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Computer simulation of obtaining thin films
of silicon carbide†

Alexander Y. Galashev *ab and Ksenia A. Abramova ab

Silicon carbide films are potential candidates for the development of microsystems with harsh

environmental conditions. In this work, the production of high-purity silicon carbide films by the

electrolytic method is reproduced in a computer model. Single-layer SiC films were deposited on nickel,

copper, and graphite substrates. The kinetic and structural characteristics related to the Si and C atoms

in this compound are presented. The coefficient of self-diffusion of C atoms on all substrates is higher

than that of Si atoms. In addition, the diffusion of atoms on a graphite substrate occurs much more

intensively than on metallic (Ni and Cu) substrates. The first maximum of the radial distribution function

g(r)SiC is at a shorter distance when the film is deposited on the graphite substrate. A detailed analysis of

the structure, based on the construction of Voronoi polyhedra, indicates that the degree of crystallinity

of the film increases when changing the substrate in the order from nickel to graphite. The resulting SiC

films are subject to local stresses, the strongest of which appear on the copper substrate, however the

average stresses in the film do not appear to be high.

1. Introduction

Thin film silicon carbide has characteristics that make this
material suitable for use in microelectronics (diodes, thin film
transistors, blue or multicolor LEDs), electrochemical devices
and microelectromechanical systems.1 Due to good thermal
and electrical conductivity, as well as high mechanical strength,
silicon carbide films can be used as the basis for composite
materials used in opto- and microelectronics. For example, in
ref. 2, the possibility of using SiC thin films to stabilize two-
dimensional stanene is shown; such a hybrid can be used in the
development of next-generation topological transistors, quan-
tum computers, and superconductors. However, the efficiency
of thin-film devices is highly dependent on their structural,
electrical, mechanical, and optical properties The work3 shows
the effect of various vacancies on the thermal conductivity of
the material, it was found that the presence of 1% defects in the
material leads to a decrease in heat transfer properties by about
2 times. Thin film silicon carbide can replace a similar silicon
material when used in harsh environments such as high
temperatures and high levels of radiation. Among the electro-
nic properties of silicon carbide, one can single out a wide band

gap, a high electron saturation rate, and a large breakdown
field.4 Silicon carbide can serve as a protective coating in heat
exchangers.5 This is facilitated by its low coefficient of thermal
expansion, low neutron absorption cross section, high
thermal conductivity, high hardness and excellent tribological,
chemical and oxidation resistance. In addition, SiC coatings are
suitable for biomedical applications,6 passivating coatings on
metallic materials,7 and as barrier layers for solar cells.8 Films
of hydrogenated amorphous silicon carbide (a-SiC:H) can be
used in optoelectronic devices,9 solar cells,10 and also as high-
temperature coatings11 and X-ray masks.12 Among other things,
SiC can be used to obtain graphene. In work13 discusses the
method of thermal graphitization of silicon for the controlled
production of graphene layers. With this approach, silicon
atoms evaporate from the SiC surface at temperatures above
1000 K, and the remaining carbon atoms form epitaxial gra-
phene. The type and concentration of defects in the initial
silicon carbide have a significant effect on the physical proper-
ties of the resulting graphene. Defect engineering makes it
possible to control the distribution of defects in a material and
thus influence the magnetic properties of a material.14,15

Thin SiC films can be obtained by various methods, and the
structure of the film depends on the method of its preparation.
For example, crystalline films can be obtained using pulsed
laser deposition, while the sputtering DC magnetron method
makes it possible to obtain amorphous SiC films.16 The method
of combined use of DC magnetron sputtering and high-power
pulsed magnetron sputtering makes it possible to deposit
almost stoichiometric and nanocrystalline SiC thin films at
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room temperature on silicon (100) substrates.17 The hardness
of the resulting coating and its Young’s modulus significantly
depend on the pressure of the atomizing gas. Thin crystalline
SiC films of good quality can be produced by fast thermal
chemical vapor deposition.18 To do this, carbonization of Si
substrates is carried out using a hot-wall reactor, which creates
fast thermal chemical vapor deposition. To obtain SiC films,
ion sputtering, electrochemical deposition from molten salt,
and the sol–gel method are also used.19 These methods are not
used as often due to the complexity of the experiment, includ-
ing high vacuum and high temperature. However, the liquid
deposition method has a number of advantages, such as the
availability for large area deposition on intricate surfaces, low
power consumption, and ease of setup compared to vapor
deposition methods. Lowering the deposition temperature
can lead to the formation of crystalline grains, which are
undesirable in the film structure. Iodine, which has a lower
electronegativity and oxidizing properties, as well as a larger
atomic mass and radius (than F and Cl), reduces reactivity in
high-temperature exchange reactions. Therefore, it is more
probable that during the co-precipitation of Si and C from
the KF–KCl–KI ternary melt, a uniform distribution of carbon
and silicon atoms in the resulting film will be achieved.

Fabrication of thin films by electrolytic deposition is one of
the cheapest methods for obtaining two-dimensional materials
with precisely controlled composition. The composition of the
electrolyte has a significant effect on the quality of the resulting
films. Therefore, the selection of an electrolyte is very impor-
tant to perform a given electrodeposition. In particular, one of
the promising electrolytes is the KF–KCl–KI ternary melt, which
can be used to obtain both high-purity silicon and precision
compounds of silicon and graphite, hydrogen, and other
elements. Considerable attention is paid to the study of the
physicochemical properties of such a melt.

An experimental study of the viscosity of the KF–KCl–K2SiF6

melt containing two of the three components of the melt
chosen by us for obtaining SiC films showed that the melt
(KF–KCl)eut.-(10 mol %) K2SiF6 at temperatures below 898 K is
in the form suspension, and its homogeneity extends to
the temperature range 903–993 K.20 A melt with identical
(i.e., chosen by us) components was used to study the electro-
deposition of silicon on a glassy carbon electrode using cyclic
voltamperometry, chronamperometry, and scanning electron
microscopy.21 It was found that an increase in the concen-
tration of KI leads to the formation of denser silicon deposits.
For the KF–KCl–KI system, the eutectic composition with mol%:
25 – KF, 34 – KCl, 41 – KI, having a melting point of 750 K was
established by the method of synchronous thermal analysis.22 The
temperature dependences of the densities of melts with mol%:
45 – KF, 55 – KCl, KI and 66.6 – KF, 33.4 – KCl, KI with a KI content
from 0 to 100% are described by linear functions in the tempera-
ture range of 973–1073 K.23 An electrolyte close to ours (17% KCl,
8% KF, 75% KI) was used in the electroreduction of silicon on a
copper substrate by cyclic voltammetry at 993 K.24 A uniform
distribution of the dopant (p- or n-type) was demonstrated using
the co-deposition method.25

The structure has a great influence on the physical proper-
ties of materials. Computer simulation allows a detailed struc-
tural analysis. For example, in ref. 26, the Monte Carlo method
was used to study the structural development of amorphous
and nanoporous carbon, silicon, and silicon carbide. In,27,28

thin films of pure silicon were obtained by molecular dynamics
modeling of electrodeposition from KF–KCl–KI melt. A detailed
structural analysis of the obtained films was performed.

It should be noted that during the electrolytic synthesis of
materials, it is possible to form multilayer composite coatings;
in this case, the key factor is the choice of the substrate. Of
interest is the study of interaction with substrates that meet the
following requirements: low ability of the obtained films to
form alloys with the substrate surface, good conductivity, the
economic benefit of the scientific and technical use of the
obtained composites. In this regard, we considered nickel,
copper, and graphite substrates.

The graphite substrate was taken as the main one for
comparison with the results of SiC film deposition on metal
(Cu and Ni) substrates. The point is that the beta-SiC was grown
on graphite by chemical vapor deposition (CVD) at relatively
high deposition temperatures (1473–1673 K) using SiCl4, C3H8,
and H2 gas mixtures.29 Well-ordered graphite films of nano-
meter thickness were obtained on a Ni substrate.30 Single-layer
graphene on Cu was grown by CVD in a CH4/H2 reactive
atmosphere at 1250–1350 K, although from the point of view
of thermodynamics, the growth of multilayer graphene is more
favorable.31 For the deposition of SiC, transition metal sub-
strates were chosen, which, for example, for CVD of graphene
act as a catalyst accelerating the reaction without wasting the
substrate material. Copper, unlike nickel, has a weak catalytic
activity. Graphene grows on Cu, which has a lower carbon
solubility, mainly through surface reaction, which usually gives
a few layer graphene. The growth of graphene on Ni, which has
a significantly higher solubility of carbon, proceeds by carbon
segregation/precipitation during cooling (resulting in single
layer graphene). At relatively low temperatures (up to 800 K),
Cu and Ni are practically insoluble in silicon.32 Based on the
available literature data, it is not possible to predict the
mechanism of growth of silicon carbide films in a salt melt
on Cu and Ni surfaces.

A different pattern of film growth on the surface can also be
observed at different direction of the substrate to the melt–
substrate interface. In the work,33 where 3C–SiC epitaxial films
were grown on Si(111) and Si(100) substrates by the atom
substitution method. The formation of silicon carbide occurred
by means of the substitution of a portion of Si atoms by C
atoms as a result of a chemical reaction

2Si + CO -SiC + SiOm.

As a result, in both cases, as a rule, polycrystalline SiC films
with a grain size of B27.5 nm were obtained. Note that
epitaxial growth occurred in the [001] direction if Si(001) served
as the substrate surface. Predominantly the same direction was
perpendicular to the surface of the formed film in the case of
using the Si(111) substrate. In the opinion of the authors, in
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both cases, the film growth occurred in the presence of local
stresses. We chose substrates with a front (facing the melt)
crystallographic surface (001) in the expectation that multilayer
SiC films (which we expect to obtain in the future) will grow in
the direction determined by the substrate, i.e. [001]. In this
case, one can expect to obtain a thicker film than a single layer
film, with a cubic three-dimensional structure, which will
facilitate its identification.

In this work by computer simulation, an electrochemical
route to deposit silicon–carbon films using a KCl (19.2 mol%) –
KF (9.6 mol%) – KI (71.2 mol%) melt at atmospheric pressure
and temperature 1000 K has been developed. This study
expands the search for opportunities to obtain large-area
high-purity SiC films and reveals at the atomic level the
structural features of films deposited on metal and non-metal
surfaces.

2. Computational details
2.1 System formation

To prepare the initial system representing a molten salt, three
crystals (KCl, KF, KI – fcc lattice) were placed above the
substrate (Cu(001), Ni(001) or graphite). The crystals of the
melt components were at a distance of r E 0.4 nm from each
other and from the substrate (Fig. 1). The metal substrates were
represented by four layers of the fcc crystal lattice. The densities
of nickel and copper crystals were 8.9 and 8.94 g cm�3,
respectively. A nickel or copper substrate in the form of a
crystalline plate was facing the melt with the (001) plane. The
graphite substrate included 4 layers of graphene, which were
arranged one above the other in accordance with the ABAB
stacking. The distance between the layers was 0.335 nm. In the
cases of Ni, Cu, and a graphite substrate, the systems prepared
for the deposition of Si and C atoms contained 13788, 13797,
and 15769 atoms, respectively. The number of atoms forming
the melt was the same for all systems: 1728 KCl atoms

(19.2 mol%), 864 KF atoms (9.6 mol%), 6400 KI atoms
(71.2 mol%). The system had dimensions: 7.68 � 7.68 �
11.7 nm. The interaction between the melt components was
described by a potential including the Coulomb and Lennard-
Jones (LJ) parts:

F rij
� �

¼ ZiZj

rij
þ 4e

s
rij

� �12

� s
rij

� �6
" #

; (1)

where Zi-charge of i-ion, rij = |ri � rj| distance between i–j ions,
e-potential well depth, s-distance when the LJ interaction
between i–j ions is vanishes.

The Lennard-Jones potential is not universal and poorly
describes solid–solid interactions. Therefore, in the present
model, the interaction of silicon with substrate surfaces was
described by the Morse pair potential.34 The interaction
between deposited Si, C atoms and graphite substrate was
described by the Tersoff potential.35 The parameters for all
presented potentials are given in the Appendix A. The served to
simulate the electrolyte-surface interface, the substrate atoms
were immobile; therefore, the potential describing the inter-
action of deposited atoms with the substrate was not specified.

After the equilibrium melt was prepared, the Si and C
deposition simulation onto the substrate began.

2.2 Heating and melting

Periodic boundary conditions (PBCs) acted in (x, y) direction,
and fixed boundary conditions (FBCs) acted in the z direction.
The step of integrating the equations of motion was 1 fs. Before
starting molecular dynamics (MD) modeling, a geometric opti-
mization procedure was performed. This procedure (minimiza-
tion) was carried out by the Polack–Ribière conjugate gradient
method.36 The melting of the entire system was realized within
1.4 ns in the temperature range 0–1750 K (Fig. 1). As a result,
the mixing of all components of the melt was achieved. The
melting of the system was fixed by partial radial distribution

Fig. 1 Melting stages of KF, KCl, KI crystals with the achievement of complete mixing of the melt at a temperature of 1750 K.
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functions analysis of the melt components and melt structure
detailed analysis by constructing Voronoi polyhedra. Fig. 1
shows the chronology of obtaining an equilibrium KF–KCl–KI
melt during modeling in the NVT ensemble. It can be noted that
at the final stage of relaxation, the melt components are well
mixed. Then the system was relaxed in the NPT ensemble within
0.5 ns to reach the experimental density value rE 1.9 g cm�3.23

The main simulation (deposition of Si and C particles) was
performed in the NVT ensemble at a temperature of 1000 K.

2.3 Deposition process

The deposition of Si4+ and C4+ ions was carried out in the
KF–KCl–KI melt after obtaining a stable melt-substrate interface.
To simulate the electrolysis process, a constant electric field with a
strength of E = 104 V m�1 was introduced. This electric field acted
only on the Si and C ions, and created an additional vertical force
directed towards the substrate. The deposition process schemati-
cally presented in the Fig. 2. The deposition was carried out by
periodic alternate introduction of Si4+ and C4+ ions. Ions had
random x, y coordinates and a fixed coordinate z = 11 nm. Thus,
ions were randomly distributed on the substrate surface, and the
path of ions through the melt medium to the final site on
the substrate was determined only by the density of the melt
and the parameters of interaction with the substrate. New silicon
and carbon ions appeared in a certain region of the system every
30 and 50 ps, respectively. The time of 30 ps for the appearance
of a new Si4+ ion was chosen empirically when simulating
the electrolytic deposition of silicon on silver and graphite

substrates.27 As a rule, at least 2/3 of this time the Si4+ ion spent
on the passage of the melt, and the rest of the time was spent on
finding a settled place on the substrate. The time of appearance of
a new C4+ ion in the system was also selected empirically: firstly,
the computer time of one calculation should be minimal; sec-
ondly, the Si4+ and C4+ ions should not be associated in the melt,
forming clusters in the melt, which hindered the formation of a
silicon carbide film on the surface. Based on these requirements,
the optimal time for the appearance of C4+ ions in the melt (50 ps)
was determined for this model. In practice, the SiC film is
deposited on the cathode; negatively charged electrode. Therefore,
upon reaching this electrode, a positively charged Si4+ or C4+ ion
acquires the missing electrons and becomes an electrically neutral
atom. In the model under consideration, the lifetime of Si4+ and
C4+ ions are limited to 30 and 50 ps, respectively. The rest of the
time, these particles spend as atoms, which are no longer affected
by the electric field. The total deposition time for each type of
substrate was approximately 78 ns. The deposition process was
completed when a single layer coating on the metal substrates was
basically obtained and the number of atoms deposited on the
graphite substrate was approximately equal to the number of
atoms deposited on each of the metal substrates. The initial
velocity of Si4+ or C4+ ions had a nonzero value only for the z
component, which was �0.01 nm ps�1 (the ‘‘�’’ sign reflects the
direction of the velocity vector).

After the process of deposition was completed (the introduc-
tion of new particles into the system was stopped), the final
relaxation was performed within 1 ns (NVT ensemble). At this
stage, based on the construction of Voronoi polyhedra (VP), the
detailed structure of the obtained films was studied.

2.4 Surface diffusion and mechanical stresses study

To determine the influence degree of the substrate on the
formed SiC films, as well as to determine the differences in
the mechanisms of formation of such films, we calculated the
surface diffusion coefficients for the Si and C atoms located on
the substrate. The Si or C particle coming from the melt was
considered to belong to the substrate if its distance to the
substrates, determined along the normal to the surface, did not
exceed 2 LSi-X, where LSi-X is the bond length between Si and
Ni, Cu or C atoms, which has the values 0.24, 0.26 and 0.20 nm,
respectively.37,38 The diffusion coefficient was calculated
according to the formula:

D ¼ 1

2GN
lim
t!1

1

t

XN
i¼1

Drið Þ2
* +

; (2)

where for three-dimensional space G = 3, N is the number of
particles in the system, t is the time of observation of the
displacement of atoms at a certain initial time t0, Dri(t) = ri(t) �
ri(t0) is the displacement of the i atom relative to the position
that it occupied at the initial time instant t0, summation is
performed over all N particles of the system, h. . .i denotes
averaging over the initial times used to determine D.

To determine the stress state of the films, we calculated the
stress tensor for these thin layers. The entire film was divided

Fig. 2 Schematic representation of the Si4+ and C4+ deposition process
from the melt to the substrate. Ions were introduced in the system
periodically, the particles moved through the melt in the substrate
direction under the action of the electrical field E.
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into L strips. The film surface was subdivided both in the
direction of the 0x axis and in the direction of the 0y axis.
The calculation of the sga(l) stress appearing on the elementary
area with the number l was determined by dividing the resulting
force by its area Sl. The resulting force was determined as the sum
of the vectors of all interatomic forces passing through the area.39

When determining the sga(l) value, the interaction was taken into
account both between solely film atoms and between the film and
substrate atoms. Index g shows the direction of the site orienta-
tion, and the index a = (x, y, z) indicates the direction of action of
the resulting force component.

Thus, the stress at an elementary site can be calculated
according to the expression:

sgaðlÞ ¼
Xn
i

1

O
mvigv

i
a

� �* +
þ 1

SI

Xn
i

Xðui�u;uj�uÞ

jai

ð f aij Þ
* +

; (3)

where n is the number of atoms on the l area, m is the atomic
mass, vi

a is the a projection of the velocity of the i atom, O is the
volume per atom, f aij is the a projection of the resulting force
from the interaction between i and j atoms that passes though
the l area, and ui is the coordinate of the atom i; the coordinate
of the contact point of the straight line passing through the
centers of the atoms i and j and the l surface element is denoted
through the symbol u.

3. Result

Fig. 3 shows the structures obtained on nickel, copper, and
graphite substrates at the final stage of MD simulation.
The difference in the ‘‘substrate-SiC’’ interaction leads to the
different coating formation mechanisms. The film on the metal
surface is formed predominantly layer-by-layer, i.e. the for-
mation of the second SiC-layer occurs after the majority of
the metal surface is covered. In the case of a graphite surface,

the subsequent layers of the SiC film growth begins much
earlier, in other words, three-dimensional growth in this case
competes strongly with layer-by-layer growth. Fig. 4 shows the
stages of growth of silicon carbide films on graphite and nickel.
It can be noted that in the case of a metal substrate, several
islands are formed on the surface, expanded as new Si and C
particles enter the system. On the graphite substrate, it can be
seen, an active and mobile growth center is formed, which
attaches Si and C particles from the melt. As a result, a cluster
weakly bound to the substrate is formed on the surface. In this
case, a significant part of the substrate remains uncovered.

To estimate the kinetic properties of silicon and carbon
surface particles, as well as to determine the effect of the
substrate on the film formation mechanism, the surface self-
diffusion coefficients D for Si and C particles were calculated.
Fig. 5 shows the dependencies of D on the number of the
deposited atoms (Natoms) for all surfaces. It can be noted that
the average D values calculated for metal surfaces turn out to be
approximately the same (2.5–3 � 10�8 cm2 s�1). In both cases,
the maximum value of the self-diffusion coefficient is reached
at the initial stage of deposition at Natoms o 600 and is 6.2 �
10�8 cm2 s�1 (for C) and 4.5 � 10�8 cm2 s�1 (for Si). As the
substrate surface is filled, D decreases significantly, and with a
total number of deposited particles Natoms 4 1000, the value of
D drops to 10�10–10�12 cm2 s�1. It can also be noted that, in all
cases, C atoms are more mobile than Si atoms, which is
explained by the small size of the carbon particle, as well as
the weaker C–C bond than the Si–C bond.40 For a nickel
substrate, the difference between the D coefficients is approxi-
mately 30%, for a copper substrate, 20%.

In the case of a graphite substrate, the value of D is higher
on several orders and amounts B10�6 cm2 s�1, this reduces the
probability of Si and C particles being on the substrate, thereby
facilitating sp3 hybridization and, as a consequence, the for-
mation of a single active SiC cluster on the surface. However, at
the size cluster size of 2.5 � 7 nm, i.e., in the case when 32% of

Fig. 3 xy-projections of deposited SiC films on (a) nickel, (b) copper, (c) graphite substrates. In the case of metal substrates, the simulation time is
E60 ns, in the case of graphite, E50 ns. Carbon atoms are marked in red; silicon atoms are marked in blue.
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the substrate area is covered by the film (Natoms 4 800), the
cluster mobility sharply decreases.

Fig. 6 shows the surface diffusion of silicon during deposi-
tion on graphite (in blue). For comparison, the log10D(Natoms)
dependence found in ref. 26 for the deposition of pure silicon is
presented (in green). The dashed-dotted lines show the linear
approximation. At the initial stage, the surface mobility of Si
atoms turns out to be 4.29 � 10�6 cm2 s�1 in the case of
deposition of pure silicon and 6.89 � 10�6 cm2 s�1 for silicon
in a system where carbon was also present. At Natoms o 500,

the dependencies correlate; when the number of the surface
particles increased, the dependence for pure silicon becomes
steeper, which corresponds to a rapid decrease in the value of
surface diffusion. In the case of the presence of carbon in the
system, the dependence decreases more slowly, since three-
dimensional growth begins before the film covers the entire
surface of the substrate (Fig. 3).

The partial radial distribution functions g(r)Si–C were calcu-
lated at the final stage of modeling for 1 ns (1 000 000Dt) at
1000 K, when the new Si and C particles do not enter the system

Fig. 4 Stages of growth of SiC films on graphite (top) and nickel (bottom). C atoms are marked in red; Si atoms are marked in blue.

Fig. 5 The surface diffusion D of Si (in red) and C (in black) depending on
the total number of atoms on the Ni(001) (a), Cu(001) (b), graphite (c)
substrates.

Fig. 6 The surface diffusion (on a logarithmic scale) dependent on the
number of particles deposited on a graphite substrate. The system with
only Si-atoms marked in blue, the system with silicon and carbon atoms –
in green. The dashed-dotted line shows a linear approximation.
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(Fig. 7). Let us compare the locations of the first peaks rSi–C of
this function with the lengths Si–C bonds (lSi–C). It was shown
in ref. 41 that the average Si–C bond length in crystalline silicon
carbide at a temperature of 900–1000 K is 0.18 nm. The
calculated first peak location of the SiC on metal substrates is
at 0.187 nm, i.e. in this case, the Si–C bond on the substrate is
stretched by B4% compared to lSi–C of bulk SiC. At the same
time, when the film is on the graphite surface, the first peak is
localized at 0.17 nm; the most probable distance between Si
and C atoms determined in this way turns out to be 6% shorter
than the Si–C bond length in silicon carbide. The bond length
change in the SiC film on the different substrates correlates
with the nearest distances (Ni–Ni, Cu–Cu and C–C) between
atoms in the respective substrates. These distances in Ni (rNi =
0.249 nm) and Cu (rCu = 0.255 nm) crystals are larger than Si–C
bonds (lSi–C) in silicon carbide, and the corresponding distance
between C atoms in graphite (rC = 0.142 nm) is less than lSi–C by
ion-beam irradiation;42 arrows show peak and sub-peak
locations.

The inset shows the radial distribution function of all atoms
of amorphous SiC obtained by elastic scattering of an electron
beam.42 Heteronuclear bonds Si–C create the main peaks (at 1.9
and 3.1 Å) of the atomic function g(r). In addition, this function
has subpeaks associated with homonuclear C–C and Si–Si
bonds at 1.5 and 2.3 Å, respectively. The partial function
gSi–C(r) obtained for a SiC film on metal (Ni and Cu) substrates
has peaks whose locations are close to the locations of the
peaks of atomic g(r) generated due to heteronuclear bonds.
However, in the case of a graphite substrate, the deviation in
the location of these peaks for the experimental and calculated
functions is more significant. In other words, the packing of
atoms obtained on a graphite substrate differs more strongly
from amorphous one than the packing on metal substrates.

The construction of Voronoi polyhedra allows one to study
the short-range order in the arrangement of atoms in the form
of statistical distributions of VP over the number of faces, faces
over the number of sides, or in the form of the distribution of
angles formed by pairs of geometric neighbors with a central
atom (VP center). These distributions together give an idea of
the spatial (3-dimensional) structure of atomic packings, which
cannot be obtained using a one-dimensional radial distribution
function. In Fig. 8–11 n and m distributions for the carbon and
silicon subsystems of SiC films obtained on nickel, copper, and
graphite substrates are compared with each other. Also, for
comparison, the corresponding distributions for the bulk
phase of 4H-SiC modification of silicon carbide are given.
The following explanation is appropriate here. To date, more
than 250 silicon carbide polymorphs have been identified.43

The structural, elastic, and electronic properties of 2H-SiC and
4H-SiC polytopes have been studied more carefully. It is these
polytopes that have the most favorable structural, elastic, and
electronic behavior. The structure of 2H-SiC has a direct
analogy to the wurtzite structure. It consists only of elements
A and B, stacked in the form ABABAB. The 4H-SiC structure has
a twofold longer stacking period for elements A and B, the
second half of which differs from the stacking of 2H-SiC. This
difference is expressed in the twisting of the elements, so that
the ABCB stack is formed in 4H-SiC.43 The total energy of the
4H-SiC modification is slightly lower than the corresponding
2H-SiC modification; 4H-SiC structure is more stable.

As can be seen from Fig. 8, depending on the type of
substrate used, significantly different distributions of VP over
the number of faces were obtained. Even the locations of the
maxima of these distributions differ from each other. For the
nickel, copper, and graphite substrates, the maxima of the n
distributions obtained for the carbon subsystem of the SiC film
fall at nm = 6, 7, and 5, respectively. The n distributions
themselves in the cases of Ni, Cu, and the graphite substrate
extend to n = 11, 13, and 9, respectively. These differences

Fig. 7 Radial distribution function of Si–C for various substrates, at the
stage of final relaxation, when new particles did not enter the system. The
figure shows the Si–C distances corresponding to the main peaks of the
function at the temperature T = 1000 K; in insert: atomic pair-distribution
function, g(r), of amorphous SiC induced by ion-beam irradiation;42 arrows
show peak and sub-peak locations.

Fig. 8 Distribution of Voronoi polyhedra by the number of faces built for
C atoms of SiC films obtained on nickel, graphite, and copper substrate, in
comparison with the corresponding distribution for the carbon subsystem
of the 4H-SiC bulk phase of silicon carbide modification.
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indicate the different nature of the short-range order in the
arrangement of C atoms relative to each other on different
substrates. Note that each of these distributions also differs
greatly from the corresponding n distribution calculated for the
bulk phase of 4H-SiC of silicon carbide modification. The latter
distribution is strongly extended, extending up to n = 16, and
has a weakly pronounced maximum at nm = 5. This indicates a
significant disorder of C atoms relative to each other in the
bulk phase of the SiC modification under study. At the same
time, C atoms in a film on a graphite substrate have the highest
mutual ordering.

Fig. 9 shows the n distributions for the Si subsystem, similar
to the n distributions for the C subsystem presented in Fig. 8. In
all considered cases, the n distributions for the Si subsystem
are less representative than those for the C subsystem. In other
words, the n distributions for the Si subsystem contain fewer
face types than the corresponding n distributions for the C
subsystem. This indicates a higher mutual ordering of Si atoms
on the substrates under consideration and in the bulk 4H-SiC
modification of silicon carbide. Just as in the case of n
distributions for the C subsystem, there are no equal lengths
of n distributions for the Si subsystem. However, it should be
noted that the maxima of the n distributions for the Si
subsystems of all three films (obtained on different substrates)
fall on the same value nm = 5. At the same time, the maximum
of the corresponding distribution for the bulk SiC phase falls
on nm = 4.

The distributions of VP faces over the number of sides or m
distributions constructed for the C subsystem of the resulting
SiC films and for the 4H-SiC bulk phase of the silicon carbide
modification do not look as diverse as corresponding n dis-
tributions for this subsystem (Fig. 10). The maxima of the m
distributions for the C subsystem of all obtained SiC films fall
at mm = 4, and the maximum of the corresponding m distri-
bution for the bulk SiC phase, at mm = 5. The dominance
of quadrangular faces is a sign of the crystal packing of the

considered atoms. The main difference in the m distributions
revealed for the C subsystem of films is the different ratio
between the number of triangular and pentagonal faces. In the
film obtained on a Ni substrate, the proportion of triangular
faces (25.4%) is slightly higher than the proportion of the
pentagonal faces (23.0%). At the same time, in films on a Cu
substrate, an inverse relationship is observed, i.e. the number
of the pentagonal faces slightly dominates (by 1.9%). A much
stronger difference in this feature from the cases with metal
substrates is observed in the film obtained on graphite. Here,
the proportion of triangular faces (31.9%) significantly exceeds
the proportion of the pentagonal faces (21.6%). The lowest
proportion of triangular faces in the m distributions shown
in Fig. 10 is observed for the bulk SiC phase (12.3%), in
the corresponding distribution of which the proportion of the
pentagonal faces (31.3%) is only slightly higher than the
proportion of quadrangular faces (29.5%).

Presented in Fig. 11 the m distributions for the Si subsystem
in SiC films on Ni, Cu and graphite substrates, as well as in the
bulk phase of SiC have even less variability compared to the
corresponding m-distributions for the C subsystem. In this
case, for all the considered systems, the maximum of m
distribution falls on mm = 4. For all m distributions related to
films, the fraction of triangular faces exceed the fraction of
pentagonal faces. However, in the case of the bulk SiC phase,
on the contrary, the fraction of pentagonal faces (37.4%) turns
out to be commensurate with the fraction of quadrangular
faces (38.3%) and exceeds the fraction of triangular faces by a
factor of 3.3. The clear predominance of quadrangular faces for
the C and Si subsystems in the films obtained on Ni, Cu, and
graphite substrates indicates a significant crystallinity structure
of these films.

In order to determine the film with the most degree of
crystallinity, the angular distributions (j distributions) of the
nearest geometric neighbors are considered. Geometric neigh-
bors are determined by their formation of VP faces. The angle j

Fig. 9 Distribution of Voronoi polyhedra by the number of faces built for
Si atoms of SiC films obtained on nickel, graphite, and copper substrate, in
comparison with the corresponding distribution for the silicon subsystem
of the 4H-SiC bulk phase of silicon carbide modification.

Fig. 10 The distribution of the faces of the Voronoi polyhedrons by the
number of sides for the C subsystem of SiC films obtained on nickel,
graphite, and copper substrate in comparison with the corresponding
distribution for the carbon subsystem of the 4H-SiC bulk phase of silicon
carbide modification.
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has its vertex at the center VP, and the sides of this angle pass
through a pair of geometric neighbors. When constructing j
distributions, all constructed VPs and all pairs of neighbors for

each VP are considered. Angular distributions of the nearest
geometric neighbors for the C and Si subsystems in SiC-film
obtained on three types of substrates (Ni, Cu, graphite) and for
the entire SiC flat structure (when both Si and C atoms were
taken into account and no size difference was made) formed on
these substrates are shown in Fig. 12. The pronounced peaks in
the angular distribution reflect the crystallinity of the packing,
i.e. the higher peaks intensity corresponds to the more regular
(crystalline) system.44,45 Based on the number and location of
peaks, one can approximately predict the type of crystal struc-
ture. For all constructing angular distributions, the limiting
angle was j = 1801 (all three atoms forming angle j located on
the same straight line). The angle j = 01 reflects the same
geometric situation as the angle j = 1801. In other words, when
constructing j distributions, no distinction is made between
positive and negative values of the angle j. Thereby, when
constructing j distributions, the following cases of mutual
arrangement of atoms arise: when three equidistant neighbors
are formed in the planar case, an angle j = 1201 is created.
When 4 neighbors are evenly spaced on the plane around the
center, angles j = 901 and 1801 can be formed. In the case when
an equilateral hexagonal cell is formed around the central
atom, the angles j = 601, 1201 and 1801 can be formed. Indeed,

Fig. 12 The angular distribution of nearest geometric neighbors for C and Si subsystems of silicon carbide films and SiC systems as a whole, obtained on
Ni, Cu, and graphite substrates.

Fig. 11 The distribution of the faces of the Voronoi polyhedrons by the
number of sides for the Si subsystem of SiC films obtained on nickel,
graphite, and copper substrate, in comparison with the corresponding
distribution for the silicon subsystem of the 4H-SiC bulk phase of the
modification of silicon carbide.
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many such nearest neighbors are found if both C and Si atoms
are taken into account. For simplicity, we do not take into
account differences in the sizes of these atoms. The most
regular placement of peaks is observed in the j distribution
of SiC on graphite. In this case, the pronounced peaks corre-
spond approximately to the angles 01 (1801), 301, 601, 901, 1201
and 1501. From this list, only the angles of 301 and 1501 do not
describe the simplest packings of atoms on the plane. However,
they can be obtained as linear combinations of standard
angles. Both for individual subsystems (Si and C) and for the
whole system (SiC), the largest number of high-intensity peaks
is formed when the SiC film is located on the graphite, and the
least intense peaks are observed in the j distribution of the SiC
film on the nickel substrate. In this sense, the angular distribu-
tions for a silicon carbide film and Si, C subsystems on a copper
substrate occupy an intermediate position between films on Ni
and graphite. Thus, a denser SiC film is immediately formed on
graphite, which has the highest degree of crystallinity com-
pared to similar films on metal substrates.

The quality of the film is determined not only by the
perfection of its structure, but also by the internal stresses
present in the film. The stresses acting in the plane of the SiC
film, located on Ni, Cu and graphite substrates, as a result of
the application of forces directed along the axes ox, oy and oz
(perpendicular to the plane), are shown in Fig. 13. The sign of
each local stress is determined by the direction of the resulting
force acting on a given area. Unlike macroscopic stress, the sign

of local stress does not determine the type of deformation, i.e.
compression or tension. Therefore, for our estimates, the
absolute value of the local stress is important, and not its sign.
As can be seen from the figure, the most significant stresses szx,
szy, and szz are formed in the SiC film obtained on a copper
substrate. Moreover, the local stress szx, obtained due to the
force acting (along the plane) in the ox direction, exceeds the
stress szz formed due to the action of the force in the perpendi-
cular direction (along oz). The considered stresses existing in
the SiC film obtained on Ni and graphite are significantly less
than the stresses in the film on copper. The internal stresses
arising in SiC films formed on Ni and graphite are quite close.

High local stresses do not yet mean high average stresses in
the SiC film, since the change in stresses in the film when moving
along the ox axis has an alternating character. The averaged stress
can be computed by integrating the in-plane stress sab at length L
of the film. Table 1 shows the stresses applied to the entire SiC
film when it is on nickel, copper and graphite substrates. It can be
seen that the average stresses related to the entire SiC film are
small even in the film located on the copper substrate. Never-
theless, �szx in a film on a Cu substrate is at least an order of
magnitude greater than similar average stresses obtained on other
substrates. Also, a higher absolute value �szz of stress observes in
SiC film on a copper substrate.

It is of interest to evaluate the effect of each of the con-
sidered substrates on the stresses that appear in the SiC film
deposited on them.

Fig. 13 Stresses acting in the plane of the SiC film obtained on nickel, copper and graphite substrate.
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Fig. 14 shows the stresses that are transferred from the
respective substrate to the SiC film deposited on it. In all cases,
these stresses are very small, which, as a rule, are 2–3 orders of
magnitude lower than the internal local stresses existing in the
films themselves. It should be noted that the most significant
stresses transferred from the substrate to the SiC film are the

stresses s
0
zz determined by the force acting in the direction

perpendicular to the film plane. The largest local stresses s
0
zz

are transferred to the film from Cu and the graphite substrate.
These stresses are approximately 4.1 times higher than the
corresponding stress transmitted from the Ni substrate. Thus,
the nickel substrate has a minimal effect on the formation of
internal stresses in the SiC film in comparison with copper and
graphite substrates.

4. Discussion

Calculations have shown that before a significant part of the
area of any of the considered substrates is filled with deposited

atoms diffusion of C atoms turns out to be more intense than
that of Si atoms. This is most likely due to the influence of the
melt on surface diffusion. The fact is that, although in this case
diffusion occurs on the surface, it is still carried out in a dense
medium created by the melt. In this case, criteria such as the
mass and size of atoms come to the fore in determining
mobility. The silicon atom is 2.3 times heavier than the carbon
atom and 1.5 times larger than it. As a result, moving in a dense
medium, C atoms turn out to be more mobile than Si atoms.
The situation with the ratio of the mobility of C and Si atoms
can change in the absence of a melt. The diffusion of Si and C
atoms on a single graphene layer and between graphene sheets
was studied in ref. 46. It was shown that Si atoms moved almost
freely over graphene and between graphene layers, while C
atoms moved more slowly due to higher diffusion barriers. This
behavior of C and Si atoms explains the growth of epitaxial
graphene on the SiC surface, when Si atoms evaporate during
growth. Moreover, Si atoms continue to evaporate even after the
formation of surface graphene layers.

Our results in the deposition of SiC films have a theoretical
substantiation. If atomic layer deposition (ALD) is achieved
during film growth, this means that the deposited substance
enters into a self-limiting reaction with the growth surface.
Knowing the mechanisms of ALD will allow you to control the
growth of the material.47 However, when there are few film
nucleation sites and the diffusion intensity cannot be signifi-
cantly increased, islands or nanoparticles are formed on the
surface instead of a homogeneous film.48 Film formation is by

Table 1 Stresses averaged over the entire SiC film acting in its plane

Average stress (MPa)

Substrate material

Ni Cu Graphite

�szx 1.58 43.39 �2.54
�szy 8.19 1.55 �7.18
�szz �1.38 �31.90 6.09

Fig. 14 Stresses propagated on the SiC film as a result of its interaction with nickel, copper and graphite substrate.
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affected both nucleation and chemisorption. Chemisorption is
performed in the form of creating formal chemical bonds
between the deposited substance and the substrate, which are
necessary to support growth. Since the deposited substance
reacts with the growth surface, but not itself, this leads to
the self-limiting characteristic of ALD. Chemisorption can
lead to the creation of volatile byproducts, those byproducts
should readily desorb from the surface and be purged away.
As a result, chemisorption becomes essentially irreversible.
However, chemisorption can be potentially reversible. This hap-
pens when byproducts are not produced or do not desorb.49 It is
generally believed that physical adsorption plays a secondary role
in film formation. It acts as an assistant to chemisorption. This
is due to the weakness of intermolecular forces between the
deposited substance and the substrate, which can cause
desorption. In addition, physical adsorption due to van der Waals
forces does not have an inherent mechanism for self-limitation.

At the initial stage of growth, the origin of growth centers
occurs. Growth begins when a significant number of growth
nuclei are formed. The period of accumulations of growth
nuclei is commonly called the delay in nucleation. This delay
is explained by the absence of chemisorption or its very slow
development during this period. Usually the strong nucleation
delay occurs on low energy surfaces, but there is almost no
nucleation delay on high energy metal surfaces. The nature of
the substrate can also significantly affect chemisorption. So,
nickel, due to its high surface energy, can have significant
dissociative chemisorption, while graphite does not show this.
In addition, there is a dependence of chemisorption on the
structure of the material, i.e. chemisorption can be different on
the same material. The adsorption of Si on metal substrates is
favorable. In this case, there is an excess of active centers for
chemisorption, which contributes to the formation of a mono-
layer. During the adsorption of Si on graphite, the growth of
islands separated by bare substrate. In other words, the island
growth mechanism is observed here. The difference in the
mechanisms of film formation is due not only to the substrate
material, but also to different diffusion over the substrate
surface. Diffusion of chemisorbed particles leads to their
encounter with previously settled atoms, which leads to the
formation of clusters. However, island growth can also occur
in a diffusionless regime. This occurs with very slow chemi-
sorption. Surface diffusion of particles can be considered using
the localized hopping model.50 An increase in the surface
diffusion increases the rate of aggregation. The growth of islands
is observed, for example, during the formation of nanoparticles of
noble metals on dielectric substrates.

There is reason to believe that at the final stage of filling the
substrate with C and Si atoms, the adhesion of the SiC film to
the substrate will decrease. This may be due to the fact that the
newly inserted C and Si atoms can slightly shift neighboring
atoms and put them in energetically less favorable positions.
At the same time, they themselves cannot reach energetically
favorable positions. Such an effect was observed during the
deposition of alkali metal atoms on the (0001) graphite surface,
where the interaction of the two-dimensional metal film with

the substrate weakens with an increase in the coverage of
graphite with an alkali metal.51 As a result of the weakening
of adhesion to the substrate, the C and Si atoms located on it
will be more and more alienated from it and transferred to the
bulk of the system; bond more strongly with the melt. Blocked
by the melt ions, but not completely detached from the sub-
strate, they lose the ability to move significantly. Therefore, the
self-diffusion coefficient of atoms deposited on the substrate
decreases significantly when a high degree of coverage of the
substrate by these atoms is achieved.

A detailed structural analysis performed using the construc-
tion of Voronoi polyhedra made it possible to establish that
the predominantly single-layer SIC films obtained by us are
not completely amorphous, but have a certain degree of
crystallinity.

Crystallinity is more related to the film obtained on gra-
phite, and in the film on a nickel substrate, it is most weakly
expressed. Crystallinity is formed due to ‘‘patterns’’ formed due
to the stacking of fragments of Si and C atoms, represented as
triangles, quadrangles and hexagons. Due to the empty gaps in
the stacking of the deposited atoms and the difference in the
heights of their location above the substrate, in the mutual
arrangement of atoms, angles appear that are close to 301 and
1501. In this case, the polyhedra are three-dimensional bodies,
not flat figures.

The SiC films we obtained on a copper substrate have a high
internal stress szx (up to 2.2 GPa) and probably exist only due to
the presence of the substrate. At the same time, in SiC films
deposited on nickel and graphite substrates, there is a moder-
ate residual stress szy (up to 345 MPa), which, like the stress in a
film on a Cu substrate, should be removed by annealing.

The difference in calculated internal stresses for films on
metal and graphite substrates can be associated with different
thermal conductivity properties of materials. The coefficient of
linear expansion a of graphite is 2.5 times greater, and similar
characteristics of Cu and Ni are two orders of magnitude
greater than a for SiC.52–54 It can be assumed that the thermal
stresses observed at room temperature in the SiC film obtained
on graphite will be lower than in the case of using metal
(Cu and Ni) substrates.

Internal stresses remain in the film after its production and
can even increase under the influence of the external environ-
ment. In ref. 55, the change in the residual stress in films of
amorphous silicon carbide (a-SiC:H) exposed to air and moisture
was studied. The films were obtained by the plasma enhanced
chemical vapor deposition method. The low temperature of film
deposition (423 K) contributed to the accumulation of internal
stresses, the value of which, after 28 days of exposure, could reach
420 MPa. Predominantly amorphous SiC films obtained by mag-
netron sputtering have a high internal compressive stress, which
turns into a tensile stress after annealing at a temperature
T 4 773 K.56 The films may contain microcracks after annealing.
However, they are able to withstand compressive stresses up to
1.2 GPa as well as tensile stresses up to 0.6 GPa.

The stress problem in thin films is well known. However,
there are still no clear ideas on how to deal with this, how to
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adapt and how to control the voltage when using thin films in
many areas. Almost every method of film synthesis creates this
problem. Voltage development during film synthesis occurs
in the physical vapor deposition, chemical vapor deposition,
plasma chemical vapor deposition and other methods. The
appearance of stresses in films is the result of interrelated
processes and various factors. In the case when there is a huge
amount of heterogeneous stress data, it is extremely difficult to
present a single picture and create a comprehensive model of
the occurrence of stresses. The internal stress may depend on
grain size, film growth rate, and conditions for energy release.
Strategies for reducing excessive voltage levels depend on the
type of synthesis and many other factors. Among the means of
combating stress in films, there may be ways leading to stress
relaxation and compensation. In addition, the control of film
growth conditions is being developed and improved.

It is known that a tensile stress can exist in a metal film at
the interface with the substrate.57 The reason for this is the
mismatch between the lattice periods of the crystalline film and
the substrate. In the systems we are studying, the Si–C bonds
existing in the film are much stronger than the bonds in the
metal substrate. Therefore, significantly higher stresses appear
in films on Ni and Cu than in these metal substrates. In other
words, significant local stresses are formed in the SiC films
themselves rather than being transferred to the film through
the substrate.

The mechanical properties of the SiC film are largely deter-
mined by the density of Si–C bonds.58 In particular, hardness
and modulus of elasticity have an increasing linear dependence
on the number of Si–C bonds. Therefore, it is important to
optimize the growth conditions of the SiC film in order to
obtain the highest possible density of Si–C bonds. The maxi-
mum density of Si–C bonds is achieved during the formation of
stoichiometric silicon carbide.59 Not all methods for the synth-
esis of silicon carbide films can guarantee the obtaining of a
homogeneous structure of this two-dimensional material. So,
for example, SiC films, obtained by pulsed laser deposition on
Si (100) were a mixture of silicon dioxide and silicon carbide.58

5. Conclusion

In this study, we showed the fundamental possibility of obtain-
ing SiC films by electrolytic deposition from a KCl–KF–KI
ternary melt. Regardless of the substrate type, the surface
diffusion of C atoms is higher than the mobility of Si atoms.
It has been established that during deposition on a graphite
surface, the growth of the SiC film occurs from a small number
of active centers, while in the case of metallic substrates take
place predominantly multi-center layer by layer SiC growth. The
silicon carbide film obtained on graphite has a higher density
and a shorter Si–C bond length than a film deposited on metal
surfaces. The substrate material it also effects on the crystal-
linity degree of the SiC film: the film on the graphite has
a higher crystallinity than on nickel and copper substrates.
The films obtained on graphite and nickel are characterized by

lower average stresses than a film deposited on a copper
substrate. The strongest local stresses are found in the SiC film
obtained on a copper substrate. The nickel substrate makes a
smaller contribution than the copper and graphite substrates to
the local stresses existing in the film. Partial stress relief in SiC
films obtained by the electrolytic method can be carried out
using annealing without removing the film from the substrate.

Future research may be aimed at determining the optimal
composition of the electrolyte used to deposit the SiC film.
The method of electrolytic production of coatings of various
morphology and composition can be applied in the case of
geometrically complex surfaces.
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