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The article investigates the effect of annealing temperature and initial stoichiometry of Si oxide in a 

wide range on the phase composition of Si/SiOx nanocomposites formed by phase separation induced by high-

temperature annealing. In this study, the appearance of internal stress hindering the phase separation pro-

cess, is taken into account. The equilibrium stoichiometry of the Si oxide matrix, the relative amount of Si 

precipitated into the Si phase and the average precipitate size as functions of the specified parameters are 

modelled thermodynamically. The dependence of the percolation threshold of the Si nanoinclusions on the 

annealing temperature is determined. The obtained results are discussed comparing the contributions from 

different mechanisms during phase separation into the Gibbs free energy of Si/Si oxide systems.  
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1. INTRODUCTION 
 

Nonstoichiometric Si oxide films (SiOx, x  2) are 

widely used in various technological applications such 

as for optical coatings [1], insulating spacers [2], and 

protective layers of electronic devices [3]. Moreover, 

composite structures, in which nanosized Si (nano-Si) 

inclusions are dispersed within a Si oxide matrix, are 

proposed to use in nonvolatile memory chips [4], third-

generation solar cells [5], light-emitting devices [6], and 

photodiodes [7]. 

Composite structures with nano-Si inclusions em-

bedded in a Si oxide matrix are most commonly obtained 

by high-temperature annealing of SiOx films. Such an-

nealing induces phase transformation of the nonstoichi-

ometric oxide, resulting in the separation of Si phase in 

the form of nanosized particles according to the follow-

ing reaction [8]: 
 

𝑥SiO𝑥0
 → 𝑥0SiO𝑥  +  (𝑥 −  𝑥0)Si,        𝑥0 < 𝑥 ≤  2 (1) 

 

This process is driven by the smaller value of the Gibbs 

free energy of the phase-separated system as compared 

to the one of the initial nonstoichiometric Si oxide [9, 10]. 

At the same time, as the amount of the separated Si in-

creases, the value of the internal stress also increases, 

which generally leads to incomplete separation into Si 

and Si oxide phases (x  2 in the expression (1)) [10-13].  

The main parameters defining phase composition of 
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the formed nano-Si/Si oxide composites are the annealing 

temperature and the initial stoichiometry of the non-

stoichiometric Si oxide. In [9], a thermodynamics theory 

describing equilibrium states in Si/Si oxide systems was 

proposed giving an insight into the mechanisms of for-

mation of nano-Si/Si oxide composites by high-tempera-

ture annealing. Later, this theory was modified to account 

for the effect of internal stress on the equilibrium nano-

Si/Si oxide phase composition [13]. A comprehensive ther-

modynamic theory of the phase separation process in non-

stoichiometric Si oxides disclosing all its key aspects was 

presented recently [10]. At this, however, the outcomes of 

the mentioned theories were considered for only a limited 

range of initial SiOx stoichiometries, x₀ ≥ 1. On the other 

hand, the films with x₀  1 are of interest as well. In such 

films, the stress arising during annealing, may affect for-

mation of interconnected Si inclusions or even completely 

percolated Si networks [14, 15], and this influence was not 

discussed earlier in the literature.  

The aim of this work is to determine the effect of an-

nealing temperature and initial SiOx stoichiometry in a 

wide range on Si/Si oxide phase composition, taking into 

account appearance of internal stress. This aim involves 

calculating a number of the characteristics of Si/Si oxide 

systems such as the equilibrium stoichiometry of the Si 

oxide matrix, the relative amount of Si precipitated into 

the Si phase, the average size of Si nanoparticles, and the 

percolation threshold, which corresponds to the initial 
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SiOx stoichiometry at which fully interconnected Si net-

work begins to form in result of annealing. The obtained 

results will enhance our understanding of the processes 

in nonstoichiometric Si oxides and will give a clue to de-

veloping technologies of nano-Si/Si oxide composites with 

tailored Si morphology for practical applications. 

 

2. MODEL 
 

The process of phase separation in SiOx films is char-

acterized by transformation of the Gibbs free energy to-

ward its minimum value. The microstructure of the non-

stoichiometric Si oxide is formed by Si–OySi4 – y 

(0 ≤ y ≤ 4) tetrahedral units with a central Si atom [8, 9]. 

The energy state of these units is described in terms of 

the penalty energy Δy = {0, 0.5, 0.51, 0.22, 0} eV [16] rep-

resenting energy non-equivalence of the units with dif-

ferent oxidation degrees y. During annealing, oxygen at-

oms migrate from the units with lower oxidation degrees 

to more oxidized ones [17]. Local disproportionation 

leads to a decrease in the total penalty energy of the Si–

OySi4 – y tetrahedral units, which is the driving force of 

phase separation of a nonstoichiometric Si oxide [9, 10]. 

The expression for the reduced Gibbs free energy of 

a Si/Si oxide system taking into account all the involved 

mechanisms has the following form [13]: 
 

𝑔′(𝑥0, 𝑥, 𝑇) =

=  
𝑥0
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−  
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}  +  𝜒(𝑇)(𝑥 −  𝑥0)2                       (2) 

 

Here, g’(x₀, x, T) is the reduced (i. e., not taking into ac-

count the terms that are not functions of x, see [9] for 

details) Gibbs free energy per one atom of the considered 

system, kB is the Boltzmann constant, hE = 13400 J/mol 

is the molar crystallization enthalpy of amorphous Si 

[18], sE = 3.97 eV/mol·К is the molar excess entropy of 

amorphous-to-crystalline transition of Si [19], and NA  is 

the Avogadro constant, respectively. The first contribu-

tion in the expression (2) corresponds to the penalty en-

ergy of all the Si–OySi4 – y tetrahedral units. The second 

contribution describes the effect of configuration entropy 

associated with the number of possible arrangements of 

oxygen atoms between pairs of Si atoms in the Si oxide 

phase. The third contribution origins from the release of 

Si into the amorphous phase, which has an excess free 

energy as compared to the crystalline one [20]. Finally, 

the last term in the expression (2) describes the contri-

bution of the internal stress to the Gibbs free energy of 

the Si/Si oxide system. In this term, the empirical func-

tion χ(T) has been determined as follows [13]: 
 

𝜒(𝑇) =  𝜒0 +  𝜒1 𝑒𝑥𝑝 (
𝜀

𝑘𝐵(𝑇 +  273)
)                           (3) 

 

where χ₀ = – 0.52 eV/atom, χ₁ = 0.18 eV/atom and ε = 0.11 

eV were determined fitting the calculated equilibrium Si 

oxide stoichiometries in the phase separated Si/Si oxide 

systems to respective experimental data [11, 13]. 

In accordance with the article goal, the values of the 

equilibrium stoichiometry index of the Si oxide matrix, 

the relative amount of Si precipitated into the Si phase, 

and the average radius of Si nanoparticles were calcu-

lated as functions of the initial SiOx stoichiometry and 

annealing temperature. Moreover, the temperature de-

pendence of the percolation threshold was calculated. 

The equilibrium stoichiometry of the Si oxide matrix 

xeq(x₀, T) was calculated as the value of x in the expres-

sion (2), at which the Gibbs free energy g’(x₀, x, T) has 

minimum value. 

The relative amount of silicon precipitated into the 

Si phase, r(x₀, xeq, T), was calculated as the ratio of the 

quantity of Si atoms precipitated into the Si phase to the 

maximum possible precipitated quantity, which is 

achieved at complete phase separation (x = 2). Calculat-

ing these quantities gives the following expression: 
 

   𝑟(𝑥0, 𝑥𝑒𝑞 , 𝑇) =  
𝑥𝑒𝑞  −  𝑥0

2 −  𝑥0
 ×  

2

𝑥𝑒𝑞
               (4) 

 

For simplicity, all the Si nanoparticles were consid-

ered spherical and their radii were assumed to have the 

same value. The expression for the nanoparticle radius 

as a function of the initial Si oxide stoichiometry, the 

equilibrium stoichiometry of the Si oxide matrix, and the 

annealing temperature, R(x₀, xeq, T), is thus written as 

follows [10]: 
 

𝑅(𝑥0, 𝑥𝑒𝑞 , 𝑇) =  (
3Ω

4𝜋
 ×  

𝑥𝑒𝑞  −  𝑥0

𝑥𝑒𝑞(1 +  𝑥0)
 ×  

𝐶0

𝐶𝑖𝑛𝑐𝑙
)

1/3

  (5) 

 

Here, Ω = 22.9 nm3 is the atomic volume of Si in the Si 

phase [21], C₀ = 7 × 1022 cm – 3 is accepted to be the total 

atom concentration in the Si oxide phase [22], and 

Cincl = 1018 cm – 3 is the typical concentration of Si 

nanoinclusions formed in result of phase separation [23, 

24], respectively. 

The percolation threshold is defined here as the value 

of the initial stoichiometry index of the Si oxide, at which 

the average diameter of the formed Si nanoparticles is 

equal to the average distance between them (see Fig. 1b) so 

that a complete interconnected Si network begins to form. 

At the particle diameters smaller than the average inter-

particle distance, the particles will be isolated from each 

other (see Fig. 1a). When the particle diameter exceeds the 

average distance between the particles centers, the Si 

phase precipitates as a continuous network formed by in-

terconnected nanoparticles (see Fig. 2c). 
 

 
 

Fig. 1 – Graphical representation of the percolation threshold 

concept: isolated Si nanoparticles (a), percolation threshold (b), 

Si particles forming a continuous network (c) 
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3. RESULTS AND DISCUSSION 
 

3.1 Equilibrium Stoichiometry of Si Oxide in 

Nano-Si/Si Oxide Composites 
 

As demonstrated in [8-10, 13], the key mechanisms 

defining the equilibrium stoichiometry index of the Si ox-

ide matrix obtained by phase separation of nonstoichio-

metric Si oxides are redistribution of oxygen atoms be-

tween the Si–OySi4 – y tetrahedral units, caused by the 

tendency to reduce their penalty energy, and appearance 

of internal stress suppressing this process. Analysis of the 

expression (2) shows that the contribution of the internal 

stress to the Gibbs free energy decreases with the in-

crease in the annealing temperature, which leads to an 

increase in the values of xeq. This conclusion is confirmed 

by the Fig. 2a, in which dependences of xeq versus anneal-

ing temperature for different initial SiOx stoichiometries 

are shown. As can be further seen from this figure, when 

the temperature reaches ~ 950 °C and above, the equilib-

rium stoichiometry index of the matrix reaches saturation 

at xeq ≈ 2 regardless of the initial Si oxide stoichiometry, 

which corresponds to almost complete phase separation. 

This saturation is caused by total relaxation of the inter-

nal stress and is fully consistent with numerous pub-

lished experimental results (see e.g. [11, 12]). 
 

 
 

a 
 

 
 

b 
 

Fig. 2 – Equilibrium stoichiometry of Si oxide matrix versus 

annealing temperature at initial stoichiometry values, x₀: 1 – 

0.6, 2 – 1, and 3 – 1.4 (а), versus initial stoichiometry at anneal-

ing temperatures, T: 1 – 500 °C, 2 – 700 °C, and 3 – 900 °C (b) 
 

 

Fig. 2b shows the effect of the initial stoichiometry 

index of SiOx films on the equilibrium stoichiometry of 

Si oxide matrix for different annealing temperatures. As 

can be seen from this figure, all the dependences are in-

creasing, defined by the functional form of the factor 

(x – x₀)2 of the contribution of internal stress to the 

Gibbs free energy (2). It should be also noted that almost 

complete relaxation of the internal stress at a tempera-

ture of 900 °C leads to a very weak dependence of xeq on 

x₀, much weaker compared to those at lower annealing 

temperatures. 

 

3.2 Relative Amount of Si Precipitated in Si 

Phase 
 

Fig. 3a shows the dependence of the relative amount 

of Si precipitated in the Si phase on the annealing tem-

perature for different values of the initial SiOx stoichiom-

etry. As can be seen from this figure, the precipitated Si 

fraction quickly increases with annealing temperature 

due to relaxation of internal stress and decrease in the 

corresponding contribution to the Gibbs free energy (2). 

Moreover, the graphs corresponding to different values of 

x₀ are quite close to each other and have an intersection 

point at a temperature of about 850 °C. 
 

 
 

a 
 

 
 

b 
 

Fig. 3 – Relative amount of Si precipitated in the Si phase versus 

annealing temperature at initial stoichiometry values, x₀: 1 – 0.6, 

2 – 1, and 3 – 1.4 (a), versus initial stoichiometry at temperatures, 

T: 1 – 500 °C, 2 – 700 °C, and 3 – 900 °C (b) 
 

Fig. 3b shows the relative amount of separated Si 

versus initial SiOx stoichiometry for different annealing 
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temperatures. The data presented in this figure indicate 

that raise of the annealing temperature leads to ever 

slower growth of the function r(x₀), which then changes 

to decrease at some temperature value below 900 °C. 

This may be explained by the fact that the main factor 

limiting the amount of the separated Si at lower tempe-

ratures is the internal stress in the phase-separated 

films. As the temperature grows, the internal stress 

mechanism begins to compete with the configuration en-

tropy effect, which causes a descending dependence r(x₀) 

(the equilibrium Si concentration in the Si oxide phase 

remains constant but the total Si concentration de-

creases with the increase in x₀. As demonstrated by 

Fig. 3a, equilibration of these mechanisms takes place 

at the temperature value of about 850 °C. 
  

3.3 Size of Si Nanoparticles 
 

Fig. 4a shows the evolution of the radius of Si nano-

particles at increasing the annealing temperature. As 

can be seen from this figure, all the dependences are 

practically linear up to a temperature of about 900 °C. 

After that, a transition to saturation occurs correspond-

ing to saturation of the amount of separated Si (see 

Fig. 3a) due to almost complete relaxation of internal 

stress. The value of the Si particle radius is higher for 

larger excess Si content in the initial SiOx films, which is 

obvious in view of that we consider a constant value of 

the Si nanoparticles concentration. 

Fig. 4b shows the dependence of the radius of Si na-

noparticles in the Si oxide matrix on the initial stoichi-

ometry of the SiOx film at different annealing tempera-

tures. As can be seen from this figure, the dependences 

for the lower considered annealing temperatures change 

their character from ascending to descending at x₀ = 0.5 

(T = 700 °C) and x₀ = 0.6 (T = 500 °C). These stoichiome-

try values correspond to a transition from a sharp to a 

slow increase in the respective dependences of the rela-

tive amount of Si precipitated in the Si phase on the ini-

tial stoichiometry index (see Fig. 3b). After this, the de-

crease of the nanoparticle size with an increase in the in-

itial SiOx stoichiometry is approximately linear, result-

ing from a decrease in the total amount of excess Si that 

can be separated into Si phase during phase separation 

process. 

The peculiarities of the behavior of the dependences 

of the relative amount of separated Si and the Si nano-

precipitates radius at low values of x₀ and annealing tem-

peratures may be explained as follows. At small values of 

x₀, the initial SiOx phase contains large amounts of 

Si – Si4 complexes with zero penalty energy and low con-

tents of Si – OSi3 and Si – O2Si2 complexes with the high-

est penalty energies. Therefore, the driving force for 

phase separation at such values of x is small and is easier 

balanced by both configuration entropy and internal 

stress mechanisms counteracting the separation process. 

The driving force increases with the increase in the value 

of x₀, which leads to the increase in both the amount of 

separated Si and the Si nanoparticles radius. Relaxation 

of the internal stress at raising the annealing tempera-

ture reduces the counteracting force to the phase separa-

tion thus shifting the transition point in the dependences 

shown in Fig. 4b to lower values of x₀. 
 

 
 

a 
 

 
 

b 
 

Fig. 4 – Radius of Si nanoparticles versus annealing tempera-

ture at initial stoichiometry values, x₀: 1 – 0.6, 2 – 1, and 3 – 1.4 

(a), versus initial stoichiometry at annealing temperatures, T:  

1 – 500 °C, 2 – 700 °C, and 3 – 900 °C (b) 

 

3.4 Percolation Threshold 
 

Fig. 5 shows the calculated dependence of the percola-

tion threshold on the annealing temperature. Using the 

typical concentration of Si nanoinclusions formed during 

phase separation of nonstoichiometric Si oxides, 

Cincl = 1018 cm – 3, the average distance between the nano-

particles was determined to be 10 nm, so that the calcula-

tions were performed for this particular nanoparticle di-

ameter value. As can be seen from Fig. 5, the initial stoi-

chiometry corresponding to the percolation threshold in-

creases with annealing temperature and tends to satura-

tion at T exceeding ~ 900 °C. This is due to the fact that 

with increasing temperature, an ever growing Si fraction 

is released as a result of internal stress relaxation, and, 

hence, an ever smaller excess Si concentration in the ini-

tial oxide is sufficient to form the nanoparticles, the diam-

eter of which is equal to the distance between their cen-

ters. It should be noted as well that the dependence of the 

percolation threshold runs from approximately 750 °C, 

since at lower temperatures the amount of the separated 

Si at any initial oxide stoichiometry is insufficient to form 

particles with the sizes enabling their contact. 
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Fig. 5 – Temperature dependence of the percolation threshold 
 

In [14], the percolation threshold between 0.5 and 0.7 

in ultrathin SiOx films (4.5 nm) annealed at 1000 °C was 

determined experimentally. Later, the percolation 

threshold of about 0.7 for such films was confirmed by 

kinetic Monte Carlo simulations [15]. Taking into ac-

count simplicity of the model used here as well as ne-

glecting the possible effects of the SiOx layer thickness 

on the morphology of the separated Si phase [25], the 

obtained value of 0.8 at 1000 °C (see Fig. 5) has a good 

correlation with the previously reported data. 
 

4. CONCLUSION 
 

In this work, the effect of annealing temperature and 

initial Si oxide stoichiometry in a wide range on the phase 

composition of Si/SiOx nanocomposites formed by phase 

separation of nonstoichiometric Si oxide films is studied 

by thermodynamic modeling. In particular, the equilib-

rium stoichiometry index of Si oxide matrix hosting Si na-

noparticles, the relative amount of Si precipitated in the 

Si phase, and the average radius of Si nanoparticles in the 

phase separated Si/Si oxide composites as functions of an-

nealing temperature are determined. The obtained func-

tions are found to be ascending due to the relaxation of 

internal stress at increasing the temperature. At the an-

nealing temperatures close to 900 °C, the equilibrium 

stoichiometry index of the Si oxide matrix approaches the 

stoichiometric value (x = 2) corresponding to complete 

phase separation, and the values of all the considered 

functions reach saturation. 

It is found out that the effects of internal stress and 

configuration entropy lead to slightly ascending depend-

ences of the relative amount of Si separated in the Si 

phase, on the initial SiOx stoichiometry at the tempera-

tures below a threshold value of about 850 °C. These de-

pendences change to slightly descending ones above this 

threshold due to complete stress relaxation. Moreover, 

the relative amount of Si precipitated in the Si phase as 

well as the Si nanoparticles radius grow fast at smaller 

x0 values, which is caused by small values of the contri-

bution of the penalty energy of Si–OySi4 – y structural 

units to the Gibbs free energy. At higher x₀ values, the Si 

nanoparticles radius linearly decreases due to the de-

crease in the excess Si concentrations in the initial SiOx 

films. 

A non-zero percolation threshold value is achieved be-

ginning from ~ 750 °C, at which sufficient amount of ex-

cess Si may be released to form nanoparticles with the di-

ameters coinciding with the distance between them. The 

percolation threshold is an ascending function of the an-

nealing temperature, which is explained by ever larger 

amount of separated Si due to internal stress relaxation. 

The obtained results have a scientific and practical 

significance. In particular, they may be used for creating 

Si/Si oxide nanocomposites with tailored properties for 

nanoelectronic device applications. 
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Термодинамічне моделювання фазового складу структур Si/SiОx, отримуваних фазовим 

розділенням нестехіометричних оксидів кремнію 
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У статті досліджено вплив температури відпалу та початкової стехіометрії оксиду кремнію в широ-

ких діапазонах на фазовий склад нанокомпозитів Si/SiOx, отримуваних фазовим розділенням при ви-

сокотемпературних відпалах. У цьому дослідженні враховано появу механічних напружень, що пере-

шкоджають процесу фазового розділення. В рамках термодинамічного підходу промодельовано залеж-

ність від зазначених параметрів рівноважної стехіометрії матриці оксиду кремнію, відносної кількості 

кремнію, виділеного у кремнієву фазу, та середнього розміру частинок кремнію. Визначено залежність 

порогу перколяції кремнієвих нановключень від температури відпалу. Отримані результати проаналі-

зовано, порівнюючи внески різних механізмів у вільну енергію систем кремній/оксид кремнію під час 

фазового розділення. 
 

Ключові слова: Нестехіометричний оксид кремнію, Фазовий склад, Фазове розділення, Нановклю-

чення кремнію, Поріг перколяції. 
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