PHYSICAL REVIEW B

VOLUME 49, NUMBER 16

15 APRIL 1994-11

Electron states of interface iron silicides on Si(111)7 X7
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Solid-phase epitaxy of iron silicides on Si(111)7 X7 substrates is studied by comparing photoemission
spectroscopy of the extended states and core levels, and Fe L, ; x-ray-absorption spectroscopy, for the
interface phases and the bulk stoichiometric silicides. Epitaxial growth favors the low-temperature for-
mation of metallic tetragonal a-FeSi, which starts decomposing irreversibly into semiconducting ortho-
rhombic S-FeSi, at above 600°C. This interface chemistry is opposite to the bulk phase diagram where
the a phase is the high-temperature stable disilicide which reversibly transforms into the 8 phase when
the temperature is lowered to 950°C. No evidence of metastable interface phases other than the bulk
phases is found. The coexistence of bulk epitaxial phases over an extended temperature range indicates
that local properties of the interface strongly influence the silicide phase transitions.

INTRODUCTION

The growth of crystallographically and chemically or-
dered metastable phases on surfaces is one of the avenues
opened by surface science to nanotechnology. In the case
of epitaxy on semiconductors, the main goals are the
growth of monolithic junctions with low-defect layers of
insulating, semiconducting, metallic, and perhaps fer-
romagnetic materials. Semiconductor heterojunctions
have been developed mostly on III-V group and II-VI
group semiconductors, while Schottky barriers with me-
tallic silicides are at the basis of silicon technology. The
Si(111) surface supports the epitaxy of single-crystal lay-
ers of metallic silicides in the CaF, structure, like CoSi,
and NiSi,, as well as of insulating calcium-fluorite lay-
ers.! Epitaxial overgrowth of silicon on top of the sili-
cides has also been clearly demonstrated? and applied to
form metal-based transistor structures. Starting in the
early 90s interest grew in exploring the possibility of
growing epitaxially on silicon a direct-gap semiconduc-
tor, still in the form of a silicide, like the 8 phase of FeSi,,
or CrSi,.3 Furthermore, theoretical predictions* of a bulk
instable allotropic phase of FeSi, with CaF,-type struc-
ture, and the silicon lattice parameter, with its metallic
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character stabilized by ferromagnetic exchange, prompt-
ed a large research effort in the Si-Fe interface structure
and the growth techniques for such a metastable phase. 56
A rich literature now exists for the silicon-iron-silicide
system: the epitaxy of the semiconducting 8 phase has
been characterized as a three-domain growth of the or-
thorhombic B-phase lattice with B-FeSi,(101):Si(111) or
B-FeSi,(110):Si(111).” The large density of structural de-
fects for this interface (domains) has frustrated applica-
tions of this system to the development and infrared
detectors of all-silicon technology. Evidence of a cubic
silicide with a CsCl-type lattice, and stoichiometries
ranging from FeSi almost to FeSi, have also been ob-
tained,® showing the real possibility of growing lattice-
matched metastable phases of iron silicides on the Si(111)
surface. Finally, some evidence of a truly CaF,-type y
phase of iron disilicide has been obtained® by growing the
silicide layer by molecular-beam epitaxy (MBE) within a
rather narrow domain of growth-parameter space (thick-
ness, temperature, and codeposition). These metastable
phases convert to the (agglomerated) semiconducting -
FeSi, phase for annealing temperatures above 600°C.
The cubic phases of CsCl- or CaF,-type structures are
metallic, but no clear evidence of magnetism has been ob-
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tained. One should note here that Fe-Si amorphous al-
loys are ferromagnetic for a wide variety of composition,
and are employed in technology.

The metallic character of the interface phases is also a
property of the high-temperature stable bulk iron disili-
cide phase, the a-FeSi, phase which decomposes to the 8
phase below 950°C (Ref. 10) but can be quenched to a
metastable low-temperature state. The a phase has a
tetragonal structure which is in fact very similar to the
interface metastable CsCl phase of FeSi: it can be ob-
tained from this by removing every second Fe plane. Lit-
tle attention has been given to this phase until very re-
cently when the a phase was grown by MBE onto Si(111)
at low temperature. !

The studies of the type of iron silicide epitaxy on sil-
icon has been carried mostly out by surface crystallo-
graphy techniques [reflection high-energy electron
diffraction (RHEED),>%!! low-energy electron diffrac-
tion (LEED), 12 scannin§ tunneling microscopy (STM),> 13
x-ray diffraction,”'"!* and surface-extended x-ray-
absorption fine structure (SEXAFS) (Ref. 15)] and by
electron microscopy,' with the spectroscopy work mostly
limited to establishing the near-surface composition
(Auger'® and x-ray photoemission!’) and the metallic
density of states of the extended electron bands (ultra-
violet photoemission).'® However, a direct probe of the
electron states is the ultimate test for recognizing the
properties of the interface silicides which can differ, even
for a given crystallographic phase, as a function of the
compositional order, defects, or distortions due to epitax-
ial strain. We therefore carried out, prior to the present
work, a careful study of the occupied and unoccupied
electron states of the stable iron silicides in the composi-
tion range relevant to epitaxial growth, by photoemission
and x-ray absorption with synchrotron radiation. The
photoemission line-shape analysis of the Fe and Si core
levels are determined by metallic screening, exchange
splitting, and surface shifts of the terminating layers.
These results are collected in Ref. 19, and provide the
basis for the discussion of the interface phases presented
here which were studied by core-level photoemission data
for Fe 3s and 3p, and Si 2p along with valence bands, Si
Auger LVV line shapes, and Fe L,; x-ray-absorption
edges as a function of thickness of the interface silicide
and thermal treatment. Two approaches have been fol-
lowed in the literature for the growth of iron silicides on
Si(111): the codeposition in stoichiometric proportions of
Fe and Sj, i.e., the MBE method, and the solid-state reac-
tion between the silicon substrate and an ultrathin layer
of Fe deposited at low temperature and then annealed, or
solid-phase-epitaxy (SPE) method. The main difference
between the two approaches is that in MBE the substrate
provides only the bond ordering at the interface, and the
overlayer can grow on this template without extensive
mass transport. SPE, on the contrary, starts with the
chemisorption of iron on surface sites and only as a func-
tion of the buildup of the chemical potential of the over-
layer, and/or of the thermally promoted mobility of the
substrate atoms, interdiffusion, and simultaneous registry
of the nucleated silicide may occur. SPE is therefore a
surface destructive technique, unlike MBE, but is better
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suited if one is interested in studying the evolution to-
ward equilibrium of a solid perturbed by the adsorption
of foreign atoms, since all the interface thermodynamics,
including mass transport through the interface, is at work
in this case. Our choice here is to adopt the SPE tech-
nique to study the interface formation between iron and
silicon when ultrathin layers of iron are deposited and al-
lowed to react by thermal annealing with a semi-infinite
single crystal of silicon through a temperature range that
spans the formation temperature of the stable silicide
compounds.

We will concentrate our analysis on Fe coverages of
1.5X 10" and 3X 10" atomscm™2. These two deposits
on the Si(111)7 X7 surface would lead to thicknesses, re-
spectively, of two and four monolayers of pure iron in the
absence of intermixing, with the customary definition of a
monolayer based on the surface concentration
(atoms/cm?) of the substrate.

The choice is dictated by the goal of studying the for-
mation of interface-stable silicides in the ultrathin re-
gime, but well above the surface chemisorption regime
which is only a precursor to interface formation: the ar-
rangement of submonolayer amounts of Fe is dictated by
chemisorption on surface sites®?° and cannot uniquely in-
dicate the silicide structure. The bulk densities of the
disilicides are 4.75 gcm ™3 for the ideally matched y
phase, 4.99 gcm ™3 for the a phase, and 4.94 gcm ™3 for
the B phase. It follows that the two Fe coverages, when
fully reacted to a disilicide covering the silicon surfacg,
will produce a silicide thickness of 5.5-6 and 11-12 A
depending on the phase.

EXPERIMENT

Sample preparation and measurements were done in an
ultrahigh-vacuum apparatus with a base pressure of
1X 107! mbar equipped with a cylindrical-type electro-
static energy analyzer (MAC-II Riber) and standard sur-
face science facilities. The experiments were done at
LURE-Orsay using the SU7-beam line of the SuperAco
positron storage ring. Undulator radiation linearly polar-
ized in the horizontal plane was monochromatized by a
10-m toroidal grating monochromator in the range
130-900 eV with a resolving power of 103, and focused
onto the sample surface. The geometry of the experiment
was identical to that described in Ref. 19. The overall ex-
perimental resolution in the photoemission spectra is 350
meV, as checked by the Fermi level of an atomically
clean polycrystalline Cu sample. The total electron yield
ejected as a consequence of x-ray absorption was collect-
ed by an electron multiplier followed by a digital picoam-
perometer, as well as directly by a picoamperometer
measuring the sample current. In the Fe L, ;-edge ab-
sorption measurements the sample normal was oriented
at 45° with respect to the polarization of the x rays. The
Si(111)7 X7 surfaces were prepared from P-doped wafers
by cycles of Ar-ion bombardment, flash annealing at
1150°C, and subsequent slow cooling until sharp 7X7
LEED patterns were observed. Fe was deposited onto
silicon from electron-beam-heated rods of 99.999 nominal
purity (main impurity: silicon, 5 ppm in weight). The
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deposition rate was controlled by a quartz microbalance
mounted on the manipulator opposite to the samples, in
order to see the Fe source under the same solid angle
when oriented to the evaporator. The rate was set at 0.2
monolayers (ML)/min in a vacuum never exceeding
8X 107 1% mbar, and the sample expositions were timed.
A conservative error bar on the absolute coverages is
+20%, while relative coverages are accurate, as also
confirmed by Auger spectroscopy. Annealing of the in-
terfaces was performed by passing a dc current through
the silicon wafer substrate. This could be done at any po-
sition of the sample including the spectroscopic measure-
ment position.

RESULTS AND DISCUSSION

The solid-phase epitaxy of the interface silicides was
followed at discrete annealing stages by electron spectros-
copy and LEED pattern observations. The average com-
position of the top 10-15 A of material is deduced from
the intensity ratio (peak areas) of representative peaks of
iron and silicon. The diagram of Fig. 1 presents the re-
sults for the growth of interface silicides as a function of
the abundance of Fe at the initial surface, and as a func-
tion of annealing temperature. The deposition of
1.5X10"® Fe atoms/cm® produces a disordered inter-
mixed phase at room temperature, an interface silicide of
average composition approximately 1:1.7 displaying a
1X1 LEED pattern after the first annealing step at
200°C, and a disilicide after aennealing at about 300°C
with a total thickness of 5-6 A and a 2X2 LEED pat-
tern. The deposit of 3X 10" Fe atoms/cm? produces a
disordered Fe-rich intermixed phase at room tempera-
ture, an intermediate 1X 1-ordered silicide after anneal-
ing at 250°C and a disilicide after annealing at 450°C,
with a total thickness of 11-12 A and a 2X2 LEED pat-
tern. At temperatures higher than 500°C agglomeration
of the silicide takes place, and increasingly large portions
of the substrate are uncovered. At 750°C the uncovered
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FIG. 1. Intensity ratios between the Auger Si LVV and the
Fe 3p photoemission peaks as a function of thermal treatment
for two representative Fe deposits: 1.5X 10" and 3X10'° Fe
atoms/cm? equivalent to two and four Fe atomic planes (mono-
layers) at the Si(111) surface concentration (7.8X10"
atoms/cm?). The two horizontal lines represent the ratio mea-
sured for bulk &-FeSi and for a-FeSi, and -FeSi,. The LEED
patterns observed are also indicated.
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silicon substrate reconstructs to give the 7X7 LEED pat-
tern. Apart from a difference in the kinetics of the inter-
face silicide formation, which can be attributed to mass
transport across the first epitaxial silicide layer, no other
major differences occur between the two coverages dis-
cussed here. The spectroscopy results will therefore be
discussed mostly for the thicker sample in order to
reduce the weight of substrate contribution in the silicon
line-shape analysis.

Interface growth for 3 X 10'° Fe atoms/cm? on Si(111)7 X7

Occupied electron states

The valence-band spectra at the relevant steps of the
interface growth are summarized in Fig. 2. The photon
energy of hv=170 eV favors the photoemission from the
Fe 3d bands with respect to the Si 3p bands by a factor
30, due to the relative value of photoionization cross sec-
tions.?! The spectra are therefore normalized for graphi-
cal reasons. The as-deposited interface presents a high
density of states at the Fermi level, a peak located at
—0.5 eV, and a shoulder at —1.5 eV. After the first
thermal treatment at 300 °C the line shape changes drasti-
cally. The peak becomes more symmetric with the max-
imum at 0.75 eV. This line shape is little affected by an-
nealing at 400°C, but the maximum of the density of
states (DOS) moves to 0.85 eV. This line shape remains
unchanged for the following annealing at 450 and 500 °C.
At 600°C two shoulders appear at —0.3 and at about
—2.3 eV. These features are more evident after anneal-
ing at 650 and 750°C. The energy distribution curve
(EDC) of pure Si(111)7X7 is also given for comparison.
The density of states at the Fermi level always shows an
edge which becomes weak at high annealing temperatures
but is distinctly different from the tail of states at the
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FIG. 2. Valence-band electron energy distribution curves ob-
tained with Av=170 eV excitation from the 4-ML Fe/Si(111)
interface after the most relevant thermal treatments. The
valence band of Si(111)7 X7 clean surface is also shown for com-
parison. The intensities are multiplied by different values to fa-
cilitate the comparison of line shapes.
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valence-band maximum of a semiconductor. The
Si(111)7 X7 spectrum also shows a metallic edge due to
the adatom bands. From this result one must therefore
conclude that a metallic phase is always present at the in-
terface, although it becomes a minority phase for anneal-
ing temperatures exceeding 600°C. The Fe 3d states
dominate the spectra up to 650 °C, but peaks of the Si 3p
partial density of states are clearly distinguished for an-
nealings higher than 600°C. Due to the relative photo-
ionization cross section, this fact indicates that the iron
silicides become a minority species in the near surface re-
gion at temperatures of 650 °C and higher, as also seen in
the Si/Fe ratio of Fig. 1. The coexistence of silicon-
derived valence-band peaks with Fe 3d-derived peaks, as
well as the coexistence of two LEED patterns after an-
nealing at 750 °C, shows the phase separation of the sili-
cide and silicon substrate.

A comparison of the valence-band spectra with those
of bulk silicides is done in Fig. 3. The as-deposited inter-
face (points) is compared to the spectrum of bulk e-FeSi
(continuous line). The two spectra show a similarly high
density of 3d-derived states, but the details of the density
of states are quite different. In particular the peak of the
interface is at higher binding energy, and it is less prom-
inent than the peak of the narrow-band semiconductor
e-FeSi. Two FeSi phases have been observed to grow epi-
taxially on Si(111)7X7: the bulk stable e-FeSi (Ref. 14)
and a CsCl-type simple cubic phase,® but the width of the
d band at the interface rather suggests that a Fe-rich
solid solution is formed. The interface silicide stable be-
tween 400 and 500°C is then compared with the spec-
trum of bulk a-FeSi, in the central panel of the figure.
Here the similarity of the two spectra is striking, and
gives a first strong evidence of the nucleation of epitaxial
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FIG. 3. Comparison between valence-band spectra of the
Fe/Si interface (points) and of bulk silicides (continuous lines).
The spectrum of the as-deposited sample is compared with that
of e-FeSi. The interface annealed at 500°C is compared to a-
FeSi,. The interface annealed at 750°C is compared to the sum
of the spectra of the clean Si(111)7 X 7 surface (dot-dashed line),
a-FeSi, (dashed line), and B-FeSi, (continuous line).
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(i.e., weakly strained) a-FeSi,. Finally, in the bottom of
Fig. 3, the valence band for the high-temperature-
annealed interface (points) is compared with a combina-
tion (continuous line) of three contributions: clean
Si(111)7 X7 from the uncovered reconstructed substrate,
metallic a-FeSi,, and semiconducting B8-FeSi,. The dou-
ble edge seen in the interface spectra starting at 600 °C is
explained by the coexistence of a-FeSi, and B-FeSi, in
different proportions at the interface. The metallic states
at the Fermi level for the high-temperature-annealed in-
terfaces are therefore due to a heterogeneous surface
which contains both semiconducting and metallic sili-
cides, along with the uncovered portions of the substrate.
The total 3d signal (a-FeSi, + B-FeSi, in equal propor-
tions) corresponds to silicide islands covering 30% of the
substrate.

Unoccupied Fe 3d states

The x-ray absorption spectroscopy (XAS) spectra of
the Fe 2p core level represent the Fe 3d empty density of
states in the presence of the Fe 2p core hole. Selected
data (points) are presented in Fig. 4 and compared to the
spectra of bulk silicides (continuous lines). The spectrum
of the as-deposited interface shows rather symmetric
edges, with a branching ratio higher than the statistical
value. It is compared to the combination of the spectra
obtained from e-FeSi and bcc Fe. The good agreement of
the nonstatistical branching ratio confirms the formation
of an iron-rich solid solution. The annealed interface at
300°C shows an almost statistical branching ratio and
broadened line shape. The spectrum for the interface an-
nealed at 600°C, i.e., in the disilicide regime, shows a
rounded peak and strictly statistical branching ratio.
Empirically, it is found that the high-spin Fe compounds
all have a high branching ratio, while the low-spin Fe
compounds have a nearly statistical branching ratio.??

The two curves measured after annealing are in reason-
able agreement with the spectrum obtained from bulk a-
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FIG. 4. Fe L, ; x-ray absorption edges of the 4-ML/Si(111)
interface at selected annealing steps (points). The as-deposited
sample is compared with the sum of the e-FeSi (70%) and bcc-
Fe (30%) reference spectra.
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FeSi,, indicating that these interfaces are in fact low-spin
compounds.

Core levels

The core-level photoemission spectra were measured
with kinetic energies in the interval 70-110 eV, i.e., with
high surface sensitivity (an escape depth of 7-10 A). The
Fe spectra are compared to the line shapes of bulk sili-
cides, or to combinations of silicide line shapes, while the
Si 2p spectra are deconvoluted with components due to
various environments of the Si atoms.

Fe 3p

The Fe 3p core levels are collected in Fig. 5 for selected
annealing temperatures (points). The top curve is mea-
sured on the as-deposited interface: it presents a peak at
52.8-eV binding energy, and an intense tail. After anneal-
ing at 300 °C, the peak shifts to 53.2 eV and the lineshape
becomes less asymmetric. For annealings at tempera-
tures between 400 and 500°C the Fe 3p line shape is
stable, peaked at 53.3 eV. After annealing at 600 °C, the
photoemission 3p peak is displaced to 53.5 eV and strong-
ly broadened. The interface data points are compared to
the Fe 3p line shapes measured for bulk silicides in strict-
ly identical experimental conditions, and kinetic energies
(continuous lines).!® The comparison provides an impor-
tant criterion for the assessment of the Fe environment at
the interface. Core-level binding energies and line shapes
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FIG. 5. Fe 3p core-level photoemission spectra as measured
with hv=170 eV on the 4-ML Fe/Si(111) interface (points)
compared to the spectra of bulk silicides (continuous lines). The
as-deposited interface is compared to the sum of the spectra of
e-FeSi (70%) and bee Fe (30%). The spectrum of the interface
annealed at 300°C is compared to the sum of the e-FeSi (30%)
and a-FeSi, (70%) line shapes. The spectra of the interface an-
nealed at 400, 450, and 500°C are compared to the spectrum of
a-FeSi,. The interface spectrum after annealing at 600°C is
compared to the sum of the a-FeSi, (80%) and B-FeSi, (20%)
line shapes (also shown at the bottom).
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are sensitive both to the local structure (number and type
of nearest neighbors, interatomic distances) and to the ex-
tended electronic structure via the screening effects on
the apparent binding energy, the energy-loss spectrum in
the tail of the peak (Doniach-Sunjic asymmetry),?® and
the exchange interaction between core hole and polarized
valence band if the solid is magnetic. A combination of
bulk FeSi (70%) and bce Fe (30%) spectra is shown to
match closely the as-deposited interface, consistently
with the absorption data analysis. A combination of FeSi
(30%) and a-FeSi, (70%) line shapes is compared to the
interface spectrum after annealing at 300°C: the inter-
face spectrum cannot be approximated with a single sili-
cide environment due to its width, which is larger than
any silicide spectrum and therefore indicates the coex-
istence of more phases rather than the formation of a
novel phase. This is compatible with the concentration
gradient of the CsCl-type substitutional FeSi,_, phase.®
By way of contrast, the pure spectrum of the a-FeSi,
phase represents very accurately the interface Fe 3p sig-
nal for annealings at 400, 450, and 500°C. Binding ener-
gies and line shapes are basically identical; this is strong
evidence for a metallic a-FeSi,-like phase that has fully
converted the lower interface silicides at the temperature
of 400°C and that is stable up to above 500°C. A com-
bination of a-FeSi, (80%) and B-FeSi, (20%) line shapes
is compared to the spectrum of the interface annealed at
600°C. The accuracy level of this procedure of subtract-
ing experimental spectra, as determined by comparing
the squared residuals, is 5% of the total intensity. The
introduction of the B-FeSi, peak is clearly needed to ex-
plain the shift of the interface peak to higher binding en-
ergies and the anomalously large width. It therefore re-
sults that the interface a-FeSi, layer starts transforming
into the B-FeSi, phase at a temperature of 600 °C.

Fe 3s

The Fe 3s core levels are shown for selected annealing
steps in Fig. 6, together with the spectra from bulk stan-
dards (continuous lines). The bec Fe 3s peak is shown for
comparison; it is joined by a fully spin-polarized satel-
lite?* at 4.5-eV lower kinetic energy in bee Fe and in most
ferromagnetic compounds of iron.?> The as-deposited in-
terface is compared with a combination of the FeSi and
bee Fe in the same amount used for the Fe 3p core level
and the L, ; absorption edges. The spectra for the an-
nealed interface clearly do not present any intensity
which could be attributed to satellites of the main 3s
peak. The peak energies are consistent with the evolution
of the Fe 3p signals discussed above. The rising intensity
at about 6 eV higher binding energy is due to the foot of
the Si 2p photoemission peak whose intensity increases
with the annealing temperature. The line shape of Fe 3s
after annealing at 500°C compares well with the corre-
sponding line shape for a-FeSi,, which is nonmagnetic.
This disfavors the hypothesis of growth of the ferromag-
netically stabilized y-FeSi,, which could have indeed
similar binding energies and line shapes, but should show
spectroscopic signatures of the exchange interaction
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FIG. 6. Fe 3s core-level photoemission as measured with
hv=210 eV on the 4-ML Fe/Si(111) interface (points). The
continuous lines overlapping the interface spectra represent the
line shapes of standard silicides, or line shapes obtained as a
sum of silicide spectra. The as-deposited interface is compared
with the sum of the e-FeSi (70%) and bce-Fe (30%) spectra.
The spectrum of the interface annealed at 300°C is compared to
the sum of the FeSi (30%) and a-FeSi, (70%) spectra. The spec-
trum of the interface annealed at 500 °C is compared to a-FeSi,.
The spectrum of the interface annealed at 600 °C is compared to
the sum of the a-FeSi, (80%) and B-FeSi, (20%) line shapes.

within the Fe 3d bands, such as the appearance of the 3s
core level satellite. After annealing at 600°C the line
shape compares well with the sum of 80% a-FeSi, and
20% p-FeSi, line shapes from Ref. 19, in agreement with
the Fe 3p analysis.

Si 2p

The silicon 2p core-level spectra are displayed in Fig. 7,
including the reference spectrum for the Si(111)7X7
clean surface. The complexity of the Si signal is clearly
seen from the as-deposited interface up to the annealing
at 750°C, where the 7 X 7-like spectrum again dominates
the line shape. This complexity reflects the large variety
of atomic sites for Si at the interface, in the silicide(s), at
the surface termination of the silicide(s), and in the 2 X2
reconstruction which is observed when the a-FeSi,-like
phase is formed. To analyze these line shapes unambigu-
ously, an independent criterion is needed: this is provid-
ed by the analysis of the Fe 3p and 3s core levels which
have indicated the silicide environment of the Fe atoms.
We have therefore decomposed the silicon 2p line shapes
according to the following criteria: (1) the substrate sil-
icon is represented by the bulk Si doublet obtained by the
standard deconvolution of the Si(111)7X7 line shape;'°
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FIG. 7. Si 2p core-level spectra as measured with hv=170
eV of the 4-ML Fe/Si(111) interface after selected thermal treat-
ments. The top curve is the spectrum of the clean Si(111)7X7
surface.

(2) the silicon in the silicides is represented by the bulk
silicide doublet that was obtained in Ref. 19 by the
decomposition of bulk and surface termination peaks for
FeSi, a-FeSi, and B-FeSi, (all silicides show a surface-
shifted Si 2p peak at about 0.6-eV lower binding energy,
accounting for about 30% of the total intensity as mea-
sured at the same Kkinetic energy as in the present
work); !° and (3) the remaining intensity is fitted by stan-
dard doublets and is taken to represent the surface ter-
mination and reconstruction of the interface silicide(s),
based on the comparison with standards of segregated Si
and Fe. This procedure introduces into the first step of
analysis of the Si 2p line shape the errors connected to
the line-shape analysis of the Fe 3p (and 3s core levels),
i.e., the 5% error in the silicide abundancy. The fitting
parameters of the bulk silicides are given in Ref. 19, and
the binding energies are recalled in Table I. Figure 8
displays the difference curves between the interface sam-
ples and the bulk components of the silicides calibrated
on the Fe 3p core levels. A three-peaked structure is
found. This three-peaked line shape is reminiscent of
that measured for Si impurities at the surface of Fe poly-
crystalline films and at the Fe(100) surface, apart from
small differences of binding energy to be ascribed to
different electronic screening by the substrate, and small
variations of the relative intensities. This conclusion is
based on a comparison with the spectra independently
obtained for surface-segregated Si in Fe, and reported in
the bottom of Fig. 8: 8X 10" Fe atoms/cm? as deposited
at room temperature (RT) on Si(111), and the (100) sur-
face of a Fe single crystal containing a bulk concentration
of 3% silicon showing segregated Si after prolonged an-
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FIG. 8. Surface segregated silicon components of the Si 2p
core-level line shape measured from the Fe/Si interface. The
curves are obtained by subtracting from the spectra of Fig. 7 the
bulk component of the silicide spectra of Ref. 19, according to
the analysis of the Fe core levels. Two reference spectra are
added at the bottom of the figure: segregated Si on Fe(100) 3
at. % Si, and a thick polycrystalline Fe deposit on Si. The peak
at 101.3 eV in the Si:Fe(100) spectrum is due to surface-oxidized
silicon. It is found that the three-peaked structure of segregated
Si is present as a surface component of the interface silicides at
all stages of interface reaction. The surface spectrum of the in-
terface after annealing at 600°C is further deconvoluted, and
shows the surface segregated components as well as the bulk Si
signal from the uncovered substrate regions that are exposed by
the starting agglomeration of the interface silicides (continuous
lines). The two vertical bars show the stability of binding ener-
gy of the 2p;,, peak of segregated silicon, and of the 2p,,, peak
of adatoms for the annealed interfaces.

nealing at 600°C. The deconvolution of the segregated Si
on polycrystalline iron is shown in Fig. 9: the spectrum
is accurately fit by two standard doublets with a relative
energy shift of 0.57 eV, which indicates that two distinct
sites exist for silicon at the iron surface. The three-
peaked line shape obtained from the analysis of the inter-
face spectra and shown in Fig. 8 is attributed to the sur-
face silicon termination of the interface iron silicides.
Two well-defined bonding configurations exist which we
tentatively attribute to segregated island atoms and ada-
toms. The relative intensity of island and adatom peaks
is stable, within the accuracy of our fitting procedure for
thermal treatments of the interface above 500°C, i.e.,
when the 2 X2 reconstruction is well established and the
adatom peak represents 16% of the segregated (second
layer) Si peak. The binding energies and relative intensi-
ties of the components of the Si 2p line shape are summa-
rized in Table I. The binding energy of the leading dou-
blet in the as-deposited interface is 98.6 eV, i.e., the same
energy shift with respect to the silicides as measured by
Ebert and Panzner?® for the saturated segregated surface
of Fe—6 at. % Si.

The peaks shift to higher binding energy when the in-
terface is annealed, and stabilize at 98.8 and 99.5 eV at
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TABLE 1. Deconvolution results for the Si 2p peaks of the
4-ML Fe/Si(111) interface. The silicide binding energies are re-
ported from Ref. 19. The binding-energy values of the surface
phases are those of the samples at 500°C. For all components
the scatter of the binding energies at the various thermal treat-
ments of the interface is typically 50 meV. This is also the error
bar concerning the possible Schottky-barrier shifts between the
interface silicides and the corresponding bulk silicides from Ref.
19. The intensities are quoted as percents of the total intensity
measured in each spectrum, i.e., they represent the description
of the line shape and should not be compared for different sam-
ples. The Si intensity quoted for the interface annealed at
750°C is the intensity of the total Si(111)7X7 line shape sub-
tracted in the analysis, i.e., it includes the 7X7 surface atoms
(see text). The two surface components of the silicides present
at the interface annealed at 750°C are indicated in the “segre-
gated” column, since further decomposition of the adatom in-
tensity is impossible due to overlapping energies.

Bulk phases
FeSi a-FeSi, B-FeSi, Si

Surface phases
Segregated Adatoms

B.E. (V) 99.0 992  99.7 99.1 98.8 99.5
As deposited 54% 41% 5%
300°C 20% 40% 25% 15%
400°C 45% 45% 10%
450°C 45% 47% 8%
500°C 45% 47% 8%
600°C 20% 5% 36% 34% 5%
750°C 9% 8% 58% 14%+11%

450-500°C where the interface is a-FeSi,-like. The in-
tensity of the surface component is 50% of the total Si 2p
signal, to be compared with the 33% of surface com-
ponent measured on the polycrystalline a-FeSi, bulk
phase. At this stage a 2X2 LEED pattern is observed,
indicating a well-ordered, reconstructed surface. The

T M 1 M 1 M |
Segregated silicon f ]

| Si-2p

Photoemission Intensity (arb. units)

101 100 99 98
Binding Energy (eV)
FIG. 9. Analysis of the segregated silicon Si 2p line shape on
a polycrystalline iron surface: (a) raw data and integral back-
ground; (b) background subtracted data (points) and fitted line
shape (continuous line) obtained with two doublets shifted by
0.57 eV. The bottom curve shows the residual of the fit.



49 ELECTRON STATES OF INTERFACE IRON SILICIDESON . . .

reconstruction is due to silicon atoms terminating the sili-
cide, or above the silicide termination layer, as seen in
STM (Ref. 6) and in grazing incidence x-ray diffraction
(GIXD).™'* According to a recent model,'* the silicon
adatoms can be in the T4 site, with a silicon atom direct-
ly below in the third plane, while iron atoms occupy most
other third-layer sites. The second layer in this model is
all silicon. This means that silicon segregation on iron
silicides produces islands which are surface terminated by
adatoms. When the size and ordering of the segregated
islands increase, a long-range 2X2 network of adatoms
becomes visible in the LEED.

At 600°C a drastic change of the line shape occurs
with the appearance of a peak at 99.1 eV, i.e., the sub-
strate silicon peak. From the Fe 3p photoemission, we
know that the B-FeSi, and a-FeSi, environments exist in
a ratio 1:4. The same relative proportions of the Si 2p
bulk silicide line shapes were used in the refinement of
the integral Si 2p line shape at 600°C. The resulting line
shape obtained after the subtraction of the bulk silicide
components is shown in the top of Fig. 8, where it is fur-
ther decomposed in the two contributions of bulk silicon
(continuous line) and surface segregated silicon. The
latter presents the same line shape obtained for the lower
temperatures. This is a clear sign of cracking of the sili-
cide layer and agglomeration. It confirms the interpreta-
tion of the strong increase of the Si/Fe ratio in Fig. 1 for
T =600°C and higher as due to agglomeration, and not
to decomposition of the silicide. Clear evidence of ag-
glomeration is also provided by electron microscopy for
similar interfaces.’

For annealing at higher temperatures the Si 2p line
shape becomes progressively dominated by the substrate
silicon, i.e., by the signal from increasingly uncovered
portions of the substrate. The interface annealed at
750°C presents both 7X7 and 2X2 LEED patterns. The
line shape for this sample (curve a) is analyzed in Fig. 10.
60% of the intensity is attributed to 7X7 reconstructed
regions of uncovered substrate (curve b). The remaining
signal can be deconvoluted in equal amounts of bulk line
shapes for a-FeSi, and B-FeSi, (curve ¢) and in two sur-
face doublets at 99.2 and 98.6-eV binding energies (curve
d). We attribute the doublet at 99.6 eV to surface segre-
gation on the a-FeSi,, corresponding to 1.51+0.3 mono-
layers of silicon. Its 2X2 signal is mixed with the other
components of the fit. The doublet at 99.2 eV is attribut-
ed to the surface segregation onto B-FeSi,, corresponding
to 1.7+0.3 monolayers of silicon. By assuming a stan-
dard value of photoelectron escape depth at these kinetic
energies (6 A), identical for both silicon and silicides, we
derive that about 30% of the substrate is covered with
the interface silicides, which are in turn covered by sil-
icon to a larger extent than the corresponding bulk
phases. This interpretation is consistent with the electron
microscopy and GIXD results that reveal the presence of
B-FeSi, icebergs and the flat regions between the ice-
bergs.!* We suggest that the flat regions are in part due
to uncovered silicon 7X7, and in part to islands of the
a-FeSi,-like phase, surface stabilized by the 2 X2 recon-
struction.

We summarize the steps undertaken in the analysis of
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FIG. 10. Analysis of the Si 2p core-level photoemission (a) of
the interface annealed at 750°C; (b) Si(111)7 X7 spectrum from
the exposed substrate; (c) bulk silicide contributions from the a-
FeSi, and B-FeSi, islands; (d) surface termination of the silicide
islands. The higher-binding-energy bulk and surface com-
ponents are due to [B-FeSi, islands (up arrows); the lower-
binding-energy silicide and surface components correspond to
the a-FeSi, islands (down arrows).

the very complex Si 2p line shapes: the problem has been
reduced by removing all of the contributions from silicide
environments of silicon on the basis of the Fe-silicide
core-level data, and by comparing the difference spectra
to “standards” for uncovered Si(111)7X7 and for
surface-segregated silicon on Fe. The 5% error bar on
the relative bulk contributions is directly imported from
the Fe 3p analysis. The relative amounts of the surface
contributions are established by a fitting procedure well
calibrated on clean Si(111)7X7 and segregated silicon
standards. The main source of error stays within the
determination of the relative amount of bulk and surface
silicon intensities, which is of the order of 15%. We
stress that a brute force curve fitting of the data with
analytical line shapes could not yield stable and under-
standable results over the whole interface growth process.
All the ingredients of the spectra reduction presented
above are clearly necessary, since their intensities are
much larger than the uncertainty of their relative propor-
tions.

Interface growth
for 1.5X 10'® Fe atoms/cm? on Si(111)7 X 7

The results for the thinner interface are fully consistent
with those discussed above. Figure 11 shows the compar-
ison of the Si 2p spectra obtained from the thinner inter-
face as deposited and after annealing, with those obtained
for the thicker interface at higher annealing tempera-
tures. It is shown that the same line shapes (i.e., the same
sequence of phases) are produced in both cases, but at
lower temperature in the thinner interface. This confirms
the interpretation of the temperature shift in Fig. 1 be-
tween the two coverages as a purely kinetic factor in the
formation of the interface silicides.
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FIG. 11. Comparison between the Si 2p core-level photo-
emission spectra obtained after selected annealing temperatures
for two different Fe deposits on the Si(111)7 X7 surface: 2 and 4
ML.

Comparison with bulk phases

Much of the analysis of the present interface data has
been carried out by comparing the line shapes with those
of standard silicides. On this basis all of the results for
Fe core levels and valence bands can be understood to
represent the FeSi, a-FeSi,, and B-FeSi, or combinations
of silicides, i.e., FeSi+a-FeSi, at 300°C and a-FeSi, + -
FeSi, at temperatures of 600-750°C. In particular, the
interface disilicide which starts nucleating at 300°C,
forms a uniform layer at 400°C and is stable up to the
partial decomposition to B-FeSi, at 600°C, is spectros-
copically identical to bulk a-FeSi,. As mentioned above,
the core-level energy and line shape are very sensitive to
the structure and density of states; in fact, in spite of a
very similar nearest-neighbor environment, the Fe 3p
photoemission peak of the a phase and 3 phase appear at
0.5-eV different kinetic energy due to the respectively me-
tallic and semiconducting valence bands. Although the
predicted y-FeSi, phase is metallic and has a similar
first-neighbor coordination, large differences from a-
FeSi, occur in the Fe-Fe second-neighbor distances,
which in the a phase occur at 2.68 A for four neighbors
and at 3.79 A for the remaining four neighbors, while in
the fluorite y-FeSi, all eight Fe neighbors occur at 3.83
A. This difference changes the Fe d-d interaction,
perhaps the exchange splitting (zero in a-FeSi,) and
therefore the width of the 3d band; moreover it should be
reflected in the core-level energies, line shapes, and satel-
lites. The identity of valence-band and core-level spectra
for the 400-500°C annealed interface and bulk a-FeSi,
uniquely identifies the interface silicide as an epitaxial a-
FeSi, phase.

Surface termination of epitaxial silicides

The Si 2p core levels show surface features at all stages
of the interface formation. The surface peaks of the as-
deposited Fe layers are typical of segregation; in fact,
similar energies are measured for Fe(100) 3 at. % Si, as
well as polycrystalline Fe thick layers. The saturation of
the segregated surface of a Fe(100) 6 at. % Si crystal®
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show a 2X2 pattern, indicating the tendency to form a
broad lattice, low-density Si layer bonded to the sub-
strate. The formation of cubic FeSi is accompanied by a
1X1 LEED pattern. At this stage the Si surface peaks
shift to higher binding energy, and the adatom and sub-
adatom peaks are roughly equal in intensity. The nu-
cleation of the a-FeSi, phase stabilizes the 2 X2 network,
and the binding energy of the adatoms increases slightly.

The tendency to form 2X2 surfaces in the presence of
Fe at the interface has been observed for a wide variety of
cases, for submonolayer coverages where islands of only
one plane of iron are formed, ® and for MBE-grown cubic
disilicides.® We observe that the binding energy for the
surface silicon atoms is highest for the 2X2 on the a-
FeSi, epitaxial phase, but that adatoms of the same na-
ture are also present on the epitaxial FeSi and as surface-
segregated atoms on any Fe-rich surface.

CONCLUSIONS

In summary, the solid-phase epitaxy of iron silicides in
the ultrathin regime onto the Si(111)7X7 surface
proceeds with the formation of a cubic FeSi epitaxial lay-
er obtained for low-temperature annealing (200-300°C)
that is decomposed, starting at 300°C into a-FeSi,. The
a-FeSi, layer is epitaxially ordered and its silicon ter-
mination is further stabilized by a 2 X2 network of silicon
adatoms. The interface a-FeSi, is a low-temperature
stable phase fully commensurate with the Si(111) sub-
strate, i.e., weakly strained [0.64% and —5.34% along
the (100) and (001) directions], and different from the
bulk a-FeSi, phase which is the high-temperature stable
phase. Apart from this important difference, the elec-
tronic states of the interface a-FeSi, phase and the
quenched-bulk a-FeSi, phase are identical within the ac-
curacy of this experiment. The interface tetragonal a
phase decomposes to the orthorhombic B-FeSi, phase
starting at 600°C. The surface in between the B-FeSi, is-
lands is partially covered with two-dimensional (2D) rafts
of the a-FeSi, phase with its 2 X2 silicon surface capping.
The rest is uncovered Si, reconstructed 7 X7 after anneal-
ing at 750°C. It is clear that the interface thermodynam-
ics deeply influences the nucleation and decomposition of
iron silicides. The irreversible sequence

interface 2D a-FeSi, =600 °C= 3D pS-FeSi, (1)

is inverted with respect to the bulk reversible decomposi-
tion:

B-FeSi, =950 °C= a-FeSi, . ()

The better lattice match of the a phase with respect to
the uniaxially strained match of the [ phase onto
Si(111)7 X 7 favors the formation of a-FeSi, up to a tem-
perature where the highest bulk stability of SB-FeSi,
exceeds the cost of interface breaking and of agglomera-
tion. Still at these low temperatures defects are needed to
promote the decomposition (1) and in fact 2D rafts of the
interface a phase are still found at the interface, along
with 3D islands’ of B-FeSi, for temperatures of 750°C,
i.e., much higher than the lowest observed decomposition
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temperature (1). The present results complement the re-
cent literature and unify the current knowledge of the
SPE-grown silicides on Si(111)7X7. The interface stable
disilicide is here recognized to be of the tetragonal a-
FeSi, type. This is compatible with all LEED and STM
observations, since a double cell of a-FeSi, is almost cu-
bic and can be compared with the fluorite structure by
condensing every second Fe plane in a single dense plane,
leaving the same silicon positions. The a-FeSi, phase is
also similar to the cubic CsCl structure of interface FeSi,
and can be obtained from the latter by removing every
second iron (001) plane, always leaving the same silicon
positions. The evolution from the cubic CsCl-FeSi to the
a-FeSi, can be understood as the removal of well defined
Fe sites'* rather than by the random substitution of Fe by
Si, as proposed by the CsCl-Fe,_,Si model.® The fact
that the Fe core levels are well explained by the coex-
istence of two bulklike phases is a strong support of this
interpretation, rather than the continuous concentration
gradient in the CsCl cubic silicide. We note that the
SEXAFS (Ref. 15) results for the SPE-grown disilicide
are fully compatible with the tetragonal structure, and
can be interpreted as evidence of the a-FeSi, phase in-
stead of a CsCl-type silicide. In addition, electron mi-
croscopy data’ are nicely complemented by present re-
sults for the electronic properties of the icebergs and of
the undefined 2D rafts, which we find for 2D a-FeSi,. As
a final remark, we suggest that the growth of interface sil-
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icides by SPE implies a reversal of the bulk nucleation
and decomposition sequences, due to more favorable epi-
taxial growth for the a phase than for the B phase. But it
does not provide evidence for extra metastable phases
such as the y-FeSi,- or CsCl-type defect FeSi, that conse-
quently can only be grown by MBE. Previous con-
clusions for the growth of fluorite y-FeSi, by SPE on
Si(111)7X7 based on submonolayer coverages® do not
represent clear evidence, since if only one Fe plane is im-
plied at the interface the only difference between y FeSi,
and a-FeSi, structures is a slight corrugation of the latter
with respect to the former. Also the use of the 2X2
reconstruction as fingerprint for the y-FeSi, phase is
unjustified, since Si adatoms always exist at the surface of
iron silicides and segregated silicon islands on iron and
iron-rich films. The ordering in a 2X2 structure is ob-
tained at least in the present case of a-FeSi, and at the
surface of Fe(100) crystals.?® We have also shown that Si
adatoms always exist as surface stabilization of segregat-
ed silicon on iron single crystals and iron films as well as
iron silicides.
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