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The core-electron states of metastable pseudomorphic Fe silicides, epitaxially grown on Si(111), have

been measured by monochromatized x-ray photoemission.

These silicides have been grown by

molecular-beam epitaxy with composition ranging from FeSi up to FeSi,. Si 2p and Fe 2p;,, core lines
have been compared to those measured on both polycrystalline and epitaxially grown stable B-FeSi, and
e-FeSi layers. Metastable silicide related Si 2p and Fe 2p;,, core line binding-energy shifts, with respect
to B-FeSi, or clean Si(111), have been interpreted as arising from electron charge transfer from Si to Fe,
in agreement with recent calculations. Si 2p and Fe 2p;,, binding energies as well as line-shape evolu-
tions, over a wide composition range, give strong support to a model with a nearly cubic structure,
evolving from FeSi to FeSi,, in which Fe atoms are randomly distributed over the Si cages.

I. INTRODUCTION

A lot of effort has recently been made to produce
high-quality Fe silicides epitaxially grown on Si(111).
The main goal was to achieve perfect 3-FeSi, layers. j-
FeSi, could be used as a constituent of Si-based optoelect-
ronic devices (semiconductor-based heterojunctions) since
it has a band gap of ~0.85 eV.! Epitaxy of B-FeSi, has
been approached by numerous experimental ways, in-
cluding solid phase epitaxy (SPE), molecular-beam epi-
taxy (MBE), metal-organic chemical-vapor deposition
(MOCVD), and ion implantation. It has been shown
that, during the growth process of B-FeSi,, stable as well
as metastable Fe silicides can be epitaxially grown on
Si(111). Furthermore, in some cases the microstructure
and epitaxial orientations can be strongly influenced by
the metastable silicide phases formed during the growth
process.>3 In particular, B-FeSi, layer quality (domain
size, single orientation, etc.) is improved upon rapid
thermal annealing of SPE-grown fB-FeSi, layers.® With
this procedure, 3-FeSi, transforms into a metastable me-
tallic cubic phase and back to the semiconducting [3-FeSi,
phase.

The crystallographic structure of both stable and meta-
stable phases has been extensively studied.?™'* Silicides
with very different structures can be grown on Si(111)
with their own electronic properties. In its stable phase,
FeSi crystallizes in a B-20 structure and is a narrow-gap
semiconductor (0.05 eV),'>!¢ while in its metastable
form, it crystallizes in a CsCl-type structure and is metal-
lic.” This latter phase persists typically up to 300°C (this
temperature depends on the film thickness). FeSi, has
two stable forms. Below 950°C, it crystallizes in the or-
thorhombic structure, the semiconducting SB-FeSi,, and
above this temperature it crystallizes in the tetragonal a-
FeSi, structure and is metallic. 17 A tetragonal FeSi,
phase can be stabilized at room temperature by SPE or
MOCVD on Si(111) giving rise to an «a-FeSi, derived
structure. ! Alternatively, a cubic CsCl-type FeSi, phase
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has been synthesized by molecular-beam epitaxy on
Si(111).* These disilicides are typically stable up to
500°C. Most interestingly, Fe silicides with variable
stoichiometry, from pure Fe up to FeSi,, can be epitaxial-
ly grown on Si(111), even at room temperature. >’ !4

Numerous theoretical and experimental investigations
of the electronic structure of both stable and epitaxy in-
duced Fe silicide phases have been performed.!’ 3!
Among these studies, the core-electron states of the
stable bulk phases have recently been investigated by
means of high-resolution photoemission experiments us-
ing synchrotron radiation.® However, no experimental
information about the pseudomorphic metastable silicide
core-electron states has been available up to now, to our
knowledge.

In this paper we report on Si 2p and Fe 2p; , core-level
measurements by means of monochromatized x-ray pho-
toemission. The core-level lines were measured on epi-
taxial pseudomorphic Fe silicides, with stoichiometries
ranging from FeSi to FeSi,. They were grown on Si(111)
7 X7 by codeposition of Fe and Si at room temperature.
The core-level evolution versus temperature is also inves-
tigated and all data are compared to those measured on
epitaxial and polycrystalline stable e-FeSi and pB-FeSi,
phases.

II. EXPERIMENT

The experiments have been performed in an ultrahigh
vacuum system with base pressure below 8 X 10~ !! mbar.
It was equipped with a Leybold Heraeus EA 200 electron
spectrometer for angle-resolved ultraviolet photoemission
spectroscopy, X-ray photoemission spectroscopy, and
with a low-energy electron diffraction (LEED) optics.
The photoemission spectra were recorded with both
monochromatized and unmonochromatized Al Ka
sources (#io=1486.6 eV). The photoelectrons were ana-
lyzed using a hemispherical energy analyzer (150 mm in
radius) with 50-meV energy resolution and an 18 chan-
nels multidetection assembly. The acceptance angle of
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the analyzer was set to £8°. The overall energetic resolu-
tion using the monochromatized Al Ka source was about
0.5 eV.

The pseudomorphic FeSi, (1<x <2) silicides were
prepared by codeposition of Fe and Si onto substrates
held at room temperature (RT). The Si(111) substrates
were cleaned by a thermal annealing above 800°C. After
sample introduction in the UHV system, its temperature
is increased very slowly (a few hours) up to 850°C. This
procedure results in a well-ordered contaminants free
(carbon and oxygen) Si(111) surface. Its crystallinity was
attested by a sharp 7X7 LEED pattern. Fe and Si were
evaporated from boron nitride and carbon crucibles, re-
supectively, at stable and reproducible rates in the 1-2
A/min range. These low evaporation rates, checked in-
dependently for Si and Fe using quartz-crystal microbal-
ances, allowed the fabrication of silicides_ with well-
controlled stoichiometry. First, a thin (6—9 A) FeSi, lay-
ers was co-deposited onto the Si(111) substrate and was
annealed at 500 °C resulting in an epitaxial FeSi, template

layer characterized by a sharp 2X2 LEED pattern. .

Second, 90-A-thick epitaxial Fe silicide layers were
codeposited onto this template. These silicides have been
annealed in the RT-600°C temperature range and their
crystallinity was checked using LEED optics. Their
composition was also controlled by measuring the Fe
2p3,, to Si 2p core-level area ratio, which is compared to
those measured on the stable 5-FeSi, one. These core lev-
els were recorded at normal emergence with the unmono-
chromatized Al K a source.

III. RESULTS

Metastable as well as stable silicide crystallinity has
been followed by LEED. For a composition ranging
from FeSi to FeSi,, with x close to 2, room-temperature-
deposited silicides are epitaxial as attested by 1 X1 LEED
patterns with a well-marked threefold symmetry. As
pointed out previously, 14 the LEED pattern quality (spot
sharpness, diffuse background intensity, etc.) depends on
the silicide stoichiometry. The spot-to-background inten-
sity ratio was found to decrease as a function of Si con-
tent from FeSi; s to FeSi,. For depositions in a ratio
close to FeSi,, some silicide layers are epitaxial and ex-
hibit a 1 X1 LEED pattern, while for others one observes
only a strong diffuse background. Yet, the ordered-to-
disordered transition is not as sharp as the LEED experi-
ments would indicate. Inelastic medium-energy-electron
diffraction (IMEED) patterns observed at electron ener-
gies of about 1000 eV indicate a progressive evolution
from ordered (1X1 LEED pattern) -to-disordered (nei-
ther LEED nor IMEED diagram) layer, through a situa-
tion in which the LEED pattern is washed out but the
IMEED diagram is still visible. In this latter case the sil-
icide layers are textured but the long-range-order coher-
ence necessary for LEED observations is no longer
preserved. IMEED diagrams arise from inelastic back-
scattered electrons and exhibit angular distributions very
similar to that of Auger electrons or x-ray photoelec-
trons.3? It provides similar structural information on lo-
cal atomic structure and epitaxial orientation. The
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LEED and IMEED diagrams obliteration occurs at a
stoichiometry very close to the FeSi,, as evidenced by Fe
2p3,, to Si 2p core-level area ratio measurements, shown
in Table I along with that of B-FeSi,.

In any case, the LEED pattern quality is improved by
annealing. Silicides with composition close to FeSi, also
exhibit a 1 X1 LEED pattern, whatever the RT LEED
pattern is. The temperature range in which these layers
can be annealed is, however, limited. Indeed, these
codeposited FeSi, silicides undergo metastable-to-stable
transitions upon annealing.”!%?> The transition tempera-
ture depends on several parameters such as
stoichiometry, film thickness, or growth methods. Typi-
cally, at a given film thickness (90 A), the metastable-to-
stable phase-transition temperature increases as a func-
tion of Si content.

The 90-A-thick pseudomorphic FeSi phase is stable up
to ~300°C in agreement with previous findings’ and it
exhibits a 1 X1 LEED pattern. It transforms into e-FeSi
at 350-400°C and into B-FeSi, above 550°C. For such
thick films, both e-FeSi and B-FeSi, are polycrystalline. 25
The FeSi, transition towards the stable 3-FeSi, occurs at
about 550°C. Upon annealing codeposited FeSi, (x ~2)
layers at ~400-450°C the LEED pattern is 2X2. For
thinner pseudomorphic FeSi, silicides (with thickness
typically below 15-20 A) the transition occurs at higher
temperature since these metastable phases are stabilized
by epitaxy.? Thin codeposited as well as SPE-grown
FeSi, layers, annealed at 500—550 °C exhibit a sharp 2 X2
LEED superstructure. The relevant surface was found to
be Si terminated by ion-scattering spectroscopy and scan-
ning tunneling spectroscopy.®® Ordered Si adatoms on
top of the silicide are mainly responsible for the 2X2
reconstruction. A similar reconstruction could be at the
origin of the 2X2 LEED pattern observed for the 90-A-
thick Si-rich silicides considered in this work. At any
composition, the Fe 2p;,, to Si 2p area ratio was mea-
sured before and after annealing. No significant decrease
of this ratio was observed, showing that there is no addi-
tional Si diffusion from the substrate. The silicide com-
position is not affected by annealing at temperature indi-

TABLE 1. Fe 2p;,, to Si 2p core-line area ratio for room-
temperature-deposited metastable Fe silicides and 600°C an-
nealed B-FeSi,. Core lines were collected at normal electron
emergence Wwith an unmonochromatized Al Ka source
(fiwo=1486.6 eV). The metastable silicide composition is in-
ferred from Si and Fe codeposition rates during the growth at
room temperature.

LEED pattern

Fe 2p;,,/Si 2p area ratio

Compounds (room temperature) (room temperature)
[-FeSi, no 3.9
FeSi 1X1 9.1
FeSi, 3 1X1 7.9
FeSi; s 1X1 6.4
FeSi, 3 1X1 5.5
FeSi, 1X1 4.5
FeSi, no 4.1




cated previously. This ratio is slightly increased upon an-
nealing Si-rich silicide reflecting an improvement of the
crystallinity. Both Fe 2p;,, and Si 2p line areas are
enhanced by forward focusing effects. This increase is of
~11% for the Fe 2p; /, line and ~ 6% for the Si 2p line.
The stable e-FeSi (B-FeSi,) phase can be obtained ei-
ther by SPE or by annealing at 400°C (650°C) MBE-
grown FeSi (FeSi,) pseudomorphic layers. Depending on
the silicide thickness, epitaxial or polycrystalline 8-FeSi,
and e-FeSi grow on Si(111). For thicknesses typically
below 15-20 A, epitaxial €-FeSi and B-FeSi, layers are
achieved. They are characterized by specific LEED pat-
terns. ¢-FeSi crystallizes in a simple cubic structure
(B20) with a lattice parameter a =4.483 A. Epitaxial €-
FeSi grows with (111) e-FeSi||(111) Si and [011] e-
FeSi||[211] Si.** The lattice mismatch is about —4.7%
and the relevant LEED pattern is V'3 X V3R 30°. Upon
annealing at 650°C thin FeSi, layers, epitaxy of S-FeSi,
can be achieved and results in a complex LEED pattern
with a 12-fold symmetry.3® Such a diagram corresponds
to a series of silicide domains rotated relative to each oth-
er with the (100) plane parallel to the Si(111) surface.
Figures 1 and 2 show the Si 2p lines measured on as-
deposited 90-A-thick metastable Fe silicides and after an-
nealing just below the pseudomorphic-to-stable phase
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FIG. 1. Si 2p core-level spectra collected at normal electron
emergence for clean Si(111) surfaces, B-FeSi,, e-FeSi, and
room-temperature codeposited pseudomorphic FeSi, silicides.
Spectra were recorded using a monochromatized Al Ka source
at a photon energy of 1486.6 eV.
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transition temperature, respectively. These spectra are
presented along with that of stable e-FeSi, 3-FeSi,, and
clean Si(111). Figure 3 compares the Si 2p core lines
measured on several RT-grown and annealed metastable
silicides. Fe 2p;,, lines recorded on both stable and
metastable Fe silicides are shown in Fig. 4. The photo-
emission spectra of Figs. 1-4 were obtained with a mono-
chromatized Al Ka radiation and were collected at nor-
mal electron emergence. The silicide thicknesses were
chosen large enough (90 A) to avoid substrate contribu-
tion to the signal and to minimize surface effects. The e-
FeSi and B-FeSi, related Si 2p lines have been measured
on both thick polycrystalline and thin epitaxial layers.
No major differences are detected as far as binding ener-
gies and line shapes are concerned.

The e-FeSi and B-FeSi, Si 2p lines are centered at bind-
ing energies very close to that of a clean Si(111) surface.
The e-FeSi related Si 2p line is shifted by about 0.15 eV
towards low binding energies, with respect to the Si(111)
7 X7 ones, in a fairly good agreement with results of Ref.
30. The B-FeSi,-related Si 2p line shift with respect to the
Si(111) ones is very small ( <0.05 eV). Both e-FeSi and

Si2p 90A thick
silicides »

FeSi 300°C
FeSi 13 320°C

FeSi{ 5 400°C

FeSi; g 400°C

LEED 1x1 after
RT deposition

PHOTOEMISSION INTENSITY (arb. units)

FeSi 5 400°C
no LEED after ~
RT deposition FeSi 5 400°C
€-FeSi 450°C
B-FeSip 680°C
7 . Si (111) 7x7
101 100 99 98 97

BINDING ENERGY (eV)

FIG. 2. Si 2p core-level spectra collected at normal electron
emergence for clean Si(111) surfaces, B-FeSi,, e-FeSi, and an-
nealed pseudomorphic FeSi, silicides. Spectra were recorded
using a monochromatized Al Ka source at a photon energy of
1486.6 eV. The FeSi, spectra displayed in this figure are those
measured after annealing ordered (1X1 LEED pattern) and
disordered (no LEED pattern) RT-deposited FeSi, layers.
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B-FeSi, related spin-orbit-splitted Si 2p,,; and Si 2p;,,
lines are slightly less resolved than for clean Si(111).
Their line shape arises from different physical origins.
The Si 2p line in e-FeSi is composed of two asymmetric Si
2py,, and Si 2p;,, lines. This asymmetry is reflected in
the apparent branching ratio (Fig. 1) and is also observed
for the Fe 3p (Ref. 30) and Fe 2p; , core lines. The origin
of this asymmetry is not clearly established (see below).
It seems not to be related to several chemically shifted Si
2p or Fe 2p;,, (Fe 3p) components since in e-FeSi, all Si
or Fe atoms have identical atomic environments. In S-
FeSi,, two kinds of nearly tetrahedral Si sites contribute
to the Si 2p line. On each site, Si is bounded to four Fe
atoms at distances ranging from 2.333 A to 2. 437 A and
sxx Sl atoms at distances ranging from 2.499 A to 3.562

6 However, for both sites, Si atoms are equally coor-
dmated with quite the same number of nearest and next-
nearest neighbors and valence angles. Thus the binding-
energy difference is expected to be rather small as indeed
observed in Fig. 1.

Figures 1 and 2 show that all metastable silicides Si 2p
lines are substantially shifted towards higher binding en-
ergies, with respect to clean Si(111) or B-FeSi,, over a
wide composition range. After room-temperature deposi-
tion, Si 2p lines are shifted by about 0.35 eV, with respect
to clean Si(111) or B-FeSi,, from FeSi up to FeSi, 3 com-
position. In that case, the main difference between Si 2p

90A thick

Si2p silicides

______ as deposited
annealed

FeSi 300°C

FeSll'5 400°C

FeSi, 400°C

PHOTOEMISSION INTENSITY (arb. units)

B-FeSi, 680°C

1 1 1 1 ]
101 100 99 98 97

BINDING ENERGY (€V)

FIG. 3. Comparison of the Si 2p core lines measured on

several RT-grown and annealed metastable FeSi, silicides.
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spectra resides in the growth of additional Si 2p com-
ponents, giving rise to a broad tail at low binding ener-
gies. Nevertheless, the Si 2p line intensity maximum
remains centered at the same binding energy. Upon an-
nealing at 300-400°C, this tail is partially removed and
the spin-orbit-splitted doublet resolution is improved, as
shown in Fig. 2. The FeSi-related core line binding ener-
gy does not change upon annealing at 300°C, but the Si
2p line slightly sharpens giving rise to a well-resolved Si
2p.,,-Si 2p3,, doublet. Except the small tail at low bind-
ing energies, the Si 2p line is comparable to that of the
stable £-FeSi phase and indicates that all Si atoms reside
in rather well-defined and equivalent sites. These results
agree very well with structural characterization of pseu-
domorphic FeSi.”!* Indeed x-ray diffraction (XRD) as
well as extended x-ray-absorption fine-structure (EXAFS)
experiments have shown that FeSi has a regular cubic
CsCl-type structure, in which each Fe or Si atom has the
same atomic environment. Crystallographic structures of
CsCl FeSi and a-FeSi, are shown in Fig. 5. a-FeSi, crys-
tallizes in a quadratic structure.’’

Upon by increasing the Si content in the RT-grown sil-
icides, the intensity of the component(s) lying at low
binding energy increases, leading to very similarly shaped
broad lines for FeSi, ;3 and FeSi,. However when the
composition becomes very close to FeSi,, the Si 2p line
shifts towards lower binding energies as compared to

90 A thick
silicides

FeSi 300°C
FeSi1 3 320°C

FeSij ¢ 320°C

FeSiy 400°C

PHOTOEMISSION INTENSITY (arb. units)

e-FeSi 450°C

p-FeSi , 680°C

] ] I | | |
710 709 708 707 706 705

BINDING ENERGY (eV)

FIG. 4. Fe 2p;,, core-level spectra collected at normal elec-
tron emergence for B-FeSi,, e-FeSi, and pseudomorphic FeSi,
silicides. Spectra were recorded using a monochromatized Al
K a source at a photon energy of 1486.6 eV.
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CsCl type FeSi

FIG. 5. Structure of CsCl-type FeSi and tetragonal a-FeSi,.

FeSi or FeSi, 3. It seems that this change in Si 2p line po-
sition takes place in correlation with the LEED pattern
degradation. The Si 2p line shift, with respect to clean
Si(111) or B-FeSi,, decreases from 0.2 eV when the 1X1
LEED pattern is still visible, down to a value of ~0.1 eV
when the LEED is washed out. This Si 2p binding-
energy evolution is remarkable since it occurs in a very
small (FeSi, g to FeSi,) composition range. As previously
shown, a 2X2 LEED pattern is recovered upon anneal-
ing at 400—450°C for both ordered (1X1 LEED pattern)
and disordered (no LEED) RT-deposited FeSi, (x~2)
silicides. The relevant Si 2p line full width at half max-
imum (FWHM) is reduced and in any case the centroid of
the line is shifted back towards higher binding energies,
mainly because of the removal of the broad tail at low
binding energies, as can be seen in Fig. 3. Even after an-
nealing, the Si 2p line binding energy still depends on the
initial composition, as shown in Fig. 2. For compositions
close to FeSi,, the Si 2p line shapes are quite identical but
a slight change of the silicide composition induces a
significant binding-energy decrease (see Table I). In any
case, Figs. 1 and 2 clearly demonstrate that the spin-
orbit-splitted doublet is less resolved for Si-rich silicides
than for Fe-rich ones. For Si-rich silicides the Si 2p lines
can no longer be assigned to a single Si environment.

Let us now comment on the Fe core-level-related lines
shown in Fig. 4. The lower spectra are measured on €-
FeSi and B-FeSi,. As opposed to the semiconducting f3-
FeSi,-related Fe 2p,,, line which is symmetric, the e-
FeSi-related core line exhibits a strong asymmetry. This
effect has been observed previously on the Fe 3p lines
measured on such compounds. As pointed out in Ref. 30,
this asymmetry seems surprisingly large for e-FeSi, which
is a narrow-gap semiconductor. However, such a large
asymmetry could originate from the strong correlation
within the narrow d band expected in €-FeSi, possibly re-
sponsible for its unusual magnetic properties.>® Indeed a
localized character of the d electrons usually results in sa-
tellite or shake-up structure in the core-level photoemis-
sion spectra. Furthermore, £-FeSi is not a typical semi-
conductor. Its energy gap (0.05 eV) is very small and the
narrow forbidden region is surrounded on both the
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valence and conduction band side by a rapidly increasing
density of states with strong 3d character.3® Thus vari-
ous kinds of low-energy excitations (compared to the ex-
perimental resolution), such as electron-hole pair or
atomic multiplets, may become important and could ex-
plain the very strong core-line asymmetry observed for
e-FeSi. Additionally, this suggests that core holes creat-
ed in the photoemission process are better screened, at
room temperature, in €-FeSi than in B-FeSi,. This could
explain the shift of both Si 2p and Fe 2p,,, lines towards
lower binding energies with respect to that in 3-FeSi,.

The metastable silicides related Fe 2p;,, lines binding
energy are just between those of B-FeSi, and e-FeSi and
show only a negligible dependence on the composition.
After RT deposition (not shown), the Fe 2p; ,, line bind-
ing energy is lower than that of 3-FeSi, by about 0.20 eV
for the Fe-rich silicides (FeSi, FeSi, ;, FeSi; 5) and by
about 0.30 eV for compositions close to FeSi,. These
lines are also asymmetric, but in this case the asymmetry
is consistent with the fact that all metastable silicides are
metallic.>?% After annealing these layers just below the
metastable-to-stable transition temperature, Fe 2p;,
lines have the same binding energy over the whole FeSi to
FeSi, composition. It is shifted by 0.20 eV with respect
to B-FeSi, towards lower binding energies. Note that the
Fe 2p,,, line shape and FWHM are the same for unan-
nealed or annealed pseudomorphic silicides.

IV. DISCUSSION

All spectroscopic data (presented in this work or pub-
lished elsewhere) indicate that metastable Fe silicides
have definitely different electronic characteristics than
the bulk stable B-FeSi, and e-FeSi silicides. Core-level
binding energies are very close together for all metastable
Fe silicides investigated in this work. This has to be re-
lated to similar silicide cristallographic structures, over a
wide composition range (from FeSi to about FeSi; g). As
a matter of fact FeSi crystal has a CsCl-type symmetry
which seems to be preserved upon increasing the Si con-
tent in these codeposited silicides, as it was shown by
XRD, reflection high-energy electron diffraction, and x-
ray photoelectron diffraction measurements.”!* To ex-
plain the persistence of this symmetry and in order to
preserve the silicide stoichiometry, von Kinel et al.” pro-
posed a structural model for the FeSi, (1 <x <2) phases.
FeSi, could be derived from FeSi by forming randomly
distributed Fe vacancies in the CsCl-type lattice. Anoth-
er disilicide structure has been recently proposed on the
basis of grazing-incidence x-ray-diffraction (GXRD) ex-
periments. Jedrecy et al.'? have shown that MOCVD as
well as thin SPE-grown FeSi, silicides crystallize in a
tetragonal a-FeSi, derived structure. GXRD measure-
ments indicate that 15-20 % of the Fe atoms must be
shifted from their positions in perfect a-FeSi, lattice and
randomly distributed over unoccupied octahedral sites.
Both CsCl and a-FeSi,-derived structures have lattice pa-
rameters very close together and exhibit similar local
atomic order around Fe and Si atoms. This is why
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EXAFS measured on codeposited FeSi,, at the Fe K edge
(Ref. 14) is consistent with both structures as far as the
Fe coordination shells are concerned. From EXAFS
data, Fe atoms are surrounded by Fe-Si nearest neighbor
(NN) and Fe-Fe next-nearest-neighbor (NNN) shells at
distances less than 3 A. The bond lengths and coordina-
tion numbers were found to depend on the stoichiometry.
They are summarized in Table II. The first coordination
shell of Fe atoms is only slightly dependent on the
stoichiometry since in all pseudomorphic silicides, Fe
atoms are bounded to eight Si NN at distances of about
2.35-2.37 A. The second coordination shell was found to
be very sensitive to the silicide composition. Indeed, Fe-
Fe NNN bond lengths are of 2.75 A in FeSi and 2.69 A in
FeSi, and the relevant coordination numbers decrease
from 6 for FeSi down to about 3 or 4 for FeSi,. The
reduction of the NNN coordination numbers results in a
substantial decrease of the lattice parameter. It is of 2.77
A for FeSi and 2.70 A for FeSi,.2 Furthermore, EXAFS
analysis indicate a deviation from a perfect cubic lattice
for both room-temperature deposited or annealed FeSi,
compounds. Assuming a CsCl-type FeSi derived struc-
ture for all silicides, one would expect a different
behavior for the Fe and Si core-electron states binding
energies versus composition, related to changes in NN
environment. Indeed, upon changing the stoichiometry
from FeSi to FeSi,, NN environment of Fe atoms does
not change. In any case Fe atoms are surrounded by
eight NN Si atoms (see Fig. 5). Thus Fe 2p;,, lines are
expected to be rather insensitive to the formation of Fe
vacancies, as it is experimentally observed on annealed
silicide, since the formation of Fe vacancies in a CsCl lat-
tice would mainly affect the second coordination shell.
The influence of the next-nearest neighbors can be as-
sumed to be quite small since the electronic structure of
transition-metal silicides is generally well described by
the tight-binding approximation and largely determined
by local atomic order.

For the Si-related core levels the situation is somewhat
different. As opposed to the Fe atom environment, the Si
atoms first coordination shell is highly composition
dependent within these models. It is composed of eight
NN Fe atoms in FeSi and a mean value of four NN Fe
atoms in both proposed FeSi, structures. As shown pre-
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viously, the Si 2p line shape is consistent with Si atoms lo-
cated in a single Si site, at a FeSi composition. A possible
origin of the Si 2p-related binding-energy shift with
respect to B-FeSi, or clean Si(111) can be found in a re-
cent theoretical work of Miader, von Kinel, and Balderes-
chi.®* Their calculations show that a small electronic
charge (0.18 electron per Si atom) is transferred from sil-
icon to iron in the CsCl-type FeSi structure. The relevant
Si 2p core-line shift towards higher binding energies ob-
served in these experiments might be understood by the
partially ionic binding character. From Si 2p core-level
shifts observed in Si—F, Si—O, and Si—Cl bonds*' with
respect to Si (111), Si 2p binding-energy shifts can be es-
timated to about 2 eV core-level shift per unit charge. A
0.18 electron charge transfer from silicon to iron would
induce a Si 2p binding-energy shift of about 0.36 eV to-
wards higher binding energies. This value has the sign
and the order of magnitude of that measured in Figs. 1
and 2. The FeSi-related Si 2p line binding-energy shift is
referred to the B-FeSi,-related Si 2p line binding energy.
The B-FeSi, phase crystallizes in an orthorhombic struc-
ture which can be thought of as a distortion of a CaF,-
type structure. Calculations performed by Maider, von
Kinel, and Baldereschi show that ionicity is negligible in
the CaF,-type FeSi, structure and that the bonding
configuration of CaF,-type FeSi, is very similar to that of
CoSi, and NiSi,. Since B-FeSi, differs from the CaF,
structure only through small deformations of the cubic
cages in the fluorite structure, >° the nonionic character of
the Fe—Si bonds could be preserved and 3-FeSi, could be
used as a reference for the Si 2p line shift.

On the other hand, at a strict FeSi, stoichiometry the
mean Fe NN coordination number { Ng, ) would be 4 (in-
stead of 8 in FeSi) and is the most probable environment
around a given Si atom. Introducing iron vacancies in
the CsCl lattice reduces the NN coordination number
around a given Si atom and thus the possibility of elec-
tron transfer from Si to Fe. A reduction of the Si 2p shift
is expected when the Si content is increased in the sili-
cide. Additionally, due to a statistical distribution of Fe
vacancies over the silicide structure proposed in models
of Ref. 7, Si sites with a Fe NN coordination number
lower and higher than the ( Ng, ) value have to be taken
into account. The Si 2p lines would be composed of

TABLE II. Structural parameters deduced from the analysis of EXAFS spectra recorded at the Fe
K edge from iron silicides epitaxially grown on Si(111) (from Ref. 14). R and N are the bond lengths
and coordination numbers, respectively. The Debye-Waller factor difference Ao is related to Fe—Si
and Fe—Si bonds in a high-temperature-annealed thin (30 A) FeSi, film.

Compounds Pair R (A) N Ao (A)
FeSi, (30 A) Fe-Si 2.3540.02 8+0.5 0
(annealed at 600°C) Fe-Fe 2.68+0.02 3+0.5 0
FeSi, (x=~2) (90 A) Fe-Si 2.3440.02 8+0.5 0.04
(RT deposited) Fe-Fe 2.69+0.02 3.4+0.05 0.03
FeSi (90 A) Fe-Si 2.3740.02 8+0.5 0.06
(RT deposited) Fe-Fe 2.75+0.02 6.0+0.5 0.06
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several chemically shifted components, as it is indeed ob-
served experimentally. Si sites with low Fe NN coordina-
tion numbers would contribute to Si 2p lines shifted to-
wards lower binding energies, as compared to FeSi. Such
a statistical distribution of Si sites is evidenced on all
FeSi, (with x >1) experimental Si 2p spectra by Si 2p
components at binding-energy values close to that of B-
FeSi, or clean Si(111). Spectra of Figs. 1-3 show that
the low binding-energy components increase with Si con-
tent giving rise to a broad unresolved Si 2p line for FeSi, g
or FeSi, compositions. The low binding-energy Si 2p
contribution is larger for Si-rich silicide than for Fe-rich
silicides, in agreement with a structural model, in which
the FeSi, silicide structure is deduced from a true CsCl-
type FeSi phase by introducing iron vacancies.

Note that for the Si-rich silicides (~ FeSi,), the large
Si site distribution affects not only the Si 2p linewidth but
also the silicide morphology and structure. Lattice dis-
tortions induced by these numerous possible sites are evi-
denced by LEED and EXAFS measurements. 14 Indeed,
the LEED pattern quality is strongly degraded upon a
slight increase of the Si content within the silicide film,
for compositions close to FeSi,. Furthermore, EXAFS
data indicate a deviation from a perfect cubic crystal for
RT codeposited disilicides. Upon annealing, the Si 2p
lines are shifted back towards higher binding energies
and the spin-orbit-splitted doublet resolution is improved.
This is not observed for Fe-rich silicides. Indeed, Figs.
1-3 show that the shape of the Si 2p line measured on
FeSi, FeSi, ;, and FeSi; s does not change significantly
upon annealing. The reduction of the Si 2p line FWHM
upon annealing RT-deposited FeSi, layers suggests that
the vacancy distribution over annealed Si-rich silicide is
probably not as random as one could expect. EXAFS
measurements on both RT-deposited and annealed thin
(600°C) and thick (400°C) FeSi, layers indicate that the
cubic structure is no longer preserved for these composi-
tions. It seems that, when starting from a poorly ordered
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FeSi, (x ~2) silicide, as is the case for RT codeposited
ones, the silicide adopts a structure which deviates from a
cubic one. This structure could be close to the a-FeSi,
derived phase proposed in Ref. 12. Si 2p core lines of the
stable a-FeSi, phase have been measured by Sirotti
et al.®® It was found to be shifted by about 0.20 eV to-
wards higher binding energies, with respect to the Si(111)
7X7 one.

However, Si 2p and Fe 2p; ,, binding energies as well as
line-shape evolution versus composition over a wide com-
position range, from FeSi to about FeSi, 4, could be ex-
plained assuming a nearly cubic CsCl-type structure in
which Fe vacancies are randomly distributed over the Si
cages. This conclusion is fully consistent with EXAFS
measurements'* which indicate that the cubic CsCl-type
metastable silicide structure is preserved when passing at
least from FeSi to FeSi, s.

V. CONCLUSIONS

Si 2p and Fe 2p;,, core-electron states have been mea-
sured on codeposited pseudomorphic FeSi, (1<x <2)
silicides using monochromatized x-ray photoemission.
The core-level line shapes as well as binding energies have
been compared to stable Fe silicide ones. It was shown
that metastable epitaxial FeSi, have definitively different
spectroscopic signatures than stable phases. Substantial
Si 2p binding-energy shifts, with respect to stable B-FeSi,,
may be interpreted in terms of charge transfer from Si to
Fe, according to recent theoretical calculations. Si 2p
and Fe 2p;,, binding-energy variations versus composi-
tion are consistent with those expected for FeSi, layers
with the structure proposed in the literature. Further-
more, the spectroscopic data collected on these pseu-
domorphic phases must be taken into account for a com-
plete description of Fe silicides formed at the Fe/Si(111)
interface.

*Present address: Laboratorium fir Festkdrperphysik,
Eidgendsische Technische Hochschule Ziirich, 8093 Ziirich,
Switzerland.
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