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A B S T R A C T   

Electrodeposition of silicon from a KF-KCl-KI salt melt at 1000 K using silver and graphite substrates has been 
studied by the molecular dynamics method. Silicon films of monatomic thickness with a predominantly hex
agonal honeycomb structure were obtained on each substrate. The adhesion energy between the obtained film 
and the silver substrate is 2.5 times higher than that between the film and the graphite substrate. A single cluster 
grows much faster on a graphite substrate than on a silver substrate, where several clusters are formed at once. As 
the substrates are filled with silicon, the diffusion coefficient of Si atoms decreases faster on a graphite substrate 
than on a silver one. The silver substrate is completely covered with silicon, while a three-dimensional Si cluster 
begins to grow on a graphite substrate incompletely filled with silicon. The obtained silicon films on both 
substrates do not have the characteristic buckling, which is found in silicene prepared by the chemical vapor 
deposition on a silver substrate. Films obtained on both substrates have low mechanical stress. The stress dis
tribution in the case of a graphite substrate is more uniform.   

1. Introduction 

Solar energy dominates among renewable energy sources because it 
has a huge potential due to availability and variety of possible appli
cations in different fields. The main problem to increase the power of the 
solar battery is obtaining materials for highly efficient solar cell crea
tions. Nowadays, high-purity silicon is the most promising material for 
solar cells, and a path of its cost reduction should be thoroughly studied. 

At the present time, silicon wafers fabrication is one of the most 
expensive operations. Obtaining solar silicon requires a lot of energy due 
to the high crystallization temperature of silicon and the complex pro
cessing of this material [1]. However, pure silicon can be obtained at low 
temperatures in liquid molten salts [2,3]. Fluoride melts were found to 
be a sufficiently successful environment for pure silicon production; 
however, such melts are quite aggressive, although they have the lowest 
liquidus temperature [4]. The electronegativity and oxidizing properties 
of halogens decrease as their atomic mass increases. In terms of reaction, 
the activity of iodine is lower than that of all other halogens, and even 
more so for fluorine. The use of iodides reduces the reactivity during 
high-temperature exchange reactions. The atomic radius of fluorine RF is 

3.78 times larger than the radius of the Si atom, while the radii of the I 
and Si atoms are comparable (RI / RSi = 1.03). The closeness of the I and 
Si radii can facilitate the formation of a perfect crystal structure of Si 
films during the electrodeposition. It is supposed that the electrolytic 
deposition from the KF-KCl-KI ternary melt makes it possible not only to 
obtain high-purity silicon [5], but also to achieve a uniform distribution 
of the dopant (p- or n-type) using the coprecipitation method [6]. The 
initial concentration of Si in the melt is given by the K2SiF6 addition. 

The electrodeposition process is accompanied both by electro
chemical and by chemical reactions. Moreover, chemical reactions are 
usually initiated using the transfer of electrons. At the final stage of 
electrodeposition, the unbound ions of the depositing substance, which 
are reduced at the cathode, are present in the melt. Thus, a coating is 
created using an electric current. It is the final stage of electrodeposition 
that is considered in this work. 

The formation of coatings by electrolytic deposition from molten 
salts is a promising method for the synthesis of new materials. Such 
factors as relatively low electrolysis temperatures, the possibility to 
obtain coatings in the oxygen-free melt environment and to vary the 
coating composition and properties depending on the melt composition 
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and the substrate orientation attract global interest to the electro
chemical deposition method [7]. In this regard, it is important to un
derstand the initial stage of the coating formation by the electrolytic 
deposition from the melt. 

The molecular dynamics (MD) method is one of the most accurate 
predictive computer methods. In the classical version of this method 
(using empirical or model interaction potentials), a large set of physi
cochemical properties (thermodynamic, kinetic, and structural) can be 
obtained in one calculation. With the coordinates of the atoms at each 
moment of time, the structure of the simulated object can be investi
gated in different ways in the MD model. The radial distribution function 
g(r) is a traditionally used characteristic to represent the structure of 
liquids and solids. The function g(r) reflects the average distribution of 
atoms around any given atom in the system. This is a one-dimensional 
function and it describes the structure in an averaged form. The three- 
dimensional structure in the model can be analyzed by the method of 
statistical geometry, based on the construction of Voronoi polyhedral 
[8]. Moreover, MD calculations make it possible to determine the 
diffusion coefficients of the melt components [9], thermal conductivity 
and surface tension of the melt [10,11]. 

Nowadays, there is a global problem in obtaining silicon films of the 
monoatomic thickness (silicene). So far, the preparation of silicene has 
been carried out by the method of deposition from the ultra-high vac
uum, mainly on silver substrates of various orientations: (111), (100), 
(110) [12,13]. These results can be explained by the presence of p- 
d hybridization between Ag-Si atoms, which leads to the stabilization of 
silicene grown on the silver substrate. Schneider et al. [14] studied the 
structures formed by silicon on pyrolytic graphite by the magnetron 
sputtering method. The images obtained using scanning tunneling mi
croscopy (STM) speak in favor of the nanoclusters and silicon nano
ribbons formation of various orientations. Feng et al. [15] obtained 
silicon films on the Ag(111) substrate. At high temperatures (above 450 
K) the silicon coatings on the Ag(111) substrate tend to form a highly 
ordered honeycomb structure. 

In the present work the initial growth stages of a silicon film 
deposited from the KF-KCl-KI melt on Ag(001) and graphite substrates 
are simulated by the MD method. The difference in the substrate ma
terial nature can have a significant influence on the resulting coating 
structure imperfections, due to the varying adhesion of Si-atoms to the 
substrate. 

The purpose of this work is to create a model, which reflects the first 
stages of the new phase (clusters) nucleation in the molten electrolyte, 
and to apply this model to the study of the mechanism of the coating 
formation. The rate of the continuous coating formation depends on the 
surface mobility of Si-clusters and adhesion between silicon and 
substrate. 

2. Computational method 

2.1. System formation 

At the first stage, the system was formed by three crystals (KCl, KF, KI 
with fcc lattice) located over the Ag(001) or graphite surfaces. The 
crystals were located at the distance of ≈0.4 nm from each other and 
from the substrate. The total number of particles in the system with a 
silver substrate (system I) was 12,359, in the system with a graphite 
substrate (system II) 19,312 atoms were used. The content of the ele
ments forming the melt was the same for both systems: 1,728 KF atoms 
(19.2 mol%), 864 KCl atoms (9.6 mol%), 6,400 KI atoms (71.2 mol%). 

The silver substrate, oriented to the melt by the (001) plane, con
tained 3,423 atoms located in 5 layers of a face centered lattice. The 
graphite substrate was formed by 10,320C atoms and consisted of 4 
graphene sheets, the upper one of which was in contact with the molten 
salt. Flat hexagonal lattices characteristic of graphene were arranged in 
a checkerboard pattern according to the ABAB scheme with a distance 
between them of 0.335 nm. The atoms of both substrates participated in 

thermal motion. The interaction of atoms in the substrate was described 
by the EAM potential (in the case of the Ag(001) substrate) [16], and by 
the Tersoff potential (in the case of the graphite substrate) [17]. These 
potential functions and their parameters are listed in Appendix A. 

The interaction in salts and salt mix was described by the hybrid 
potential consisting of the Lennard-Jones term and the Coulomb one. 
The Lennard-Jones (LJ) potential function with the Coulomb term is 
given by: 
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where Zi is the charge of the i-atom, rij = |ri − rj| is the distance between 
atoms i and j, ε is the depth of the potential well, σ is the distance at 

Fig. 1. General view of the original system at time t = 0 ns. The system di
mensions are shown in the figure. 

Table 1 
Lennard-Jones potential parameters for describing interaction in the melt.  

ion pair i-j ε (eV) σ (Å) 

K-K  0.0323  4.886 
F-F  0.00781  3.12 
Cl-Cl  0.00509  4.417 
I-I  0.0147  4.009 
K-Cl  0.0128  4.6514 
K-F  0.0159  4.0029 
K-I  0.0218  4.447 
F-Cl  0.00631  3.769 
F-I  0.0107  3.565 
Cl-I  0.00865  4.213 
Si-K  0.0253  3.216 
Si-F  0.00198  3.9515 
Si-I  0.0109  3.876 
Si-Cl  0.0124  3.995  

Table 2 
Morse potential parameters for describing interaction on the substrate surface.  

ion pair i-j Do
ij (eV) αij (Å− 1) ro

ij (Å) 

Si-Ag  0.09  1.115  3.450 
Si-C  0.435  4.648  1.947  
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which the interaction between the i and j atoms becomes zero. Charges 
of the system components are: ZK =+1, ZCl = − 1, ZF = − 1, ZI = − 1, ZSi =

+4. The substrates were the zero charge. 
Parameters of the Lennard-Jones potential presented in Table 1. The 

K-K, F-F-, Cl-Cl, I-I parameters were taken from [18–20]. 
The Lennard-Jones potential is not universal and poorly describes 

solid–solid interactions. LJ systems do not reproduce such physical 
characteristics as thermal conductivity and elastic properties [21]. 
Therefore, in the present model, the interaction of silicon with substrate 
surfaces was described by the Morse pair potential [22]: 
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where Do is the depth of the potential well, α is the parameter that de
termines the “rigidity” of the bond, ro is the equilibrium bond length. 
The Morse potential parameters are given in Table 2. The Si-C, Si-Ag 
Morse parameters were taken from [23] and [24], respectively. 

When the static system was formed, the MD modeling stage began. 

2.2. Melting and relaxation of the system 

The system described in the previous paragraph was melted. The 
melting process details are discussed below. The periodic boundary 
conditions acted in the (x,y) directions and rigid walls of the MD box 
were used in the z-direction. Parameters of the simulation cell are shown 
in Fig. 1. The integration step of the motion equations was 1 fs. In order 
to avoid the rapid heating of the system, a geometric optimization was 
performed first. During the geometric optimization the structural 
relaxation of the system was carried out. The minimization procedure 
was performed by the Polak-Ribier conjugate gradient method [25] to 
find the potential minimum of the system, i.e. the difference in potential 
energy at the previous and current steps was calculated; this difference 
was assumed not to exceed 10-5 eV. Further, under NVT ensemble 
conditions, the system was heated to 300 K for 0.1 ns. For the next 1.4 
ns, the system was heated stepwise to 1750 K with the temperature step 
of 50 K. On the following stage, the relaxation of this system in the NPT 
ensemble was performed. The required density of the melt (ρ ≈ 1.9 g / 
cm3) was achieved during 0.5 ns. Analysis of the radial distribution 
function g(r) was performed to confirm the transition of all system 
components to a liquid state. Fig. 2 demonstrates that all melt compo
nents at the last stage of the melting process (after 1.9 ns) are liquid. 

The random choice of starting points for the Si4+ ion determines the 

statistical nature of this study. The ion was launched in the system every 
30,000 time steps, which corresponds to a time of 30 ps. It was at such 
intervals that the coordinates of the system under study were recorded. 
This time noticeably exceeds the time, which is necessary for the ion to 
occupy its site (usually from 1 to 10 ps) after reaching the substrate. 
Therefore, the time of 30 ps can be considered as the absolute error in 
determining the time of complete coverage of the substrate with silicon 
or other characteristic instants. 

Fig. 3 illustrates the internal and potential U energy dependence of 
the (KF-KCl-KI) system on the temperature. The behaviors of both en
ergies are almost identical. The arrow shows the experimental value 
(858 K) of the liquidus temperature [4]. The middle section of U(T) 

Fig. 4. Schematic representation of the Si4+ deposition process from the melt to 
the substrate. Silicon ions were introduced in the system periodically, crossing 
the deposition boundary (indicated by the dash-dotted line), the particles 
moved through the melt in the substrate direction under the action of the 
electrical field E. 

Fig. 2. Radial distribution functions of the “cation-anion” systems: K-F (black 
line); K-Cl (red line); K-I (blue line) after the melting process. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 3. Changes in the internal energy of the KF-KCl-KI melt during heating 
from 200 K to 1750 K. 
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function is distinguished by the rapid growth, which corresponds to the 
system phase transition. The phase transition range is highlighted by 
dash-dotted lines and corresponds to the temperature range of 
750–1250 K. It should be noted that the liquidus temperature of a real 
salt system with a different concentration of components lies in the 
temperature range of 775–985 K [26]. 

2.3. Silicon particles deposition from the melt and adhesion energy 

After the formation of the “melt - substrate” interface, silicon was 
introduced into the system. The superheated melt was cooled to the 
working temperature of 1000 K, it should be noted that the experimental 
temperature of the real electrolytic process ranges from 993 to 998 K 
and varies depending on the molar concentration of the components 
[27]. The silicon deposition process is shown in Fig. 4, and it is also 
presented in the Supplementary material. Charged Si4+ ions were peri
odically introduced through the deposition boundary of the MD cell (z =
11 nm). In this case, in the liquid electrolyte the electric field (E = 104 V/ 
m) acted towards the substrate along the z-axis. The electric field 
imposition simulated the electrical driving force attended in the elec
trolytic process. The Si deposition process was in the NVT-ensemble. 

Adhesion energy is an important characteristic of the film / substrate 
system. Thin films are often very brittle and exist only because of the 
substrates that support them. The energy of adhesion determines largely 
how well the substrate provides the film strength. In addition, the 
durability of thin-film devices used in electronic microcircuits also 
mainly depends on the degree of adhesion of the film to the substrate. In 
other words, the performance of thin films is dictated by the adhesive 
forces. For example, at poor adhesion the film wears out quickly. 
However, there are situations where strong adhesion interferes with the 
processing step, as in the case of peelable films. The calculated adhesion 
energy characterizes the adhesion force that occurs between the formed 
silicon film and the substrate due to the intermolecular van der Waals 
interaction. The Ead values were calculated according to the formula: 

Ead = ESi +Esub − Etot (1)  

ESi is the internal energy of the silicon subsystem, Esub is the internal 
energy of the pristine substrate, Etot is the internal energy of the “Si- 
substrate” system. 

Whereas the changes in the adhesion energy to the substrate can 
represent the materials coupling force and the new surface growth dy
namics, the analysis of the time dependence of the studied subsystem 
internal energy can be useful for the identification of the cluster growth 
stages. This can be assumed from the fact that the internal energy of the 
subsystem (Eint) is the value of the specific interatomic potential inter
action, which describes the subsystem under study. 

2.4. Diffusion 

The diffusion coefficient was calculated according to the formula: 

D =
1

2ΓN
lim
t→∞

1
t
〈
∑N

i=1
(Δri)

2
〉 (2)  

where for three-dimensional space Γ = 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, Δri(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, 〈…〉 denotes 
averaging over the initial times used to determine D. 

The initial velocity of Si4+ ions was − 0.01 nm/ps (“-” is the reflection 
of the velocity vector direction to the substrate). A new silicon ion was 
introduced into the system every 30 ps. The choice of such time interval 
for the introduction of Si ions into the salt melt was dictated by the 
following considerations. We will consider the diffusion as a 

spontaneous process of the matter transfer, leading to the equalization of 
concentrations and chemical potential as a result of the thermal motion 
of molecules, ions and particles. Using formula (2), we calculated the 
average (for systems with silver and graphite substrates) diffusion co
efficient of Si4+ ions (~1.1 × 10-5 cm2 s− 1) in the volume of the elec
trolyte. The experimental value D of Si4+ ions in the KF – KCl – K2SiF6 
system was determined to be 3.2 × 10− 5 cm2 s− 1 at 923 K [28]. 

During the time of 30 ps, the Si4+ ion, as a rule, had time to pass 
through the melt and sink to the substrate surface. Then the ion diffused 
over the substrate surface until it found a proper site, i.e. the place where 
it was firmly attached to the substrate. The deposition was carried out 
until the substrate surface was completely tiled with a silicon layer. 

2.5. Statistical geometry method 

The method of statistical geometry is based on obtaining statistical 
distributions for elements of Voronoi polyhedra (VP) or modified poly
hedral [29,30]. VP selects a Voronoi region in space, all points of which 
are closer to the given center i than to any other center of the system. All 
geometric neighbors can be divided into main (direct) and non-main 
ones. For the former, the midpoint of the segment connecting the geo
metric neighbor to the center i belongs to the VP face, and for the latter it 
does not. A polyhedron constructed including only direct neighbors is 
called a simplified polyhedron [31]. 

In order to evaluate the closeness of the structure of the silicon films 
obtained in the present study with the structure of silicene, we per
formed a statistical analysis of the structure based on the construction of 
Voronoi polyhedra. Due to the fact that neither silicene nor the depos
ited silicon films have an ideal flat shape, it is possible to construct three- 
dimensional Voronoi polyhedra. Due to the small size of the z-coordinate 
(the z axis is perpendicular to the plane of the substrate) of atoms, such 
polyhedrons will not have a high degree of symmetry. To take into ac
count the effect of the substrate material, silicene, analogously to the 
silicon film obtained by us, was placed on the Ag(001) and graphite 
substrates. Molecular dynamics calculation of silicene on the corre
sponding substrates was carried out at the temperature of 300 K. The 
duration of the calculation was 1 million time steps. The shape of the 
polyhedra was estimated by the nonsphericity parameter [32]: 

η = S3/
(
36πV2) (3)  

where S is the surface area of polyhedron and V is its volume. 
In the cases where silicene was found on the Ag(001) and graphite 

substrates, close values of the parameter η were obtained: 2.64 and 2.63, 
respectively. These values are between the values of η for hexagonal ice 
(2.25) [33] and ideal tetrahedron (3.31). The VP nonsphericity for a 
silicon film deposited on the Ag(001) and graphite substrates turned out 
to be higher, it was 3.15 and 5.14, respectively. 

In this study, we paid attention not only to the detailed structure of 
the obtained silicon films, but also to the degree of their stressed state. 
To determine the stress state of the films, we calculated the stress tensor 
for these thin layers. The entire film was divided 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 σγα(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 
[34]. When determining the σγα(l) value, the interaction was taken into 
account both between solely film atoms and between the film and sub
strate atoms. Index γ shows the direction of the area orientation, and the 
index α (= x, y, z) indicates the direction of action of the resulting force 
component. Thus, the stress at an elementary area can be calculated 
according to the expression 

σγα(l) = 〈
∑n

i
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mvi
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where n is the number of atoms on the l area, m is the atomic mass, vα
i is 

the α projection of the velocity of the i atom, Ω is the volume per atom, fijα 

is the α 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. Results 

The growth mechanism of a silicon film is highly dependent on the 
type of substrate on which the film is produced. The stages of silicon film 
growth on the Ag(001) and graphite substrates are shown in Figs. 5 and 
6, respectively. The first image (Fig. 5) illustrates the initial stage of the 
stable Si-cluster formation. It can be noted that the embryonic structure 
of the silicon film appears (0.85 ns) even when a cluster containing only 
13 atoms appears on the substrate. Small clusters form at different places 
of the surface. However, the locations of these clusters do not remain 
constant over time. We see that by the time of 7.9 ns the clusters have 
not only increased in size, but also changed their location. At this point 
in time, one can already observe the coalescence of clusters. Thus, 
starting from this moment, the growth of a silicon film on the Ag(001) 
substrate occurs not only due to an increase in the size of individual 
clusters, but also through their merging. It can be seen that by the time of 

17.40 ± 0.03 ns the silicon film almost completely covered the substrate, 
except for two regions of unequal size. One of the silicon-free regions is 
large and it occupies most of the central region of the substrate. The 
smaller free area is near the bottom edge of the substrate. Further 
growth of the film occurs by compression of free cavities on the sub
strate, i.e. the growth proceeds from the boundaries of the cavities in 
their center. By the time of 22.24 ± 0.03 ns, the Ag(001) substrate was 
completely covered with a silicon film. Thus, the strong interaction of 
Si4+ ions with the Ag(001) substrate creates conditions for the growth of 
several silicon clusters at once, the coalescence of which makes it 
possible to cover most of the substrate. After the formation of Si-free 
cavities on the substrate, due to the low value of the adsorption en
ergy for the boundaries of the cavities, new Si atoms are first added to 
them. Ultimately, the entire surface of the Ag(001) substrate is covered 
with a silicon film. 

It can be emphasized that upon deposition on the silver substrate, the 
silicon film is formed mainly from six and five-link rings and appears as a 
uniform coating. Theoretical studies aimed at a detailed investigation of 
the interaction mechanisms between silicene (i.e. single layer silicon) 
and metal atoms confirm the obtained results on the determination of 
the most energetically favorable positions of the Si-atoms [35]. 

In the case of the graphite substrate, the single Si-cluster is formed, it 
increases gradually, and eventually covers the entire substrate surface 
(Fig. 6). The initial stable Si-cluster on the graphite substrate is formed 

Fig. 5. Stages of two-dimensional silicon film growth on the silver substrate from the KF-KCl-KI melt (Si atoms are marked in blue). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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during 1.1 ns by 27Si-atoms. By the time of ~ 8.5 ns, the Si cluster on the 
substrate surface reaches a size covering up to 1/5 of the substrate 
surface area. However, such cluster turns out to be unstable, and by the 
time of 17.70 ± 0.03 ns it decays into two narrow bands occupying the 
upper and lower parts of the substrate surface. Subsequently, as the Si 

atoms are deposited, the bands begin to grow towards each other, 
forming a continuous silicon film on the substrate surface. 

The hexagonal honeycomb structure of graphene sheets, which form 
a graphite substrate, initiates the formation of a local hexagonal packing 
of Si atoms at the substrate surface. However, the hexagonal 

Fig. 6. Stages of two-dimensional silicon film growth on the graphite substrate from the KF-KCl-KI melt (Si atoms are marked in blue). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Time dependence of the Si-clusters internal energy changes at different stages of the cluster formation: (a) system on the Ag(001) substrate, (b) system on the 
graphite substrate. 
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arrangement of Si atoms at the substrate surface has a local character. 
Probably, this is due to the mismatch of the lattice periods of graphene 
and silicene. The silicon film formed on graphite has a block structure. 
Moreover, the blocks formed from hexagonal Si-cells have different 
orientations. Linear structural defects are formed at the block bound
aries. When the Si film covers most of the surface area of the substrate, 
the Si4+ ions tend to bind to the formed Si layer rather than to continue 
deposition on the substrate. 

Fig. 7 illustrates the dependence of the internal energy changes in the 
Si-subsystem Eint(t) for a silicon film on the Ag(001) substrate. It can be 
seen that the internal energy decreases stepwise, each step reflects the 
attachment of a new Si atom (green in the inset) to the stable cluster 
located at the substrate surface (orange in the inset). Liu et al. [36] 
performed an ab initio calculation by the molecular dynamics method of 
the formation energy of silicon clusters in the absence of a substrate and 
on an Ag(111) substrate. For a free-standing Si6 cluster and the analo
gous cluster on the Ag(111) substrate, the values of formation energy 
were equal to − 0.88 and − 0.5 eV, respectively. The energy value Eint 
(-0.2 eV) determined from the first step in Fig. 7 can be considered as the 
energy of formation of a diatomic silicon cluster. The addition of each 
new Si atom to the cluster is accompanied by a decrease in the energy 
Eint. The energies of formation of five and six-link clusters on the Ag 
(001) substrate are ≈ -(0.47 – 0.50) eV. These energies are less in ab
solute value than the corresponding energies obtained from ab initio 
calculations. The Si-rings formed in the model do not have any minimum 
energy, since they are influenced by the surrounding molten salt at high 
temperatures. In addition to the high mobility of the components in the 
melt, the formation of energetically more favorable Si-structures on the 
substrate is influenced by the interaction between Si atoms and the 
substrate. 

Si clusters formed on the graphite substrate have lower internal en
ergies than similar clusters formed on the Ag(001) substrate. The spe
cific growth mechanism of a silicon film on the graphite surface was 
expressed in the initial formation of a small (of 27Si atoms) cluster, its 
growth, division into two parts, followed by filling the free space of the 
substrate with silicon. However, before a continuous film of silicon is 
formed, locally buildups (layers) of Si atoms appear. The inserts in 
Fig. 7b show the above-described structural changes during the forma
tion of the Si film on graphite. Here, a stronger change in the internal 
energy of the Si cluster is observed as it transforms into the silicon film 
than in the case of the Ag(001) substrate. 

A significant distinction between the formation mechanisms of the 

silicon films on metallic and nonmetallic substrates may be primarily 
due to the difference in the energy of the silicon adhesion to the sub
strate. Fig. 8 shows the dependences of Ead (t) for systems on the silver 
substrate (Fig. 8a) and on the graphite substrate (Fig. 8b). The top insets 
illustrate the average roughness value < d > of the silicon films for two 
types of substrates, in addition, the characteristic appearance of the 
films at the initial moment of the stable cluster formation on the sub
strate is illustrated in the left part of Fig. 8 and at the end of the simu
lation it is presented in the right part of Fig. 8. The values of the adhesion 
energy at the current step depend on the total number of Si atoms in the 
system. It is known [35] that the adhesion energy between the silver 
surface and silicene is approximately 0.345 eV, which is the average 
value taken for substrate orientations (001), (111), (110). In the case of 
the Ag(001) substrate, the initially obtained value of the adhesion en
ergy was 0.37 eV (Fig. 8a). Over time the value of Ead(t) decreased 
slightly and was about 0.3 eV, and by the time of 22.5 ns it reached the 
value of 0.345 eV. 

Fig. 8. Changes in the adhesion energy of Si/Ag (a) and Si/C (b) during the deposition of silicon. The dash-dotted line separates the stages of Si film growth: left field 
shows the process that takes place on the substrates when Si is present in the form of individual clusters; right field represents the stage of continuous film formation. 

Fig. 9. Average radius of clusters formed on the surfaces of Ag(001) (black 
curve) and graphite (red curve) versus time. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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After the silicon clusters are pulled together forming a single film, in 
some sites the second silicon layer formation begins. The formation of 
the second layer of Si atoms leads to a sharp decrease in the Ead(t) 
dependence. The maximum decrease in the adhesion energy is associ
ated with the time instant of 27.9 ns, further, the value of Ead(t) fluc
tuates around 0.13 eV. 

Fig. 8b demonstrates the time dependence of adhesion energy of the 
system on the graphite substrate. At the first stage (left part), the average 

value of Ead is ≈ 0.174 eV, then it decreases to ≈ 0.051 eV. It should be 
noted, that in the case of the system on the silver substrate, the Si-film is 
more uniform in contrast to that on the graphite one. At the final stage of 
the simulation, the film on the silver substrate covers its entire surface, 
and the tendency towards three-dimensional growth is only outlined 
(the roughness 〈d〉 of the silicon film increases, but a uniform second 
layer of the film has not formed yet). In the case of graphite, the coating 
turns out to be more defective, however, the formation of the second 
silicon layer can be clearly traced. 

Fig. 9 presents the change in the average radius of the formed Si- 
clusters over time. As follows from these dependencies the cluster 
growth on two different substrates are very different. The average 
cluster radius grows slowly on the metal surface (black line), but on the 
nonmetal surface (red line) the radius versus time function increases 
rapidly during 6 ns and further; the cluster radius increases gentler. In 
both cases, the change in the cluster size was traced as long as local Si 
formations could be observed on the substrate surface. It can be 
assumed, that the unequal nature of the surface diffusion of silicon 
atoms on two types of substrates is one of the reasons for the difference 
in cluster-growth dynamics. 

The dependence of the surface diffusion on the number of Si-atoms in 
the system is provided in Fig. 10. The values are in the logarithmic scale, 
the blue dependence describes the system on silver, the red one de
scribes the system on graphite. In the case of the silver substrate, the 
mobility of Si atoms at the initial moment of time turns out to be equal to 
1.12 × 10-8 cm2/s and to decrease gradually with time. A sharp decrease 
in log D values occurs at NSi = 840. The silicon atoms on the graphite 
substrate have the higher surface diffusion of 2.72 × 10-6 cm2/s at the 
initial stage. This is largely due to the lower value of the adhesion of the 
Si/graphite system. At the same time, the internal energy of the silicon 
film on the graphite substrate has lower (more negative) values than on 
the silver substrate. It can be noted, that the characteristic magnitude of 
the surface diffusion of nonmetallic particles on different surfaces 

Fig. 11. Angular distributions of the nearest geometric neighbors for a single-layer silicon film deposited on Ag (001) and on a graphite substrate (the number in the 
legend shows the number of deposit Si atoms), and for silicene on the corresponding substrates. 

Fig. 10. Surface diffusion of silicon atoms on silver (in blue) and graphite (in 
red) surfaces, dashed lines show a linear approximation of the dependencies. 
The inset shows the structure of the Morse potential as a function of the 
equilibrium lattice parameter ro

ij,; Si-Ag interaction is presented in blue, Si-C 
interaction is presented in red. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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obtained by various authors is in the range of 10-3– 10-9 cm2/s [37]. The 
inset in Fig. 10 shows the Morse potentials describing the Si-Ag and Si-C 
interactions. The Discussion section explains the effect of the nature of 

these interactions on the diffusion of Si atoms over the substrate surface. 
When constructing the angular distribution of geometric neighbors, 

we considered the angles θ enclosed between the rays drawn from the VP 

Fig. 12. Distribution of Voronoi polyhedra by the number of faces for a single-layer silicon film deposited on the Ag (001) and graphite substrates (the number in the 
legend shows the number of deposited Si atoms), and for silicene posted on the corresponding substrates. 

Fig. 13. Distribution of VP faces by the number of sides for a single-layer silicon film deposited on the Ag (001) and graphite substrates (the number in the legend 
shows the number of deposited Si atoms), and for silicene on the corresponding substrates. 
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center to the centers of neighboring atoms giving the VP faces. The 
calculated angular distributions (Fig. 11) show that there is a difference 
in the angular arrangement of Si atoms in the obtained single-layer films 
and in silicene, where acute angles in the vicinity of 15◦ are more strictly 
maintained. Such angles are due to the presence of buckles in silicene. 
Both for the deposited silicon film and for silicene, the VP distributions 
over the number of faces (n distributions) obtained using a graphite 
substrate are more symmetric and have lower standard deviations than 
the corresponding distributions related to the Ag(001) substrate 
(Fig. 12). The standard deviations for n distributions obtained for sili
cene are lower than those for the corresponding Si films by 2.1% (Ag 
(001) substrate) and 2.3% (graphite substrate). Silicon films obtained 
by the deposition on substrates have significantly lower vertical dis
placements of atoms than the height of silicene buckles, which increases 
when silicene is placed on the substrate. Due to the wide set of local 
bulges in the silicene on the substrate, the n distribution for the VPs 
constructed for it turns out to be elongated over a wide interval (up to n 
= 40). 

The main difference between the distributions of the VPs faces by the 
number of sides (m distributions) for the obtained Si films against sili
cene on the corresponding substrates is the presence of a big number of 
triangular faces in m distributions of silicene (Fig. 13). Thus, in the case 
of the Ag (001) substrate, the m distributions in silicene have 37.9% 
more triangular faces, and using the graphite substrate for silicene, such 
faces are 26.6% larger than those for the obtained Si film. Triangular 
faces generally have a small area and belong to more distant geometric 
neighbors. When constructing simplified polyhedra (taking into account 
only straight geometric neighbors), small geometric elements are 
excluded [38]. The distribution of the faces of such polyhedra by the 
number of sides shows a reduction in the proportion of triangular faces 
(Fig. 14). Moreover, the difference in the number of triangular faces in 
simplified polyhedrons for silicene and the deposited Si film decreased 
to 29.4% and 17.1% when the Ag (001) and graphite substrates were 
used, respectively. In the case of the graphite substrate, the ratio 

Fig. 14. Distribution of the faces of simplified polyhedrons by the number of sides for a single-layer silicon film deposited on the Ag (001) and graphite substrates 
(the number in the legend indicates the number of deposited Si atoms), and for silicene on the corresponding substrates. 

Fig. 15. Distribution of (a) lateral σzy and (b) normal σzz stresses for the silicon 
film obtained on the graphite and Ag (001) substrates along the 0x direction, 
when the elementary areas are elongated along the 0y direction. 
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between other types of faces for the deposited Si film and silicene is more 
accurate than in the case of the Ag (001) substrate. The same conclusion 
can be drawn when considering the corresponding distributions con
structed for simplified polyhedra. Thus, the Si film deposited on the 
graphite substrate corresponds more to the silicene structure than the 
film deposited on the Ag (001) substrate. 

The strongest local stresses in silicon films obtained on the graphite 
and silver substrates are compared in Fig. 15. Normal local stresses σzz 
for the Si film deposited on the Ag (001) substrate can reach the values 
that are almost 4 times higher than the corresponding stresses that exist 
in a similar film grown on the graphite surface. At the same time, the 
lateral local stresses σzy turn out to be much more significant when the 
film is located on the graphite substrate. Note that the amplitudes of the 
fluctuations of the normal stress σzz in the film on the silver substrate are 
much larger than the corresponding characteristics of the lateral stress 
σzy. However, for the film on the graphite substrate, the values of these 
characteristics are comparable. 

4. Discussion 

In this work, a molecular dynamic model describing the formation 
process of the silicon film on two types of substrates was developed. It 
was found that the difference in the substrate material affects the surface 
diffusion of silicon and, as a consequence, leads to the formation of 
various two-dimensional structures on silver and graphite substrates. 
We applied a simplified molten salt electrodeposition model to obtain 
silicon films of the monoatomic thickness. The model shows the possi
bility of adjusting the thickness of the resulting film, since the process 
implies mainly a layer deposition, especially in the case of the silver 
substrate. 

The stronger diffusion of silicon over the surface of the graphite 
substrate as compared to the Ag (001) substrate is explained by the 
nature of the “Si-substrate” interaction. The inset in Fig. 10 shows the Si- 
C and Si-Ag interaction potentials used. Under the action of an electric 
field, Si4+ ions move downward and collide with the substrate. This 
interaction with the substrate is characterized by a repulsive branch of 
the corresponding Morse potential. The steeper repulsive branch of the 
Si-C potential provides more intense movement of Si atoms over the 
graphite surface. The deposition of the Si4+ ion on the Ag (001) surface 
has a gentler character in accordance with the shape of the repulsive 
branch of the Si-Ag potential. A moving Si atom interacts more often 
with the substrate atoms (gaining greater acceleration) in the case when 
the substrate is graphite rather than silver. This is due to a larger number 
of C atoms than Ag atoms per one and the same substrate area. In 
addition, the size of the C atoms is smaller than the size of the Ag atoms, 
i.e. the carbon substrate is smoother. All of these contribute to a faster 
diffusion of Si atoms over the surface of the graphite substrate. The 
substantially deeper potential well of the Si-C potential creates condi
tions for the condensation, i.e. the formation of one large cluster on the 
surface of the graphite substrate. 

The correlation between the values of Si surface diffusion and the Si- 
substrate adhesion energy is established. Specifically, the lower value of 
Ead (in the case of the graphite substrate) contributes to the higher 
mobility of silicon atoms. Additionally, the difference in the adhesion 
energy affects the growth mechanisms of clusters: several growth cen
ters of the silicon film were found on the metallic substrate, and one 
active growth center was observed on graphite. The difference in the 
mechanisms of film growth neutralizes the high mobility of Si atoms on 
the graphite surface and leads to almost the same deposition time of the 
film as in the case of deposition on a silver substrate. 

At the temperature of 1000 K in the presence of a liquid electrolyte, 
the packing of Si atoms in the growing silicon film does not undergo 
significant changes as the coating of the electrode surface approaches to 
the end. Thus, a fairly stable angular distribution of the nearest 
geometrical neighbors is established in the growing Si films on the Ag 
(001) and graphite substrates even when the filling of the electrode 

surface with silicon reaches 70–80%. The same level of filling the 
electrode surface with silicon provides 7–8% retention of the standard 
deviation for n distributions, while the variation of the standard devia
tion for the m distributions does not exceed 3% using both the Ag (001) 
and graphite substrates. It is very likely that the structural relaxation of 
the silicon film will continue after cooling to room temperature due to 
the appearance of stresses caused by different coefficients of thermal 
expansion of the substrate and the film. 

It is of interest to obtain more detailed characteristics of the stress 
distributions shown in Fig. 15. The average values of the calculated 
stresses and the standard deviations obtained from them are shown in 
Table 3. 

The absolute value of the average lateral stress σzy in the silicon film 
on the graphite substrate is higher than the corresponding characteristic 
of the film on the silver substrate. At the same time, the average normal 
stresses σzz for the obtained Si film on silver and graphite substrates are 
approximately the same. The standard deviations for both stresses 
related to the Si film on the Ag (001) substrate are significantly higher 
than the corresponding characteristics obtained for a film on the 
graphite substrate. Large values of the standard deviation show strong 
variability in the statistic. Consequently, a silicon film obtained on 
graphite is characterized by more uniform values of local stresses σzy and 
σzz distributed over the entire film area than that is the case for the film 
grown on the Ag (001) substrate. The highest local normal stress σzz that 
appears in the silicon film on the Ag (001) substrate is 32 times lower 
than the tensile strength of free-standing silicene (12.5 GPa) [39]. 

The silicon films obtained in this work both on the silver and graphite 
substrates contained five-links rings formed by Si atoms. As a rule, the 
rings triplets were combined to form a common vertex between them. 
Combinations of three five-link rings were observed on both types of 
substrates, but they are more common for silver substrates. We earlier 
reported that the analogous associations appeared when monovacancies 
were created in silicene [40]. It is known, that regular pentagons cannot 
continuously and densely cover large surfaces. However, if the coating is 
made of pentagons, not lying on the same plane, then the pentagons can 
be densely (without voids and overlaps) packed over a large area, e.g. 
this is how the model of pentasilicene, which retains many properties of 
ordinary silicene is formed by hexagonal honeycombs, was created [41]. 

It was found that, during the electrodeposition of silicon onto the 
graphite substrate, regions of hexagons are formed with Si atoms at their 
vertices. Each of these areas has a winding boundary. Boundaries could 
include five- and four-link polyhedrons formed by Si atoms. Similar 
structures, only on a larger scale, were obtained in a physical experiment 
on the carbon substrate, more precisely, on highly oriented pyrolytic 
graphite (HOPG) by deposition under ultrahigh vacuum conditions [42]. 
In some regions of HOPG small 3D clusters were found. According to the 
scanning tunneling microscopy evidence, silicene on the HOPG sub
strate has a very insignificant deformation (0.05 nm). The obtained 
silicene monolayer on the HOPG surface is stable both at room tem
perature and at 350 ◦C. In present work, we also found a tendency to
wards the formation of 3D structures during the electrolytic deposition 
of silicon on the graphite substrate. Silicene on the graphite substrate is a 
much less expensive option for electronics and electrochemical devices 
than silicene on the silver substrate [43]. At the same time, there are 
fundamental difficulties in the implementation of silicene sheets on 
silver substrates as electrodes of a lithium-ion battery [44]. 

The results of this work bring a certain understanding to the process 

Table 3 
Mean value and standard deviation of lateral σzy and normal σzz stress distri
butions in the silicon film on the silver and graphite substrates.  

Substrate Ag(001) Graphite 

Stress Mean Standard Deviation Mean Standard Deviation 

σzy, MPa − 0.7958  78.54 − 2.26  36.96 
σzz, MPa 6.78  89.55 6.87  27.78  
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of silicon electrodeposition on silver and graphite substrates. It is shown 
that the perfect crystal structure of a metallic or non-metallic substrate 
cannot guarantee the formation of a single-layer silicon structure of the 
“honeycomb” type. It is quite possible that one-stage process of elec
trodeposition is not sufficient to obtain such structure. It is possible that 
the subsequent thermal annealing will relieve the mechanical stress of 
the film and bring its structure closer to that of silicene. It is more 
difficult to obtain a strictly two-dimensional film on a graphite substrate 
than on an Ag (001) substrate. This is due to the weak interaction be
tween the silicon film and the graphite substrate. In this case, in the 
absence of filling the entire substrate with a perfect hexagonal silicon 
structure associated with sp2 hybridization, the tendency to sp3 hy
bridization characteristic of bulk silicon increases. As a result, islands of 
new layers begin to form on the silicon film, which prevents the for
mation of a strictly single-layer coating. It is possible that with a 
decrease in the current density during the electrolysis may improve the 
quality of a single-layer silicon film on a graphite substrate. 

The Ag (001) substrate provides a stable layer-by-layer growth of a 
silicon film during the electrolytic production. This is facilitated by the 
relatively low and not rapidly changing over time value of the self- 
diffusion coefficient of silicon ions. At present, it is on this substrate 
that silicene is most often obtained by the epitaxy in high vacuum. The 
question of whether the Dirac cone is retained in the electronic structure 
of silicene is still debatable when it is placed on a silver substrate [35]. 
The process of electrolytic production of thin silicon films on a graphite 
substrate requires careful optimization, because of the high and rapidly 
changing values of the self-diffusion coefficient of Si4+ ions. In addition, 
the tendency of deposited Si atoms towards sp3 hybridization, which 
leads to disruption of layer-by-layer film growth [45,46], is manifested 
here more than in the case of adsorption on metallic substrates. 

The electrolytic method is used to obtain pure silicon films [5]. Films 
of a more complex composition, for example, silicon nitride films, are 
produced by a chemical method using precursors [47]. It was shown that 
in the presence of van der Waals interactions between the film and the 
substrate, an impurity at the growth front of the film can favor a flat 
morphology [48]. For example, the addition of Cu to Ag during the 
entire film growth period leads to the formation of a smoother film 
surface on a SiO2 substrate. 

From the point of view of using thin silicon films, in particular, sil
icene, in microelectronics, their production on a carbon substrate is 
more promising than the deposition of silicene on a silver substrate [49]. 
The fact is that the use of silicene in devices such as a field effect tran
sistor requires it to be placed on an insulating substrate. Until now, the 
transfer of silicene to an insulating substrate has not been carried out. 
However, it is obvious that such transfer without destruction of silicene 
is easier to carry out from a graphite substrate than from a metallic one, 
since the adhesion force of silicene with graphite is significantly less. 

It is known that solar cell efficiency is very sensitive to even low-level 
recombinations. This requires high purity of the active material that 
converts solar energy into electrical energy. Lowering production costs 
and improving the efficiency of silicon solar cells are becoming critical 
to increase the share of photovoltaic electricity in the current energy mix 
and this demand will steadily grow in the future. Continuous improve
ment of silicon solar cells brings their performance closer to the theo
retical efficiency limit. However, the gap between the achieved and 
theoretical possibilities still exists. 

5. Conclusions 

The production of thin silicon films by the electrolytic method can 
solve the problem of industrial production of solar silicon. In this work, 
we have shown the fundamental possibility of producing ultrathin films 
of pure silicon by this method. Two substrates for deposition of thin 
silicon layers are considered. Both silver and graphite substrates are 
found to be compatible with this process. A graphite substrate is a 
cheaper base, but a layered 2D silicon structure is more easily formed on 
a silver substrate. In addition, the adhesion energy of the continuous 
silicon film formed on the silver substrate is 2.5 times higher than that of 
the corresponding Si film on the graphite substrate. This provides the 
“Si-film / Ag-substrate” product greater strength in service. However, in 
this case, the unique properties of silicene, which determine its appli
cability in nanoelectronics, nanophotonics, and spintronics, can be 
largely deteriorated. An ideal single crystal layer was not obtained on 
any substrates used. The study of the detailed structure of silicon films 
obtained by the model electrodeposition showed that the films had a 
highly distorted hexagonal structure, where five and four-link forma
tions were present in their horizontal projection, together with hexa
gons. In addition to these features, the films differed from the 
“honeycomb” structure characteristic of free-standing silicene by lower 
local buckles. The silicon films obtained on the graphite substrate were 
found to have a structure closer to silicene than those obtained on the Ag 
(001) substrate. The silicon films synthesized by electrolytic deposition 
had a low mechanical stress, which was more uniformly distributed if 
the film was deposited on the graphite substrate. The defects created in 
the silicon layer of monoatomic thickness should not lead to recombi
nation. Unfortunately, the limited time scale of MD simulation did not 
allow us to solve the problem of stability of the obtained defect struc
tures. Obviously, a solution to this issue can be expected when con
ducting natural experiments. 

Progress in the field of electrolytic production of thin films of high- 
purity silicon can be achieved by combining efforts and approaches in 
the fields of physics, chemistry, materials science, engineering solutions 
and economics. 
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Appendix A 

The total energy Etot of Ag atoms in a silver support is given by the EAM potential as [19] 

Etot =
∑

i
F(〈ρ〉i)+

1
2
∑

i∕=j

É¸(rij) (B.1)  
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and 

〈ρi〉 =
∑

j
ρ(rij) (B.2)  

where F is an embedding to embed an atom i in the combined electron density 〈ρ〉i, contributed by neighbouring atoms j by an amount ρ(rij), the pair 
potential function ϕ(rij) shows the energy of bond ij which is due to the short-range electro-static interatomic interaction, and rij is the distance be
tween an atom i and its neighbor j. 

The main advantages of EAM potential are the simple form of potential and the fact that it is based on density functional theory (DFT). However, its 
embedded energy F and pair potential ϕ(rij) are given in the form of spline functions which leads to some disadvantages for calculations [50]. Arrays of 
parameters Fi(ρh,i), ρh,i, ϕij(Rij) specify this potential. 

The interaction between C atoms and graphite sheets was described by the Tersoff potential [17] 

Vij = fC
(
rij
)[

A⋅exp
(
− λ(1)rij

)
− Bbij⋅exp

(
− λ(2)rij

) ]
, (B.3)  

fC
(
rij
)
=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1, rij < R(1)

1
2
+

1
2

cos
[
π
(
rij − R(1))/( R(1) − R(2)) ] R(1) < rij < R(2)

0, rij > R(2)

(B.4)  

where bij is the multi-particle bond-order parameter describing the manner of the bond-formation energy (attractive part Vij) is created at the local 
atomic arrangement because of the presence of the neighboring atoms. R(1) and R(2) are the parameters of the potential cutoff. The potential energy is a 
multi-particle function of atomic positions i, j and k, which are determined by parameters 

bij =
(

1 + βnξn
ij

)− 1/2n
, (B.5)  

ξn
ij =

∑

k∕=i,j

fC
(
rij
)
g
(
θijk

)
, (B.6)  

g
(
θijk

)
= 1+

c2

d2 −
c2

[
d2 + (h − cosθijk)

2], (B.7)  

where ξij is the effective coordination number, g(θijk) is the function of the angle between rij and rik, which stabilizes the tetrahedral structure. 
Table A1 shows the parameters of the Tersoff potential used to describe the interactions in graphite. 

Appendix B. Supplementary material 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.apsusc.2021.149959. 
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[9] H.O. Nam, A. Bengtson, K. Vörtler, S. Saha, R. Sakidja, D. Morgan, First-principle 
molecular dynamics modeling of the molten fluoride salt with Cr solute, J. Nucl. 
Mater. 449 (2014) 148–157, https://doi.org/10.1016/j.jnucmat.2014.03.014. 

[10] A.E. Gheribi, P. Chartrand, Thermal conductivity of molten salt mixtures: 
Theoretical model supported by equilibrium molecular dynamics simulations, 
J. Chem. Phys. 144 (8) (2016) 084506, https://doi.org/10.1063/1.4942197. 

[11] X. Wang, C. Chen, K. Binder, U. Kuhn, U. Pöschl, H. Su, Y. Cheng, Molecular 
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