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Fig. 3 — Snapshots from a Monte Carlo simulation of the development with time of a
rectangular ridged-shaped initial droplet made from a three-dimensional lattice gas
[11]. The droplet (thickness) profile (a, upper) as given by the droplet interface corre-
sponding to half the maximum fluid density. Average densities of the droplet are plot-
ted for early (b, middle) and late (c, lower) times.
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Lattice-gas model

The molecular dynamics analysis remains
computationally very heavy despite ignoring
the substrate structure. Moreover, the re-
cent ideas about the spreading mechanisms
put forward by Forcade and Mate need fur-
ther investigation and clarification. For these
reasons we returned to the Monte Carlo
method but used an Ising or lattice-gas
model that is richer from a statistical me-
chanics point of view [11]. The fluid particles
were assumed to interact with their nearest
neighbours in a cubic lattice and with the
flat, unstructured substrate through the
long-range potential V(z) = -A/z3. The dyna-
mics were assumed to obey Kawasaki spin-
exchange dynamics, which conserves the
amount of fluid matter in the simulation sys-
tem. The model therefore allows for volati-
lity, the amount of which can be changed by
adjusting the Hamaker constant A and the
temperature in the simulations.

As in the molecular dynamics simulations,
we found dynamic layering and linear pre-
cursor growth at early times crossing over
to diffusive spreading at late times. These
features are shown in Fig. 3 giving snap-
shots of the development with time of the
profile of an initially ridge-shaped droplet
profile as well as the average densities of
the droplet for early and late times.

Tracer Studies

We have studied the fluxes at different
times of tracer particles within the fluid
phase and through the vapour phase via the
evaporation-condensation mechanism. At
early times, when growth is linear or nearly
so, the flow of matter is concentrated in the
fluid interface region of the droplet cap and
the flux of particles is predominantly verti-
cally downwards towards the substrate. This
results in fast precursor growth and a purely
horizontal flux in the precursor. For late
times, when growth is diffusive, the fluxes
are purely horizontal in the precursor and
predominantly horizontal in the second and
third layer. Increased vertical fluxes were
only observed in the neighbourhood of the
layer edges. Under these conditions, growth
of the precursor is dominated by particles
migrating off from the second layer edge
and performing random walks on the precur-
sor layer until they find holes to fill or rough
precursor edges to stick with. It is believed
that these mechanisms explain the experi-
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cussed assume fluid molecules with-
out any geometric structure. However,
in some silicon oils the molecules
have a clear chain-like structure which
implies that excluded volume and
chain entanglement need to be taken
into account. These aspects, which are
treated fully in [12], essentially involve de-
tails beyond the scope of this brief review of
the status of microscopic treatments of
droplet spreading.
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TRANSITION METAL SILICIDES

Leo Miglio
Physics Department, University of Milan

relevant complex materials.

A renaissance of the well-established tight-
binding method for the semi-empirical calcu-
lation of electronic states in solids has taken
place in the last few years owing to its ability
to provide reliable interatomic potentials for
total energy and molecular dynamics calcu-
lations in semiconductors and carbon struc-
tures [1]. The method has now been exten-
ded to cover transition-metal silicides, an
important class of materials, both scientifi-
cally and technologically.

Metallic silicides play an increasingly
important role in the fabrication of micro-
electronic devices owing to their excellent
compatibility with technologies for manufac-
turing integrated circuits based on silicon.
Refractory disilicides such as WSi, and
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A TRANSFERABLE TIGHT-BINDING POTENTIAL FOR

The Intriguing Case of FeSi,

Semi-empirical methods for electronic structure calculations which combine flexi-
bility and limited computational requirements allow for a reliable description of the
link between structural features and the physical properties of technologically

TiSi, are used at present, but their poor
crystallographic matching with silicon gene-
rates defect-rich interfaces. On the other
hand, near-noble disilicides such as NiSiy
and CoSi, with the simple fluorite (CaFy)
structure display very sharp interfaces with
silicon, to the extent that epitaxial CoSi, has
been experimented with for transistors of
the permeable-basis type [2]. Attention of a
different sort has recently been devoted to
another member of the same family of com-
pounds — namely FeSi, — because it
exists as a semiconducting (f3-) phase at
room temperature. This phase has a dis-
torted fluorite structure with a large number
(48) of atoms in the (orthorhombic) unit cell.
Being very complex, it can only be dealt with
using semi-empirical methods and thus re-
presents a meaningful example of the pre-
dictive power of tight-binding potentials.

The possibility of using -FeSi, for opto-
electronic devices has been explored. How-
ever, this application is partially frustrated by
light absorption measurements and first-
principles calculations [3] showing that an
indirect band gap as large as 0.78 eV is pre-
sent, a value which is slightly smaller than
the direct gap at the Brillouin zone centre
(0.85 eV). Secondly, owing to the difference
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Fig. 1 — Schematic T
phase diagram for
iron-silicide  layers
grown epitaxially on
Si (111), taken from
[4]. Temperatures T
and layer thicknes-
ses d should be un-
derstood as being
approximate values
owing to small diffe-
rences in the growth
conditions using mo-
lecular-beam  epi-
taxy. We note that
different stoichiome-
tries and a large va-
riety of phases are
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Fig. 2 — The total energy curves for the
various phases of FeSiy, as calculated for
the bulk configuration using the semi-empi-
rical tight-binding method. The lowest
curve corresponds to the stable p-phase.
At higher energies one finds the pseudo-
morphic phases, namely high-temperature
o (tetragonal), CsClI defective and y (fluori-
te). The hierarchy in stability agrees well
with the experimental data for epitaxial
samples (Fig. 1), except for the high stabili-
ty of the y (fluorite)-phase observed at very
low coverages which should be ascribed to
interface effects.

(=]

in the crystal symmetry between the ortho-
rombic cell and the (111) surface of silicon,
it is also difficult to obtain macroscopic epi-
taxial samples of FeSi, with a good crystal
quality. Nonetheless, interest in fundamen-
tal aspects of the semiconducting properties
of B-FeSi, remains so some effort has been
devoted to investigating related phases
which could improve understanding. In par-
ticular, the fluorite form of the y-FeSi, phase
and the defective CsCl structure of Feq 5Si
(where the iron sites are randomly occupied
at the 50% level) have been deposited suc-
cessfully by Hans von Kaenel and co-
workers [4] at the ETH in Zurich using mole-
cular-beam epitaxy. These metallic mate-
rials do not exist in the bulk, but are stabi-
lized by a very good matching with silicon
substrate, so that epitaxial films can be
grown up to tens of Angstréms in thickness.
At larger thicknesses, depending on tempe-
rature, a transition to the stable fB-phase
occurs, together with the unexpected ap-
pearance of the tetragonal oa-phase (see
Fig. 1), the high-temperature bulk phase
which has recently been deposited by va-
rious epitaxial techniques at temperatures
well below its stability range in the bulk.

The intriguing phenomenon involving the
epitaxial growth of a crystalline phase which
does not appear in the bulk phase diagram
is called pseudomorphism. It highlights the
possibility of using epitaxy to explore struc-
tural phase transitions induced by changing
neither the pressure nor the temperature [4].
Transition metal silicides are particularly in-
teresting from this point of view, since their
mainly metallic character allows for an easy
transformation from one phase to another
owing to the absence of high-energy bar-
riers to atomic motion. A suitable annealing
of the film, together with the substrate, even
allows a transition from one stoichiometry to
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another (see Fig. 1). It must be appreciated,
however, that the distinctive p-d bonding of
silicides still preserves a fair amount of
directional, covalent character. This proba-
bly explains why semiconducting gaps ap-
pear in the band structure depending on
the atomic coordination, as is the case for
B-FeSi,, and why a localized-orbitals
scheme such as tight binding should offer
an appropriate description.

Semi-Empirical Schemes

By considering the relationship between
phase stability and film thickness, as descri-
bed in Fig. 1, it is clear that the interface with
the substrate plays a very important role in
the epitaxial phase diagram of iron silicides.
It is therefore very useful to have an accu-
rate method for calculating the internal ener-
gy of structurally different and complex
phases which takes account of the biaxial
strain imposed by the silicon substrate in
thin-film conditions. Unfortunately, since in-
tegration over the entire Brillouin zone of
metallic systems demands considerable
computing power, calculating the internal
energy is presently beyond the capabilities
of first-principles techniques. These tech-
niques are limited to estimating the elec-
tronic density of states (DOS) and the total
energy of the most simple phases in the
bulk. On the other hand, fully empirical inter-
atomic potentials do not provide electronic
information, and fitting several parameters
defining the total energy is difficult because
very few experimental data are available,
even for the bulk properties of silicides.
What is needed is a semi-empirical scheme
which can be fitted to the first-principles
results in simple test cases and then used to
extrapolate them to more realistic situations
to providie electronic features, cohesion
energies and elastic or vibrational informa-

tion. This can be accomplished in the frame-
work of the well-established tight-binding
scheme for the calculation of the electronic
states in the solids — an approach that has
been applied successfully to FeSis.

Since the late-1970s, tight-binding elec-
tronic bands have been satisfactorily inclu-
ded in total-energy calculations of the sur-
face relaxation of polar semiconductors (s-p
bonding) and transition metals (d-d bonding)
[5). This approach can be extended to bulk
transition metal silicides (p-d bonding),
where one also requires that the parameters
be transferable from one phase to another
in order to obtain a coherent representation
of phase diagrams. The tight-binding ap-
proach is based on the partition of the total
energy E of the solid into a band structure
term Epg, given by the summation in reci-
procal space of occupied tight-binding
states &, and a repulsive contribution Eg,
generated by a summation over the relevant
neighbours j of a short-range, two-body
potential f(r,~,-). Thus we have

E= Ebs + Erep = nzk£n'k +'ZI¢(I'“)
v <

E,s is negative and represents the covalent
attraction provided by filing the valence
electronic states which are generated by
diagonalizing the Hamiltonian matrix in the
localized orbitals representation. The latter
includes s and p orbitals for silicon and s, p
and d orbitals for the transition metal, with
non-zero interactions up to the third nearest-
neighbours (Si-Fe, Si-Si and Fe-Fe) for a
precise description of the DOS near the
Fermi level. One then obtains the depen-
dence of the tight-binding Hamiltonian (and
of Epg in turn) on the atomic positions by
scaling its parametrized elements with dis-
tance and angle following the universal rules
formulated by J.C. Slater and W.A. Harrison.



Erep, on the other hand, is positive and
phenomenologically represents the quan-
tum mechanical repulsion between occu-
pied orbitals. It is obtained by fitting f(r;;) to
the equilibrium lattice parameters and bulk
moduli of a few simple phases, using equi-
librium and stability conditions. The param-
eters entering this two-body potential (and
the parametrized Hamiltonian) remain limi-
ted in number, and in the case of iron sili-
cides one obtains very satisfactory compari-
sons with predictions of the first-principles
calculations for all the phases simply by fit-
ting the electronic structure, the lattice
parameter and the bulk modulus of y-FeSi,
and (CsCl) FeSi.

Some Interesting Results

Fig. 2 gives the calculated cohesion ener-
gy curves as a function of lattice parameter
for the four FeSi, phases. The f-phase is
correctly predicted to be at the lowest
energy for a zero-temperature situation. The
hierarchy in stability between the high-tem-
perature o-phase and the defective CsCI
phase agrees with experimental data show-
ing that by annealing the latter one obtains
the former, and eventually the 3-phase. The
high stability of the y-fluorite phase in ultra-
thin films (see Fig. 1) is surprising since it
lies at much higher energy in the phase
diagram for the bulk. This can be under-
stood by considering the stabilizing effect
provided by the interface bonding to the
substrate, which is likely to be very strong
for the fluorite structure since its crystal-
lography is closer to that of silicon than for
the other phases.

It is interesting to monitor the origin and
the nature of the band gap for the transfor-
mation from metallic y-FeSi, to semicon-
ducting p-FeSi. Fig. 3a gives the sequence
of several DOS, corresponding to one su-
percell of 48 atoms, where the progressive
distortion of the atomic positions on moving
from y to B is represented by a unique con-
figurational parameter ¢ ranging from 0 to 1,
respectively. One notes that a band gap is
generated slightly beyond the mid-point
owing to a shift to higher energies of a non-
bonding p-d peak. The total energy as a
function of ¢ is plotted in Fig. 3b: an energy
barrier is not found on varying the distortion
so the high stability of epitaxial y-FeSi, at
very low coverages should be ascribed to
interfacial bonding, which is not included in
the computer calculation, and not to kinetic
effects.

It is worthwhile to point out that the defor-
mation of the lowest conduction band during
the structural distortion is such that the
smallest band gap turns out to be the direct
one at the Brillouin zone centre for all struc-
tures with € < 0.9 (see Fig. 3c), and that the
situation is reversed only when the actual
configuration of the atomic positions for the
[B-phase is approached at € = 1. So a strong
electron-phonon coupling should be present
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Fig. 3— The 3-phase is generated by moderate distortion of y-FeSi, with a fluorite structure.
The progressive changes in the electronic structure and in the total energy are illustrated as
a function of the configurational parameter £ which represents a linear modification of the
atomic positions and the cell size on moving from from one phase to the other. Density-of-
states diagram (a, left) showing the appearance of a semiconducting band gap. Distortion
energy (b, upper right) showing a decrease in the total energy on moving from from y to 3,
with no activation barrier in between. The relative stability of the former at low epitaxial cove-
rages is therefore only related to interfacial contributions which are not included. Band struc-
ture (c, lower right) for the lowest energy configuration at € = 0.9 close to the ¢ value for the
actual B-phase. The band gap is still direct at this level of distortion, but changes to an indi-
rect one at ¢ = 1.0, indicating that a strong electron-phonon interaction is present.

in this case, and calculation of the phonon
spectrum would be very interesting.

The phonon spectrum can be estimated
by performing a molecular-dynamics simula-
tion of atomic motions at finite temperature
and then evaluating the time-frequency
Fourier transform of the velocity-velocity
correlation function with time for each atom.
The evolution with time of the atomic vibra-
tions around the equilibrium positions is ob-
tained using Newton's law, where the posi-
tion-dependent forces are derived from the
tight-binding potential [1].

08 77T

Fig. 4 gives the phonon-density spectrum
at the Brillouin zone centre for fB-FeSi,.
Many peaks are resolved owing to the pre-
sence of a large number (48) of atoms in the
orthorhombic unit cell. Some of the peaks
are infrared active while others are Raman
active, in quantitative agreement with expe-
rimental data.

In conclusion the examples described
illustrate that calculations based on semi-
empirical interatomic potentials are able
to provide a coherent picture of structu-

ral, electronic, vibrational, and
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elastic features of complex
phases. So they offer materi-
als science the possibility to
systematically screen poten-
tially interesting systems prior
to carrying out costly experi-
ments and extensive first-prin-
ciples calculations.
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