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Abstract  

 

Silicon epitaxial layers were grown on a silicon (Si<111>) substrate in the range of 1323÷1073 K with initial 

crystallization temperatures from the silicon-tin (Si-Sn) solution. To determine the forces acting between the silicon 

nanoclusters in solution and the tin (Sn) particles and the silicon (Si) surface, the dielectric constant values of 

silicon, tin at selected temperatures were found experimentally. Given the Gibbs energy of the system to obtain the 

perfect epitaxial layers and structures of the crystal, optimal technological growth conditions are given. 
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1. Introduction 
Semiconductor materials CdTe, CdS, GaAs, GaP, GaSb, 

GaN, InSb, InP, InAs, ZnSe, ZnS and solid solutions 

obtained on their basis AlxGa1-xAs, AlxGa1-xP, GaAs1-xPx, 

GaxIn1-xAs, although they have high photoelectric 

parameters and are used as active elements in the 

development of optoelectronic devices, however, the 

synthesis of high-quality crystals of binary compounds is a 

technologically difficult task, therefore they are expensive 

materials. The manufacture of massive elements based on 

binary compounds is impractical. However, the possibility 

of obtaining a relatively low temperature of epitaxial silicon 

films from a solution-melt on relatively cheap silicon 

substrates makes them widely used materials. Therefore, 

the elucidation of the physicochemical features, i.e. The 

thermodynamic foundations of growing epitaxial Si films 

from a solution-melt remain one of the urgent problems of 

modern semiconductor physics. Using the literary known 

parameters, as well as conducting an experimental study to 

determine some constants and quantities, it is shown that 

crystalline perfect silicon grows under optimal conditions. 

It has been established that the optimal technological 

growth mode with the lowest energy costs. 

The authors of [1, 2] attempted to obtain structurally 

perfect silicon epitaxial layers from a tin solution-melt. To 

accomplish this, they investigated the technological growth 

modes, electrical, photoelectric properties of epitaxial 

silicon layers. 

However, those modes of technological growth, which 

are associated with the physical and chemical properties of 

the grown solution-melt of such a system, have not been 

thoroughly researched too far. 

 

2. Theoretical Part 

In a metastable system, crystallization occurs in two 

stages: a forced stage of nucleation—the formation of an 

interface, and the second spontaneous stage—growth on a 

seed. As a result, at the growth stage, the following main 

processes and related stages can be differentiated: delivery 

of a substance to a growing crystal (transport processes in 

the environment) and its attachment (kinetic phenomena on 

the surface). 

 During the forced growth of epitaxial layers at the 

crystal-liquid boundary, the isobaric-isothermal potential of 

the system (ΔGcr>0) increases. The free energy varies 

depending on the surface size and its surface energy σ. 

 A very important factor in the binding growth of silicon 

is the solvent and the substrate material, which has a 

specific orientation (In our study, the solvent was tin or 

gallium, and the substrate was oriented silicon <111>).  

 Despite ΔGcr>0, epitaxial silicon layers grow on the 

substrate due to surface energy in diffusion-kinetic or 

mixed mode. It should also be noted that the fact that the 

size of the crystal-forming nanoclusters in the system is in a 

critical state (ΔGcr>0) causes the crystallization process to 

begin. When nanoclusters of critical size are placed on the 

substrate, a ΔGcr<0 condition occurs when new 2D-sized 

primary centres larger than the critical size begin to appear 

(Figure 1). This condition is energetically preferred for the 

growth of epitaxial layers on the substrate surface. 

 
Figure 1. Volumetric Gibbs energy-Gv, surface Gibbs 

energy-∆Gs and total Gibbs energy representing cluster 

formation-∆Gcr, dependence on cluster radius. 
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 When a substrate isn't available (solid surface), self-

formation of nanoparticles occurs during cooling, however, 

this interferes with getting a single crystal from a 

homogeneous solution melt. As a result, a silicon substrate 

is used, which shares the same atomic radius of the 

crystallized film and substrate, as well as the coefficient of 

thermal expansion of the materials. All of these processes, 

however, are always specified by technological parameters, 

such as temperature, cooling rate, solvent type, and so on. 

Therefore, we will provide novel theoretical calculations for 

obtaining a film of a silicon single crystal on a silicon 

substrate with the lowest energy consumption and 

dislocation density. This is very important in production. 

For the ideal case of a silicon system dissolved in a tin 

liquid, the mixing Gibbs energy is as follows [3, 4, 5]. 

 

)lnln( 2211 XXXXRTGmix                                                (1) 

 

 In real systems, the activity must be used instead of the 

moles of the solution's components. In this example, in 

contrast to formula (1), the Gibbs energy of the interference 

is given in the form below [3, 4]. 
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 The following expression can be used to determine the 

activity in formula [4, 5, 6]: 
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 Here, X-mole fraction, γ -activity coefficient. 

 On the other hand, the determination of the magnitude 

of the expression γ  is based on experimental results. The 

formula (4) was used to calculate the activity coefficient for 

the silicon component. 
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 The values of the constants a’ and b’ in the formula are 

determined experimentally. For the Si–Sn system, 

a’=31162 and b’=4.0289 are found [7, 8, 9].  

 The detected activities of silicon and tin in the Si-Sn 

system (a) are given in the following table (Table 1). 

 

Table 1. Silicon and tin activity values. 

№ T a(Sn) a(Si) 

1 1373 K 0.8785675 0.5857100 

2 1323 K 0.914285 0.4285700 

3 1273 K 0.942855 0.3047617 

4 1223 K 0.961000 0.2071425 

5 1173 K 0.975285 0.1571400 

6 1123 K 0.989570 0.1328555 

7 1073 K 0.999000 0.0142850 

 

Using the data in the table, the interference of the Si-Sn 

system was determined by the Gibbs energy (Figure 2). 

The graph depicts how the Gibbs energy values of the 

system's mixing drop as the temperature rises. This shows 

that the system's silicon solubility in the tin solution is 

increasing. 

 

 

 
Figure 2. Gibbs temperature dependence graph of system 

interference 

 

Silicon crystals occur during the cooling of the Si-Sn 

system. Formula (1) is used to calculate the total Gibbs 

energy for the crystallization process in the system (formula 

(5)) [3, 10]. 
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Silicon nanoclusters were considered to be formed 

during the cooling of the system. The formation of silicon 

nanoclusters can be seen as the beginning of the primary 

crystallization process in the system [11, 12, 13, 14, 15]. 

The Gibbs (∆Gcr) energy for the formation of silicon 

nanocrystals in a liquid tin medium was calculated using 

the following formulas [16]. The results of the calculation 

are shown in Figure 3. 
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Here, μ1 and μ2 -chemical potential of liquid and solid 

silicon, Vm-molar volume of silicon, L -the heat of fusion of 

silicon, σs-l -solid-liquid interface surface tension of silicon. 

 

 
Figure 3. Formation of silicon nanocrystals Gibbs 

temperature dependence graph. 

 

The silicon nanoclusters generated in the system settle 

on the surface of the silicon embedded in the system, 

forming a macro-sized single crystal. For each temperature, 
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the total Gibbs energy of the system was calculated using 

the formula (5) (Figure 4). 

 

 
Figure 4. Gibbs energy in the formation of silicon crystals 

in the system temperature dependence graph. 

 

 
Figure 5. Temperature dependence of different sizes of 

dislocation centers relative to the growing surface. 

 

Examination of the formation of silicon crystals at 

different temperatures revealed that the different sizes of 

the dislocation centres on the crystal-forming surface (base) 

decreased with decreasing temperature (Figure 5) [16]. 

However, as can be seen from the graph in Figure 4, during 

crystallization at 1173 K, the Gibbs energy of the system 

has a specific decrease, while the Gibbs energy of the 

system has increased again at 1123 K. This reduces the 

probability of the formation of silicon crystals from 1173 K 

to 1123 K. Even at temperatures below 1123 K, a decrease 

in the Gibbs energy of the system is observed during 

crystallization. However, the amount of silicon in the Si-Sn 

system remains very low at temperatures below 1123 K 

(0.001 mole fraction). 

 

3. Method and Materials 

Chemically pure samples of tin and silicon were used 

for the experiment. Silicon plate in the <111> direction was 

used as the substrate. 

The experiment was carried out in an EPOS-type device 

(Pd-15T purifier) and in a hydrogen atmosphere at a 

temperature of 333-1323 K. The LVT 9/11-Nabertherm 

heater was used for heat transfer. A 4-Channel Type-K 

thermometer was used to check the temperature. 

 

4. Experimental Part 

Epitaxial layers of a silicon single crystal were grown 

from a tin and gallium solution-melt on single-crystal Si 

substrates with (<111>) p and n-type conductive liquid-

phase epitaxy according to the technology described in 

[17]. The substrates were 20 mm in diameter and ~400 μm 

in thickness. 

The composition of the solution-melt, consisting of 

silicon and tin, as well as silicon and tin, was determined 

from the phase diagram of the Sn–Si and Ga–Si binary 

alloy. The solubility of silicon in the tin was investigated at 

temperatures ranging from 1073 to 1373 K in order to 

create a liquid solution melt. Epitaxial silicon films were 

grown at temperatures of the onset (Toc) and end of 

crystallization (Tec), respectively, in the range 1323÷1073 

K. The samples were grown at different values of the 

technological parameters of liquid epitaxy. A high-quality 

silicon single crystal with a dislocation density of 

5∙104÷9∙103 cm-2 was obtained. 

The interaction forces of the particles in the system have 

been studied in the nanoscale explanation of the growth of 

low-defect and dislocated silicon epitaxial layers from the 

Si-Sn liquid solution to the Si surface. Here, silicon 

nanoclusters interact with the growing surface to participate 

in the formation of silicon single crystals on the surface 

[16]. The forces of interaction of the formed silicon 

nanoclusters with the solvent tin particles in the system, as 

well as with the particles on the surface of the growing 

silicon substrate (Lennard-Jones forces) were calculated 

[18, 19, 20]. 
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Where σ is the distance at which the intermolecular 

potential between the two particles is zero. A and B are 

constants, which depend on the type and particle 

composition. r- is the contact distance of the particles, I-

ionization potential of the particle, α-polarity, Rp-particle 

radius, ε-dielectric constant, ε0=8,85∙10-12 F/m. 

To determine the Lennard-Jones forces from formula 

(7), it is necessary to determine the quantities A and B. 

Formula (8) is used to determine the magnitude of B [21, 

22]. The quantities αSi and αSn in formula (8) are the 

polarity of silicon and tin in solution. As the crystallization 

process in the system took place at different high 

temperatures, it became necessary to determine the 

dielectric constant of the particles to know the polarity 

values at the same temperatures (polarity was determined 

using the formula (11)).
 

Since there is almost no data on the dielectric constant 

of silicon and tin in the scientific literature, we determined 

the parameters experimentally (Figures 6-7) [23, 24]. 

The dielectric constant of silicon was determined in a 

parallel-plate capacitor, while that of a tin metal was 
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determined in a hemispherical capacitor chain. The 

detection process was carried out in a hydrogen 

atmosphere. 

 

 
Figure 6. Dielectric constant values of tin metal at different 

temperatures. 

 

According to the scientific literature [25, 26], the 

dielectric constant of metals is very high at room 

temperature, as shown in Figure 6. Experiments have 

shown that the dielectric constant of tin averages 9.6·107 

from 513 K to 883 K. There was a decrease in dielectric 

constant from 883 K to 1133 K, an increase and decrease 

from 1133 K to 1283 K, and a sharp decrease from 1283 K 

to 1323 K. 

Based on the experimental results, it can be said that the 

change in the metallic properties of tin is observed when the 

temperature exceeds 883 K. It can be assumed that the 

structure (chemical bonds, shape) in the liquid medium is 

unstable when the values of dielectric refractive index in 

the range of 1133÷1323 K are not regulated. 

 

 
Figure 7. Dielectric constant values of silicon at different 

temperatures. 

 

In the experiment, we determined the values of 

dielectric constant of silicon at temperatures of 333÷1323 

K. It can be seen that the values of dielectric constant 

increase in the temperature range of 333÷823 K, and 

sharply decrease from 823 K to 843 K. It was observed that 

the dielectric constant values from 843 K to 1158 K were in 

the form of irregular increase and decrease. Differences in 

the dielectric constant of silicon decreased from 1158 K to 

1323 K (Figure 7). 

Based on the dielectric constant values determined 

experimentally at the selected appropriate crystallization 

temperatures of silicon and tin, the Lennard-Jones 

interaction forces of the tin solvent particles and the 

growing surface of silicon nanoclusters were calculated 

using formulas (9)-(13) (Table 2, Figure 8). 

 

Table 2. Temperature dependence of Lennard-Jones force 

values between silicon surface and silicon nanoclusters. 

 

 
Figure 8. Scheme of the interaction between the substrate 

surface and the silicon nanocluster in the liquid tin 

medium. 

 

 In a silicon-tin solution, the strengths of silicon 

nanoclusters forming silicon single crystals on the silicon 

surface increase with increasing temperature. Consequently, 

the probability of a covalent bond between the surface and 

the silicon nanocluster increases due to an increase in the 

Lennard-Jones forces. This process leads to the formation 

of a single crystal on the surface on which it grows. 

 

 
Figure 9. Lennard-Jones forces between silicon 

nanoclusters, which form silicon single crystals, and 

crystallization at different temperatures. 

 

In a silicon-tin solution, the interaction potential 

between the silicon nanocluster and tin particles also 

increases in the arc direction with decreasing temperature 

(Table 3).  
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Table 3. Temperature dependence of Lennard-Jones force 

values between tin particles and silicon nanoclusters. 

 

It was found that the interaction potential values of tin 

particles with silicon nanoclusters change from a 

temperature of 1323 K to a temperature of 1073 K on a 

curved line, and at temperatures below 1073 K on a straight 

line (Figure 10-11). 

 

 
Figure 10. Lennard-Jones interaction forces between 

silicon nanoclusters and tin particles that form silicon 

single crystals during crystallization at different 

temperatures. 

 

 
Figure 11. Scheme of the interaction of silicon nanoclusters 

and tin particles. 

 

From experiments and theoretically determined 

indicators, it can be concluded that as the initial 

temperatures of single crystal growth decrease, the Si-Si 

impact forces increase. However, at the film-base boundary, 

the dislocation density increases exponentially when the 

temperature is high at the beginning of the growth process. 

This can be explained by the relatively large size of the 

initial nanocluster in the formation of the single crystal 

(Table 2). Therefore, the conditions are chosen to grow 

crystalline perfect epitaxial layers with relatively low 

dislocation density of the required thickness in accordance 

with the Si base orientation. This is based on the above 

experimental and theoretical measurement calculations 

performed by us. 

 

5. Conclusion 

 The energy and technological conditions for the growth 

of silicon epitaxial layers from the liquid Si-Sn system to 

the silicon surface to crystalline perfect, ie low dislocation, 

were investigated. The optimal energy conditions for the 

growth of silicon single crystals were calculated 

theoretically, the Gibbs energy of the system, the size of the 

silicon nanocluster forming the single crystal, the size of the 

dislocation centres relative to the surface were calculated, 

and a temperature of 1173 K was chosen for growing the 

silicon single crystal from Si-Sn. The experiment was 

carried out based on these theoretical results, and a high-

quality silicon single crystal with a dislocation density of 

5∙104÷9∙103 cm-2 was obtained. 

 

Nomenclature 

 a Activity 

 γ Activity coefficient 

 ΔG Changes in Gibbs energy, J/mol 

 R  Universal gas constant, 8,314 J⋅K−1⋅mol−1 

 T Temperature, K 

 X Mole fraction 

 rc Critical radius of the particle, m 

 σs-l solid-liquid surface tension, J/m2 

 Vm Molar volume, m3 

 μ Chemical potential, J/mol 

 L Heat of fusion, J/mol 

 b Size of dislocation centers, nm 

 UL-J Lennard-Jones forces, J 

 r Distance between particles, m 

 σ Distance at which the intermolecular potential 

between the two particles is zero, m 

 ε Dielectric constant 

 ε0 Electric constant, 8,85∙10-12 F/m 

 α Polarity 

 I Ionization potential, J 

 Rp The radius of the polar particle, m 
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