
UN
CO

RR
EC

TE
D

PR
OO

F

Applied Surface Science xxx (xxxx) xxx-xxx

Contents lists available at ScienceDirect

Applied Surface Science
journal homepage: http://ees.elsevier.com

Iron silicides formation on Si (100) and (111) surfaces through theoretical modeling of
sputtering and annealing
I.V.Chepkasov a,b, V.S.Baidyshev a, E.V. Sukhanova c,e, M.A.Visotin d, P. Süle f, Z.I. Popov b,e

a Katanov Khakas State University, 90 Lenin pr., 655017 Abakan, Russia
b National University of Science and Technology MISiS, 4 Leninskiy pr., 119049 Moscow, Russia
c Moscow Institute of Physics and Technology (National Research University), 9 Institutskiy per., Dolgoprudny, Moscow Region 141701, Russian Federation
d Kirensky Institute of Physics, 50/38 Akademgorodok, Krasnoyarsk 660036, Russian
e Emanuel Institute of Biochemical Physics RAS, Moscow 199339, Russia
f EK-MFA, Dept. of Nanostructures, Budapest, Hungary

A R T I C L E I N F O

Keywords
Fe3Si
Epitaxial films
Sputtering
Annealing
MD simulation

A B S T R A C T

The iron silicides formation during epitaxial films grown process on the (100) and (111) silicon surfaces were
investigated using molecular dynamics (MD). The iron and silicon atom deposition rate and silicon substrate tem-
perature influence on the formed iron silicides structure and stoichiometric composition were studied in detail.
During the growth of iron silicides crystal structure significant diffusion of the substrate atoms into the forming
BCC core occurs, this intensifies with the substrate temperature increase, and the ratio of substrate atoms inside
the Fe3Si phase reaches nearly 12%. The BCC structure formation is less active on the (100) surface, and at the
temperatures as low as 26 °C and 300 °C the iron silicide crystal phase does not form at all. However, with the
temperature increase or the deposition rate decrease, the crystal structure formation processes occur more ac-
tive in both cases of (100) and (111) surfaces. Thus, the effect of the deposition rate decrease is identical to the
temperature growth. It was shown that the formation of the structured B2 phase of iron silicide in buffer layer
between the film and the substrate leads to the inhibition of the mutual diffusion of iron and silicon atoms.

1. Introduction

Investigations of variable composition epitaxial thin films formation
on silicon substrates attract much interest due to especially pronounced
interconnection of optical, electrical, and magnetic properties in materi-
als of this class [1–4], which can be controlled during synthesis. Epitax-
ial thin films of ferromagnetic Fe1-xSix are of particular interest because
of possible application in silicon based spintronics [5–7]. However,
during the initial stages of iron deposition on monocrystalline silicon
substrates several phases of non-magnetic silicides are uncontrollably
formed even at room temperature [8]. These compounds negatively af-
fect the spin polarization and can even completely destroy it. Iron-sil-
icon phase diagram displays several iron silicide phases, which can be
formed on the silicon surface: Fe3Si, Fe5Si3, ε-FeSi, α-FeSi2, β-FeSi2. Mul-
tilayer systems (Fe/Si)n and (Fe3Si/β-FeSi2)n grown on silicon substrates
exhibit such phenomena as interlayer exchange interactions and giant
magnetoresistance, which makes these systems very promising candi-
dates for creating highly efficient data storage and functional mate-
rial for non-volatile memory [9–12]. Much attention is also paid to
Fe5Si3 ferromagnetic silicide, since it can show a giant magnetoresis-
tance effect (2400%) when implanted into silicon, but is thermodynam-
ically unstable in the bulk at room temperature [13]. Nevertheless, the
highest interest is attracted to Fe3Si silicide [14–19], which is metal

lic and has a high Curie temperature above 800 K, a relatively high spin
polarization of ~45% [20], and, thus, is a promising material for spin-
tronics [21]. As known, the magnetic properties are determined by the
local ordering [22] which can change during the formation of thin films
due to various synthesis parameters [23]. Karel et al. [24] had investi-
gated the magnetic and electronic properties of epitaxial off-stoichiome-
try FexSi1−x (0.5 < x < 1.0) thin films with chemically ordered (B2 and
D03) and disordered BCC phases. It was determined that magnetic mo-
ment in the fully disordered BCC structure is higher than for B2 and D03
due to hybridization of Fe-Si. The decreasing of Fe-Si pair number leads
to less s–Si and d–Fe hybridization which results in higher overall mag-
netization [7]. In a random solid solution the probability of Fe-Si pair
formation is much less than in the chemically ordered structure. In addi-
tion to a chemically disordered BCC structure, the formation of an amor-
phous phase of a similar stoichiometry is also possible. Recent investiga-
tion of amorphous Fe3Si shows that Si atoms in amorphous phase pre-
fer to bond with Fe and increase of Si neighbor number suppresses the
magnetization of Fe. Small number of Si neighbors is beneficial for the
enhancement of spin polarization at the Fermi level because of charge
transfer from Si to Fe [25].

Due to the fact that even slight deviations in the process of synthe-
sis of the silicide thin films can lead to a change in their properties,
special attention is paid to study the formation conditions, composition
and properties of the emerging interfaces [26,27]. The factors, which
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can affect the processes of iron silicide formation at the initial stages,
include substrate orientation, surface condition, temperature regimes,
amount of deposited material, and deposition rate [28–31]. In partic-
ular, a slight deviation of the substrate temperature may lead to dra-
matic changes in the resulting structure, and thus the results obtained
by different research groups during identical experiments can deviate
significantly from each other [32]. Also, the mutual diffusion of atoms
between the deposited phase and the substrate can affect the structure
of the growing film [33,34], e.g. can lead to formation of pseudomor-
phic B2-FeSi (with CsCl-type structure) phase buffer layer between Fe3Si
iron silicide and Si substrate [35]. Moreover, in contrast to bulk struc-
tures, diffusion at the interface region is more complex and should be
explained at an atomic scale. This allows us to make an assumption that
the discrepancies in the results of studies of the formation of thin silicide
films can be associated with the laws governing the formation of these
materials, which requires additional study.

In turn, the use of modern computer simulation techniques, in partic-
ular the molecular dynamics (MD) method, and interatomic interaction
potentials having ever-growing accuracy in description of metal–semi-
conductor systems behavior, allows comprehensive studies of iron sili-
cides formation. The molecular dynamics method has been successfully
used to simulate the growth processes of various metal [36–39], semi-
conductor [40–42], and also metal – semiconductor films [43–45]
where the influence of the substrate temperature, deposition angle, and
surface orientation on the structural properties of the synthesized films
were examined in detail. In particular, the MD simulation of the growth
of a hydrogenated silicon film on Si (001) substrate were used for study-
ing the influence of the incidence angle of the deposited atoms. It was
determined that in case of incidence angles 0°, 15° and 30° the a-Si:H
thin film has an atomically smooth surface. The opposite result was ob-
served in the case wherein the incident angle approaches high incidence
(60° and 75°), it grows in a columnar or island-like mode and has rough
surface [42]. In the MD simulation of copper thin film growth on sili-
con (001) surface, the influence of silicon substrate temperature on the
structure formation in the deposited layer and atomic diffusion in the
interface zone was studied [43].

The theoretical modeling of film growth on silicon substrates up to
date are mainly aimed at study of single parameter effects. Also, due to
the complexity of interatomic interactions description, there were diffi-
culties in large-scale computer simulation of the processes occurring in
co-deposition of iron and silicon atoms on silicon substrates leading to
formation of iron silicides. Therefore, this work represents a comprehen-
sive theoretical investigation of iron silicide thin film formation aimed
at elucidating the thin films growth mechanisms occurring in real MBE
experiments. In this work, we mainly focused on the formation of Fe3Si
silicide films, which have promising spin-polarization properties, but the
process of its formation has been little studied on the atomic scale.

2. Computational methodology

The presented computer model for investigation of growth processes
in iron silicide thin films during sputtering was created to carefully
account for the events occurring in experimental setups for epitaxial
film growth [46–48]. Modeling of iron and silicon atoms co-deposi-
tion on the (111) and (100) silicon substrates was carried out using
molecular dynamics methods in GPU-accelerated [49] LAMMPS pro-
gram package [50]. Verlet algorithm with a time step of t = 0.5 fs was
used for numerical integration of equations of motion. The substrate
was modeled by a rectangular block of crystalline Si with the sizes of
(19.43 × 43.14 × 43.14) Å and (19.41 × 44.23 × 45.18) Å for (100)
and (111) substrates, respectively. Periodic boundary conditions were
applied along y and z axes, while the atoms were sputtered at an angle
to the x axis.

Substrate atoms were divided into three groups (Fig. 1). The first
group (freezed) included atoms from the lower two atomic planes and
the velocities of these atoms were zeroed at each time step during

Fig. 1. A scheme of the model for iron and silicon atoms co-deposition.

the simulation in order to avoid substrate displacement and deforma-
tion. The second group of atoms (NVT) consisted of 6 atomic planes
and represented a “thermalization layer” with a Nose-Hoover thermostat
(NVT) controlling the temperature. The main purpose of this layer was
to maintain a constant substrate temperature while absorbing kinetic en-
ergy of the incident atoms and the heat released during the formation of
bonds. The third group of atoms (NVE) included the upper part of the
substrate (6 atomic planes and the deposited atoms). During the model-
ing this group of atoms was not subjected to temperature control. This
approach appears to be a physically adequate way to deal with rather
large amounts of energy which are locally released during deposition
process as a result of the of bonds formation between the atoms, which
may be an essential aspect of the deposited structure formation.

Before the deposition process the substrate was relaxed at a given
temperature: first, the NPT thermostat-barostat dynamics for 0.5 ns was
carried out to relieve internal stress, followed by 0.5 ns of MD with
NVT-thermostat alone. The deposited atoms were being added during
simulation to the system at a position of 35 Å above the substrate’s up-
per plane. The angle α between the deposition direction, i.e. initial ve-
locities of deposited atoms and the normal to the substrate’s surface was
14°. The magnitude of deposited atom velocity was selected in accor-
dance with the thermal velocity at a temperature T = 1000 K. For the
reference system the time intervals between the successive depositions
of atoms, Δτ, were 9 ps and 27 ps for iron and silicon atoms, respec-
tively, which corresponds to the Fe:Si stoichiometry of 3:1. The chosen
deposition rates allow complete damping of local temperature fluctua-
tions caused by atom collisions with the substrate before the next atom
appearance. Also, other deposition rates with Δτ = 45 ps, Δτ = 90 ps
for Fe and Δτ = 135 ps, Δτ = 270 ps for Si atoms were considered. The
average temperature of the growing film layer differed from the NVT
layer temperature by not more than 10°.

The results of calculations were postprocessed and visualized us-
ing the Open Visualization Tool (OVITO) [51]. The CNA (Common
Neighbor Analysis) method was used to study the lattice structures in
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grown silicides with the cutoff radius of 3.475 Å which corresponds to
the middle value between the second and the third coordination spheres
in bulk Fe3Si. Additional analysis of emerging phases was made by sim-
ulating selected area electron diffraction (SAED) patterns in LAMMPS
[52]. The method created by Coleman allows building SAED patterns
without a priori knowledge of the studied unit cell. The SAED patterns
were visualized by plotting logarithm-scaled diffraction intensities in
reciprocal space using the VisIt program [53].

For description of Fe-Si interactions in the MD simulations a specific
bond order potential (BOP) was used for which has been developed re-
cently [54]. This Albe-Erhart-type BOP was fitted to various experimen-
tal and ab initio DFT results for Fe-Si systems using the parametrization
procedure implemented in the PONTIFIX code by P. Erhart [55]. The
BOP potential was parametrized using an extended training set of vari-
ous structures (dimer, B1 (NaCl), B2 (CsCl), B3 (ZnS), B20 (ɛ-FeSi), Fe3Si
(DO3) phases for FeSi), which is a good pre-requisite for applicability in
MD simulation of thin film growth. The Fe-Si interaction parameters set
BOP-IIb from [54] was used, because of its more stable behavior in an-
nealing simulations and more accurate description of under-coordinated
atoms, e.g. Fe-Si dimer. Pure Si-Si interaction parameters were fitted si-
multaneously with BOP-IIb parameters, while the pure Fe-Fe parameter
set was taken from [56].

All quantum-chemical calculations were performed within the frame-
work of density functional theory (DFT) [57,58] implemented in VASP
program package [59–61]. The Perdew, Burke and Ernzerhof (PBE) ex-
change-correlation functional was used [62]. The projector-augmented
wave (PAW) method based pseudopotential was applied in plane wave
basis with the energy cutoff of 300 eV. The Brillouin zone sampling was
made by the Monkhorst-Pack scheme with the smallest allowed spacing
between k-points of 0.2 Å−1. The structural relaxation was performed
until the difference in energy between two steps was less than 0.01 eV
with the preservation of the cubic cell shape.

3. Results and discussion

3.1. Growing of iron silicides

In order to study the effect of substrate temperature on the structure
of growing iron silicide films we simulated the Fe and Si atoms co-depo-
sition on a silicon substrate at different temperatures (26 °C, 300 °C, and
1200 °C). The role of the deposition rate was examined using three dif-
ferent time intervals between collisions of atoms and the substrate: 9 ps,
45 ps, and 90 ps for iron atoms, the corresponding intervals for silicon
atoms were three times longer. The results of structure and composition
analysis of deposited iron silicide films on (100) and (111) silicon sub-
strates are presented in Tables 1 and 2.

The structures of Fe3Si films obtained at different synthesis parame-
ters, including the interval between two Fe atoms depositions Δτ and the
temperature T, were characterized by: the total number of atoms in the
BCC region N(BCC), the number of deposited Si atoms in the BCC region
N(Si_d), the number of Si atoms in the BCC region, which have diffused
from the substrate N(Si_s), the number of deposited Fe atoms in the BCC
region N(Fe), the number of silicon (N(Si_n)) and iron (N(Fe_n)) atoms
having 8 neighbors of other atoms types in the BCC structure within the
first coordination sphere (2.65 Å), which should be present in case of
ideal Fe3Si phase.

Basing on the result of computer modeling it can be concluded that
the silicon substrate orientation have a great influence on the structure
of deposited iron silicide films. Tables 1 and 2 show that the struc-
ture formation on Si(100) is less active than on Si(111) surface, and at
low temperatures of 26 °C and 300 °C the crystal lattice does not form
at all. However, with the temperature increase and with the deposition
rate decrease the processes of crystal structure formation become more
active for both Si(100) and Si(111) substrates. Moreover, the deposi-
tion rate reduction can lead to the same result as the substrate temper-
ature increase within the range considered here. In particular, in case
of deposition on Si(111) with Δτ(Fe) = 9 ps the increase of substrate
temperature from 26 °C to 300 °C leads to the increase in the number

Table 1
The results of structure and composition analysis of the silicide thin films grown on Si(100).

Δτ,ps T, °C N(BCC), at. N(Si_s), at. N(Si_d), at. N (Fe), at. N (Si_n), at. N(Fe_n), at.

9 ps 26 °C 0 0 0 0 0 0
9 ps 26 °C 0 0 0 0 0 0
9 ps 300 °C 0 0 0 0 0 0
9 ps 300 °C 0 0 0 0 0 0
9 ps 1200 °C 3003(55.8%) 232(7.7%) 701(23.3%) 2070(68.9%) 898(96.24%) 551(26.61%)
9 ps 1200 °C 2347(43.6%) 276(11.8%) 590(25.1%) 1481(63.1%) 817(94.34%) 442(29.84%)
45 ps 26 °C 0 0 0 0 0 0
45 ps 300 °C 766(14.3%) 22(2.9%) 213(27.8%) 531(69.3%) 147(62.5%) 3(0.5%)
90 ps 26 °C 0 0 0 0 0 0
90 ps 300 °C 1604(32.8%) 78(4.9%) 424(26.4%) 1102(68.7%) 305(60.75%) 16(1.45%)

Table 2
The results of structure and composition analysis of the silicide thin films grown on Si(111).

Δτ,ps T,°C N(BCC), at. N(Si_s), at. N(Si_d), at. N(Fe), at. N(Si_n), at. N(Fe_n),at.

9 ps 26 °C 337(5.9%) 2(0.6%) 101(30%) 234(69.4%) 71(68.93%) 6(2.5%)
9 ps 26 °C 994(17.4%) 7(0.7%) 261(26.3%) 726(73%) 171(63.80%) 11(1.5%)
9 ps 300 °C 1924(34%) 36(1.9%) 510(26.5%) 1378(71.6%) 348(63.73%) 15(1.08%)
9 ps 300 °C 1959(34.6%) 45(2.3%) 510(26%) 1404(71.1%) 382(68.82%) 13(0.92%)
45 ps 26 °C 159(2.8%) 4(2.5%) 45(28.3%) 110(69.2%) 32(65.30%) 3(2.72%)
45 ps 26 °C 720(12.6%) 2(0.3%) 189(26.2%) 529(73.5%) 114(59.68%) 5(0.94%)
45 ps 300 °C 2667(46.8%) 77(2.9%) 693(26%) 1897(71.1%) 486(63.11%) 30(1.8%)
45 ps 300 °C 2298(40.3%) 58(2.5%) 610(26.5%) 1630(70.9%) 445(66.61%) 25(1.5%)
90 ps 26 °C 2185(38.3%) 22(1.1%) 578(26.5%) 1584(72.5%) 320(53.33%) 7(0.4%)
90 ps 300 °C 2161(37.9%) 100(4.6%) 566(26.2%) 1495(69.2%) 449(67.41%) 36(2.4%)

3



UN
CO

RR
EC

TE
D

PR
OO

F

I.V. Chepkasov et al. Applied Surface Science xxx (xxxx) xxx-xxx

of atoms with BCC structure by 17–28%. In the structures obtained at
the same substrate temperature of 300 °C the increase of deposition time
interval Δτ (Fe) from 9 ps to 45 ps results in 6–12% increase in N(bcc).
This effect can be explained by the fact that lower deposition rates give
more time for the atom to find the most energetically favorable posi-
tion during chaotic movement on the surface before being blocked by
new atoms. On the other hand, higher temperatures increase the rates of
atom jumping between the sorption positions and promote overcoming
the barriers of structural transformations.

The influence of incidence angle α on the structure of growing
film was also tested by additional simulations with α = 45° at differ-
ent temperatures (T = 300 or 1200 °C) and different deposition rates
(Δτ(Fe) = 9 or 90 ps). The results were similar to the corresponding
simulations with α = 14°, so the influence of α < 45° should be as-
sumed negligible compared to the other factors. However, more oblique
deposition may lead to change of the growth mode [42].

Typical examples of Fe3Si iron silicide structures obtained on Si(100)
and Si(111) substrates are shown in Figs. 2 and 3, along with the re-
sults of CNA structural analysis and the corresponding simulated SAED
patterns for the full structure and for found BCC clusters only. It was
found that the grown BCC lattice also contains silicon atoms which were
originally a part of the substrate and diffused during the simulation into
the formed silicide film (shown as Si(s) in Figs. 2 and 3). The number
of such atoms was different for Si(100) and Si(111) surfaces: not more
than 11.8% for Si(100) and less than 4.6% for Si(111). It is clearly no-
ticeable that the number of such atoms and the diffusion distance in-
creases with rise of synthesis temperature.

The crystallinity of grown silicide films can be also assessed by
analyzing the calculated SAED patterns for the whole structure, in-
cluding the substrate, and SAED patterns of diffraction only from the
BCC clusters. The presence of high-intensity thick diffuse rings in the
full-structure SAED patterns for the deposition at low temperatures con

Fig. 2. The atomic structures of Fe3Si films grown on Si(100) at T = 26 °C, Δτ(Fe) = 9 ps (a, b) and T = 1200 °C, Δτ(Fe) = 9 ps, (c, d). The overall view of the structures are to the left
(a, c), the CNA analyzed structures are to the right (b, d). Si(s) are silicon atoms originated from the substrate, Si(d) are the deposited silicon atoms. The insets in the bottom of the pictures
are the calculated SAED patterns for the full structure (left) and for the BCC cluster (right); the zone axis is along Si[100].
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Fig. 3. The atomic structures of Fe3Si films grown on Si(111) at T = 26 °C, Δτ(Fe) = 9 ps (a, b) and T = 300 °C, Δτ(Fe) = 9 ps (c, d). The overall view of the structures are to the left (a,
c), the CNA analysed structures are to the right (b, d). Si(s) are silicon atoms originated from the substrate, Si(d) are the deposited silicon atoms. The insets in the bottom of the pictures
are the calculated SAED patterns for the full structure (left) and for the BCC cluster (right); the zone axis is along Si[111].

firms growth of amorphous SiFe films (Figs. 2a-b, 3a-b). On the other
hand, the blurriness and intensity of the diffuse rings decreases with
the increase of synthesis temperature showing better quality of obtained
structures. The diffraction patterns obtained only from the BCC clus-
ters display a 6-fold set of bright spots in the case of growth on the
Si(111) substrate, which corresponds to a good epitaxial growth of Fe3Si
with (111) planes oriented parallel to the substrate surface. For the films
grown on Si(100) surface at T = 1200 °C, with Δτ(Fe) = 9 ps (Fig.
3c-d), two sets of reflexes can be identified in the SAED patterns from
the BCC clusters only, which is an evidence of twinning in the films. In-
deed, a closer look at the simulation cell reveals two distinct BCC lattice
domains inside the film, thus the obtained structure can be treated as a
polycrystalline thin film.

The resulting Fe content in the growing BCC domains varies within
67–74% atomic. Despite the stoichiometry of the deposited layer is
close to 3:1 with cubic lattice, the growing films identified as a dis-
ordered alloy with the absence of DO3 Fe3Si phase. This can be

clearly seen from the distribution of iron-type neighbor counts within
the first and the second coordination spheres around the atoms which is
closer to random binomial distribution rather than to discrete distribu-
tion in D03 Fe3Si (Fig. S1). In order to investigate the origin of disorder-
ing in the BCC structure of iron silicide the formation energies of Fe3Si
with all possible ordering inside the unit cell containing 16 atoms were
calculated with BOP potential and within Density Functional Theory ap-
proach. As can be seen from Fig. 4 the energy difference between any
ordering of Fe3Si and the D03 structure lies in the range from 0.10 to
0.16 eV. Therefore, we suggest that such low values make the local sto-
ichiometric disordering possible on condition of inhomogeneous grow
and temperature gradient near the substrate. It is also worth noting that
the energy difference between Fe3Si with D03 structure and the others
obtained with the BOP interatomic potential and with DFT agree well,
which additionally validates the applicability of the chosen BOP poten-
tial.
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Fig. 4. Energy difference between any Fe3Si (E) structures and Fe3Si with D03 structure
(Eb) in the unit cell with 16 atoms. n - options for the arrangement of atoms from a Fe3Si
cell.

3.2. Annealing of iron silicides

In addition, simulation of annealing was carried out for amorphous
Fe3Si films, which had failed to form crystalline structure during the de-
position. The annealing lasted for 20 ns (100 million steps) at a tem-
perature of 1200 K. To assure stability of the substrate the two lower
silicon layers were fixed (freezed) at all simulation stages. The initial
structure for annealing was taken from the MD simulation of deposition
on Si(100) at the following parameters: T = 26 °C, Δτ(Fe) = 9 ps (Fig.
2b). The intermediate time snapshots of the structure during the anneal-
ing are shown in Fig. 5a, b, c. The results of CNA analysis for interme-
diate structures are presented in Fig. 5d, e, f. It can be seen that during
the annealing process the deposited amorphous silicide film undergoes
gradual ordering resulting in a single BCC crystal.

It is worth noting that the Fe and Si atom interdiffusion processes
appear to be terminated with the onset of BCC phase formation in the
annealed Fe3Si silicide film. The diffusion of Fe atoms during the an-
nealing can be seen as a change in stoichiometry and the distributions
of Si and Fe atoms along the x axis at the beginning and at the end of
annealing (Fig. 5g, h). It was previously shown in the study of Fe3Si on
Si (111)[63] that the temperature dependence of static displacement for
Fe atoms is bigger than for Si atoms, which agrees well with our data. A
comparison of Fig. 5g and h shows the graph of iron atom spatial dis-
tribution is shifted by 5 Å toward the silicon substrate without changing
the slope, while the graph of silicon crystal atoms spatial distribution is
shifted by 5 Å toward the silicide film with a significant change in the
slope angle. An analysis of defect formation enthalpies and migration
barriers in the Fe3Si structure using DFT calculations demonstrated the
asymmetric character of iron and silicon atoms diffusion in the structure
[64].

Due to the asymmetric nature of interdiffusion, inside the formed
diffusion layer in the range from 10 to 25 Å (Fig. 5h) the ratio of Fe
atoms to Si differs from the stoichiometry of Fe3Si. This behavior was
also observed during step-by-step vacuum annealing at temperatures of
350 °C, 450 °C, and 550 °C of Fe3Si silicide films on Si [65]. In par-
ticular, it was shown that annealing at temperature of 350 °C causes
an increase in the film thickness by ~19%, which is associated with a
change in the lattice parameters caused by diffusion of iron atoms into
the silicon substrate and the formation of a diffusion layer of silicide.
Upon reaching an annealing temperature of 450 °C, the formation of a
polycrystalline ε-FeSi sublayer was observed with the subsequent for

mation of a polycrystalline film containing FeSi, Fe5Si3 and FeSi2 phases
after annealing at 550 °C. It should be noted that the thickness of the
diffusion layer in the structures studied experimentally reaches dozens
of nanometers, which is much larger than in our model. In order to in-
vestigate the influence of ordered BCC phase formation on mutual dif-
fusion we proposed a following approach, which implies insertion of a
B2 BCC layer of FeSi with 1:1 atomic ratio of Fe:Si basing on experimen-
tal data from [66,67] between the deposited amorphous phase and the
silicon substrate instead of the diffusion layer, with further annealing of
the whole structure at a temperature from 300 to 1200 K for 10 ns. As
a result of simulation, it was shown that the inserted BCC FeSi layer not
only prevented the mutual diffusion of iron and silicon atoms, but also
initiated the BCC structure nucleation inside the amorphous Fe3Si layer
(Fig. S2d). Thus, the simulation revealed the effect of the nuclei struc-
ture formation on the inhibition of mutual diffusion processes.

4. Conclusions

A proposed methodology for theoretical modeling of bicomponent
compound deposition was applied for iron silicides growing procedure
simulation. Iron silicide film deposition on silicon substrates of differ-
ent orientations was simulated and the influence of such parameters
as the type of substrate surface (111 and 100), substrate temperature
(26 °C, 300 °C, and 1200 °C), and atom deposition rate (3 iron and 1
silicon atoms each 27 ps, 135 ps and 270 ps) on the formed silicide
film structure was determined. It was shown that formation of the BCC
structure of deposited layer with Fe3Si stoichiometry is more preferable
on Si(111) surface even at low temperatures. The chemical disordering
in the BCC structure of iron silicides can be attributed to the proxim-
ity of the energies of the disordered structure and ideal D03 structure
Fe3Si calculated by DFT and by the bond-order-potentials (from 0.1 to
0.16 eV/atom). It was demonstrated that the formation of B2 ordered
cubic structure in the interface during annealing of amorphous Fe3Si
film prevents iron and silicon mutual diffusion.
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Fig. 5. A–c) Snapshots of the annealing simulation for pre-deposited amorphous Fe3Si film on Si (100) at T = 1200 К at t = 0, 10 and 20 ns simulation time. d–f) - CNA results for the
same structures. g, h) Distribution of the number of Fe, Si(s) (substrate silicon atoms), and Si(d) (deposited silicon atoms) along the growth direction.
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