemental Fe are shown in Fig. 9. The
spectra were calibrated using the literature value for
the Fe L3 emission line, 705.0 eV,3¢ and its separation
from the L; line as deduced from the Fe L 3 spin-orbit
splitting.3” All spectra are dominated by the Fe d states,
giving rise to the peak at around 705.0 eV. While this
peak is symmetric in Fe, it has a low-energy tail in both
silicide phases and in the as-implanted sample, indicating
the splitting of the bonding states and the nonbonding
states as discussed before.

Going from the metal to the silicides, the peak narrows:
FWHM Fe (3.5 ¢V) > FWHM ai (3.2 eV) > FWHM «
(2.7 eV) > FWHM g (2.6 €V). The bandwidth in Fe is
solely determined by the Fe d-Fe d interaction. This in-
teraction is reduced in the silicides due to the increased
Fe-Fe distances and the reduced number of nearest Fe
neighbors.® The narrowing going from Fe metal to the
as-implanted sample already indicates silicide formation,
and the further narrowing due to the heat treatment in-
dicates the presence of more than one phase in the as-
implanted sample. The difference in width between a-
and (-FeSi; is in line with the fact that the average Fe-
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FIG. 9. SXE spectra for Fe, an as-implanted sample (ai),
a-FeSiz, and B-FeSiz, excited with 4.7 keV electrons and
recorded with 0.4 eV resolution. The smoothed lines through
the data points are meant as a guide to the eye. The 0.24 eV
shift between the high-energy flanks of the a-FeSi> and 3-
FeSi; SXE spectra is indicated by a marker.

Fe distance is somewhat larger in 3-FeSi;. The calcula-
tions, however, do not support this simple picture, but
attribute the difference to a larger energy spacing be-
tween nonbonding and bonding states in a-FeSi,.

The centroid of the peak in the a-FeSi; SXE spectrum
is shifted by 0.5 eV towards higher energy compared to
the spectra of 3-FeSi; and Fe, which peak at the same
energy.

The Fermi level cannot be directly determined from
a spectral feature in the a-FeSi; SXE spectrum due to
the contribution of satellite intensity to the spectrum in
this region. However, this contribution is small (as dis-
cussed above) and of the same amount for a-FeSi, and
[B-FeSi;. The energy shift in the high-energy flank of the
spectra was determined by comparing the energies cor-
responding to a 50% intensity drop in the flank. The
high-energy flank in the spectrum of the 8 phase is lo-
cated 0.24 eV below the corresponding structure in the
a-FeSi, spectrum.

We attribute this shift and the peak shifts described
above to a changed shape of the DOS, reflecting the open-
ing of the gap in the transition from the metallic o to the
semiconducting B phase of FeSi,. The opening of this
gap occurs within the electronic states of d symmetry at
the Fe sites and can thus be seen in the valence band —
Fe 2p3/2 SXE process due to its selectivity with respect
to the atomic species and the angular momentum. We
will discuss the gap in more detail in conjunction with
the additional information on the unoccupied states in
Sec. IVD.

In x-ray photoelectron spectroscopy (XPS),3839 the
Fe 2p3/; core level in FeSi; was found to be shifted by
0.4 eV towards higher binding energy relative to Fe. This
core level shift contributes to the observed shift of the sili-
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cides relative to Fe. However, as far as the 0.24 eV shift
between the SXE of a-FeSi, and (3-FeSi, is concerned, we
expect the influence of chemical shifts to be negligible in
comparison to the influence of the DOS, as the chemi-
cal environment of the Fe atoms is very similar in both
phases.

D. Unoccupied Fe d DOS

In Fig. 10 we compare the FY-SXA spectra of buried
(B-FeSiz and a-FeSi, layers (circles) to the unoccupied
part of the Fe d DOS from our band-structure calcula-
tion of both FeSi, phases (line). The calculations include
the presence of the 2p3/; core hole at the Fe site in the
SXA process as described in Sec. III. They were broad-
ened to account for the lifetime of the core hole and the
excited electron with Lorentzians of 0.24 eV FWHM and
0.03(E — Er)? eV FWHM, respectively, and a Gaussian
of 1.0 eV to account for the experimental resolution.

The SXA spectra were referred to the Fermi energy
scale taking the energy correponding to a 50% intensity
rise in the absorption edge of the a-FeSi, spectrum as the
origin on the Fermi energy scale. The actual transition
energies in the SXA experiment are 706.6 eV higher.

Above the Fe Lj; absorption threshold a broad peak
is observed in both experimental spectra, generated by
transitions from the Fe 2ps/, level into the conduction
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FIG. 10. FY-SXA spectra (circles) for buried layers of a-
FeSiz (top) and 3-FeSi; (bottom) recorded at the Fe L3 ab-
sorption edge are shown. All spectra are recorded with a
resolution of 1.0 €V in partial fluorescence-yield mode. The
0.45 eV shift between the low-energy flanks of the a-FeSi,
and (-FeSi; FY-SXA spectra is indicated by markers. The
experimental Fermi energy scale is shown at the bottom of
the figure. The underlying lines show the results of the band-
structure calculation for a-FeSi; and 3-FeSi, (Figs. 1 and 3).
They have been shifted up by 0.8 eV for easier comparison
to the experiment. The potential of an Fe 2p3/; core hole as
present in the SXA process was included in the calculation
in a supercell approach. The calculated Fe d LPDOS’s were
broadened in order to account for the lifetime of the core
hole (Lorentzian 0.24 eV FWHM) and the valence electron
[Lorenzian (E — Er)?0.03 eV FWHM] and the experimental
resolution (Gaussian 1.0 eV).
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band. The shape of the spectra is very similar to re-
cently published Fe L3 absorption spectra of a-FeSi,
and B-FeSi,, recorded in the total-electron-yield mode.*°
Though the overall shape of both SXA spectra is similar,
distinct differences in the fine structure can be seen. In
a-FeSi; a shoulder at 1 eV appears in addition to the
main peak at 3 eV, while in (3-FeSi; the main peak is
located at 2 eV and no low-energy shoulder can be ob-
served. The absorption edge in the semiconducting (3
phase was found to be shifted by 0.56 eV towards higher
energy compared to the metallic o phase.

We attribute the low-energy shoulder in the a-FeSi,
spectrum to the contribution of unoccupied nonbonding
Fe d states just above the Fermi energy, appearing as a
shoulder in SXA due to the Fermi cutoff. Our calculation
(Fig. 5) supports this interpretation, showing a region of
high Fe d DOS at Er. Hence, the Fermi level in a-FeSi,
is located in the high-energy region of the nonbonding
states. This interpretation is in agreement with previous
results for CoSi,, where a corresponding shoulder could
be related to the nonbonding states as well.34

In contrast to the a-FeSi; spectrum, no shoulder close
to Er can be seen in the spectrum of 3-FeSi,. This is a
consequence of the semiconducting character of 3-FeSi,.
Here, the Fermi energy is located in the gap that opens
within the nonbonding states and there is no particularly
sharp Fe d DOS feature close to Ef.

Though the calculations describe the main features
correctly, the calculated Fe d DOS in the high-energy
region of both spectra is significantly lower than the cor-
responding SXA spectra. We do not have a conclusive ex-
planation for this observation. However, the same kind of
discrepancy in the high-energy region between calculated
LPDOS and SXA spectra has been observed before.4142

We would like to emphasize the importance of the in-
clusion of the core hole effects into the band-structure
calculation in order to compare to the SXA data. As
can be seen from the broadened DOS curves shown in
Fig. 11, the agreement of the band-structure calculation
with the SXA experiment is considerably improved for
a-FeSi, when the core hole is taken into account. This
finding supports the final state rule?? for the SXA pro-
cess.

It is known for simple metallic systems that the addi-
tional core hole potential shifts spectral weight within the
unoccupied DOS towards lower energies. For transition
metal silicides in particular it was found that a core hole
at a Si site shifts spectral weight within the unoccupied
states towards lower energies.4!

At first glance this appears not to be true for the Fe d
DOS in a-FeSi; and 3-FeSi,. While the relative spectral
weight of the spectrum, i.e., the shape, is not altered in
B-FeSi;, the calculated DOS including the core hole fits
the experimental spectrum of a-FeSi, better because the
shoulder close to Er is reduced in intensity while the peak
at about 1.2 €V and the adjacent region up to 7 eV seem
to be intensified upon inclusion of the core hole in the
calculation (see Figs. 10 and 11). This effect, however,
is due to the specific shape of the Fe d DOS of a-FeSis.
In particular, the sharp and intense DOS feature around
Er (between —0.1 eV and 0.7 eV in the calculation) in
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FIG. 11. The influence of a local Fe 2p;/; core hole on

the SXA spectra of a-FeSiz (top curves) and 3-FeSi; (bottom
curves) is demonstrated. Dashed lines show the results of
the band-structure calculation without the presence of the
core hole, while the core hole potential was included in the
calculations giving rise to the curves drawn by solid lines. In
order to compare to the experimental data the LPDOS as
shown in Fig. 5 has been cut off at Er and convoluted with a
Gaussian of 1 eV FWHM. The curves have been normalized
to their maximum.

conjunction with the adjacent low DOS region (above
0.7 eV) is responsible for this behavior.

Taking this specific shape into account, the influence of
the core hole can indeed be described in a simple picture
as shifting weight towards lower energies. In this process
the peak described above can be pictured as “shifting
through Er” and hence its unoccupied part, giving rise
to the shoulder in the SXA spectra, is reduced. Thus
moving spectral weight towards lower energies results in
an intensity decrease close to Er for the specific shape
of the DOS in a-FeSi;. In (3-FeSi,, on the other hand,
the impact of the core hole on the unoccupied states is
not noticeable at the level of the experimental resolution
due to the absence of a sharp, isolated feature close to
the Fermi level.

We thus conclude that the frequently used simple pic-
ture for the impact of the core hole in SXA (“the core
hole tends to shift spectral weight down towards Efr”)
has only limited applicability. In general, the specific
shape of the DOS has to be taken into account when
discussing the influence of the core hole.

The absorption edge in 3-FeSi, was found to be shifted
0.56 eV towards higher energies as compared to the ab-
sorption edge in a-FeSi;. We want to point out that
due to the SXA process this shift reflects DOS proper-
ties in the presence of a core hole at the Fe site, according
to the final state rule. However, the comparison of the
band-structure calculations including and neglecting the
effect of the core hole shows that the presence of the core
hole does not alter the magnitude of the shift between
a-FeSi; and (3-FeSi, significantly (see Fig. 11). We will
thus use this value as the shift we expect in the ground
state, i.e., without the presence of a core hole.

Though SXE and SXA spectroscopy are performed
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in two separate experiments without a common energy
scale, it is possible to determine the gap in the Fe d DOS
of 3-FeSi; by combining the shifts observed in relation to
a-FeSi; in SXE and SXA. The shift in SXE is —0.24 eV,
while a 0.56 eV shift is seen in SXA. These shifts were de-
termined comparing the high-energy cutoffs in SXE and
the absorption edges in SXA. From this we determine the
overall gap in the symmetry- and site-selected Fe d DOS
of 3-FeSi; as 0.84+0.2 eV.

As a-FeSi, is the common reference in both spectra,
a possible binding energy difference of the Fe 2p;,, core
level in the two phases does not influence this result. The
relatively large error reflects the fact that four spectra
have to be used to deduce the magnitude of the gap.

As our experiment is sensitive to an indirect band gap
as well as to a direct gap, our value for the symmetry-
and site-selected band gap is in agreement with our band
structure calculation and with the experimental values
reported in the literature.” 14

E. As-implanted samples

We will now turn our attention to the emission spec-
trum of the sample in the as-implanted (ai) state shown
previously in Fig. 9. The main peak is in its position and
asymmetrical shape similar to the a-FeSi; and 3-FeSi,
spectra. The FWHM of the peak is 3.2 eV, indicating
a clear narrowing compared to elemental Fe. A closer
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FIG. 12. The SXE spectrum of the IBS sample in an as-
implanted state (circles) is compared to a linear superposition
of the SXE spectra for a-FeSiz; and 8-FeSi; (lines). The differ-
ent weight of the a-FeSiz SXE spectrum in the superposition
is indicated to the right. In any superposition, the result-
ing FWHM is too narrow to simulate the spectrum of the
as-implanted sample; thus the sample cannot consist of only

a-FeSi; and B3-FeSi,.

S. EISEBITT et al. 50

look at the peak region suggests an only partly resolved
double-peak structure at 705.0 and 705.5 eV, coinciding
with the observed peaks in the spectra of 3-FeSi, and
a-FeSis and elemental Fe. Hence the shape of the SXE
spectrum of the as-implanted sample could be due to a
superposition of the corresponding spectra of the pure
phases.

In order to investigate this hypothesis we have tried to
model the SXE spectrum of the as-implanted sample by
a linear combination of the SXE spectra of a-FeSi; and
(3-FeSis. As can be seen from Fig. 12, every linear com-
bination (line) results in a model spectrum that has too
narrow a FWHM to fit the experimental data (circles).
It is thus obvious, that the sample in the as-implanted
state can not consist of only a-FeSi; and 3-FeSi,. As can
be seen in Fig. 13, the data are much better modeled by
a superposition of the a-FeSi; SXE spectrum with the
SXE spectrum of Fe metal. The best coefficients for this
superposition were determined by a least squares fit. For
every superposition, a normalization factor was included
as a free parameter to account for the fact that the rel-
ative intensities of the spectra are unknown. The best
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FIG. 13. The SXE spectrum of the IBS sample in an as-
implanted state (circles) is compared to a linear superposition
of the SXE spectra for a-FeSi> and elemental Fe (lines). The
different weight of the a-FeSi» SXE spectrum in the superpo-
sition is indicated to the right. As indicated in the inset, the
best fit to the data is obtained with a superposition consisting
of 64% weight on the a-FeSiz spectrum and 36% weight on
the Fe spectrum. The inset shows the residual describing the
fit between the experimental spectrum and the superposition
as a function of the weight of a-FeSi; in the superposition.
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fit is obtained using a model spectrum consisting of 64%
a-FeSiy and 36% Fe.

Though our data do not permit any quantitative anal-
ysis of the composition of the as-implanted sample, they
suggest the presence of small amounts of Fe and exclude
the possibility that the sample consists of a-FeSiz and/or
(-FeSiy only. These result are in agreement with re-
cent results obtained in a study of similar samples using
electron energy loss spectroscopy, disperisive x-ray anal-
ysis, and electron diffraction.*®> Here the as-implanted
samples were found to consist mainly of a-FeSi, with
small amounts of (3-FeSi; and excess Fe depending on
the preparation conditions.

V. CONCLUSIONS

Using FY-SXA and SXE we were able to investigate
the electronic structure in a-FeSi; and (-FeSi, layers
buried in a Si wafer by means of IBS, demonstrating the
capability of these photon-in—photon-out techniques to
investigate buried samples in situ.

The DOS of d symmetry locally at the Fe sites was
determined for the occupied and the unoccupied elec-
tronic states. Band-structure calculations for the Fe d
DOS of a-FeSi; and (-FeSi, were found to accurately
predict the spectral features observed for the occupied
states. For the a-FeSi, phase the Fermi level was exper-
imentally found to be located in the high-energy part of
the nonbonding, eg-type Fe d states.

The influence of a Fe 2p3,; core hole on the unoccupied
states was studied by a supercell calculation. For a-FeSi,
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the inclusion of the core hole potential was found to be
crucial. The SXE data are in agreement with the final
state rule. Due to the specific shape of the a-FeSi, Fe d
DOS, the core hole decreases the relative SXA intensity
in the vicinity of the Fermi energy. The (-FeSi; SXA
spectrum is not affected significantly by the core hole.

The formation of the band gap in (-FeSi, as compared
to the metallic a-FeSi; could be followed in the occupied
as well as in the unoccupied electronic states of d sym-
metry locally around the Fe atoms. From our SXE and
SXA experiments, we determine the band gap in the Fe d
states of 3-FeSi, as 0.840.2 eV. This is in agreement with
our calculations which predict a band gap of 0.78 eV.

Correlation in the nonbonding states is exhibited in
the presence of double-hole satellites in the SXE spectra,
indicating that an extra valence hole is not completely
screened out during the core hole lifetime. In the as-
implanted state of the IBS process, both a-FeSi, and Fe
were found to be present.
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