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Introduction
Nonstoichiometric silicon oxide films (SiOx, x < 2) are widely used for various applications such as
protective and passivation layers [1], optical coatings [2], or insulating spacers [3] in contemporary
electronic devices. Besides, perspective Si based nanoelectronic devices are discussed with
composite structures consisting of nanometer sized amorphous or crystalline Si inclusions (nano-Si
inclusions) embedded in Si oxide matrix, which are produced by high temperature phase separation
of SiOx films. The advantages of the nano-Si / Si oxide composites rely on their robustness and
surface stability in comparison with porous materials as well as full process compatibility with
complementary metal-oxide-semiconductor technology. Such structures have been suggested to
use as light emitters [4-6] where efficient light emission in the visible spectral range is obtained due
to the quantum confinement of charge carriers in the nano-Si particles [7]. Nanocrystalline Si
inclusions embedded in SiO2 matrix have been also proposed for the floating gates of flash
memories with increased storage density and reduced power consumption [8-10]. Furthermore,
the structures with nanosized Si can be used for the single electron memories and the spin-based
quantum computation applications [11].
Nano-Si inclusions in Si oxide matrix are generally produced by high temperature annealing of
nonstoichiometric silicon oxide films in inert atmosphere or in vacuum. Various methods have been
used for the fabrication of initial SiOx films such as Si ion implantation in SiO2 [12, 13], co-sputtering
[14-16] and electron beam co-evaporation [17] of Si and SiO, plasma enhanced chemical vapor
deposition [18-22], molecular beam epitaxy [23], laser ablation [24, 25], and thermal vacuum or
reactive evaporation of SiO [26-28]. Average size of nanosized Si precipitates can be controlled by
either varying the annealing temperature or by changing the excess silicon content in the deposited
nonstoichiometric SiOx films. Reduction of oxygen content in SiOx leads to the increased nano-Si
precipitate size, density, and standard deviation of their distribution [29, 30]. Raising the annealing
temperature also results in the increase of the average nano-Si size [31]. A higher level of flexibility
is further provided by the superlattice approach suggested by Zacharias et al. [32], in which thin
SiOx layers alternate with stoichiometric SiO2 layers not undergoing separation, so that the location,
size (corresponding to the SiOx layers thickness) and concentration of Si nanoinclusions in silicon
oxide matrix can be defined independently.
During high temperature annealing, partial or complete decomposition of nonstoichiometric Si
oxide takes place according to the following reaction:
x SiOx0 → x0 SiOx + (x – x0) Si,

0 < x0 < x ≤ 2

(1)

where x0 and x are the initial and the current stoichiometry indexes of the silicon oxide phase,
respectively. Process (1) leads to the separation of the nano-Si precipitates and the increase of the
oxygen concentration in the surrounding Si oxide matrix.
The degree of the phase separation of SiOx films is often characterized by the equilibrium
stoichiometry index of Si oxide matrix, xeq, which also indicates the quantity of separated Si and,
hence, the concentration and the average size of formed Si nanoinclusions. Experimental data
show that xeq < 2 (incomplete separation) for the annealing temperatures below about 950°C and
increases with the increase of both x0 and T values [33-36]. The degree of phase separation
correlates with the amorphous or crystalline state of the nano-Si inclusions. For annealing
temperatures not exceeding approximately 950°C mainly amorphous Si (a-Si) precipitates form,
while at higher temperatures the formation of Si crystallites takes place, as revealed by Raman
scattering data and high-resolution electron microscopy investigations [28, 37-42].
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Understanding phase separation phenomenon in SiOx films in terms of thermodynamics would
enable to disclose the mechanisms guiding this process as well as to establish the basis for the
macroscopic description of its kinetics. Thermodynamic approach requires to have the knowledge
about the transformations of the Gibbs free energy in the Si / Si oxide systems during high
temperature annealing. Minimum values of the Gibbs free energy of the mentioned systems
determine the equilibrium between the silicon oxide and the separated Si as well as the equilibrium
Si oxide composition.
At present, the comprehensive thermodynamic theory of the phase separation process in SiOx films
still remains a matter of investigations. To the best knowledge of us, La Magna et al. [43] were the
first authors dealing explicitly with the Gibbs free energy of the separating Si oxide systems,
introducing the expression for it in an empirical way. Although authors have explained some
features of the process under study, in particular, the dependence of the final stoichiometry index
of Si oxide on its initial value, their approach cannot be considered satisfactory from the physical
point of view. In our earlier publication, we derived thermodynamically the expression for the
Gibbs free energy of the Si oxide and the Si / Si oxide systems and studied the formation of
equilibrium states between the bulk phases of amorphous or crystalline Si and Si oxide [44]. The
expression for the Gibbs free energy [44] was later modified by addition of the strain component
with empirical temperature dependence, in agreement with La Magna et al. [43], which enabled to
reproduce the experimentally observed dependence of xeq on the initial Si oxide stoichiometry and
annealing temperature in the nano-Si inclusions / Si oxide matrix case [45, 46]. In this chapter, we
present a consecutive and complete review of the thermodynamic study of the phase separation
process of nonstoichiometric Si oxide films and the formation of the nanosized Si inclusions in
silicon oxide matrix during high temperature annealing, based on our previous works devoted to
this topic.

Gibbs free energy of the Si / Si oxide systems
From the thermodynamic point of view, a SiOx film with x < 2 is a nonstable “kinetically frozen”
system that evolves toward the equilibrium state during high temperature annealing. This
evolution takes place by phase separation into Si and Si oxide with higher than initial index of
stoichiometry, until the minimum value of the Gibbs free energy defining the formation of
equilibrium between the separated phases, is reached.

phase
separation

SiOx0

amorphous Si
SiOx

FIGURE 2.1
Geometry of the initial Si oxide and the phase separated amorphous Si / Si oxide system

Nanomaterials and Nanotechnology

39

Thermodynamic theory of equilibrium states in the systems composed of contacting Si and Si oxide
phases has been proposed in our earlier publication [44]. Formation of equilibrium states is
considered by the separation of excess Si atoms from the initial Si oxide with the stoichiometry
index x0 according to the reaction (1). As a first approximation, phase separation of SiO x0 film is
assumed to form the contacting planar layers of Si and SiOx as shown in Fig. 2.1, instead of the
nanosized Si inclusions distributed in Si oxide matrix observed experimentally. Such simplified
approach enables at the beginning not to take into account the contributions to the Gibbs free
energy from the interfaces between the nano-Si inclusions and the surrounding Si oxide matrix. In
addition, in the most general case we consider the separation of Si in amorphous state, while the Si
oxide and the crystalline Si (c-Si) / Si oxide systems represent the partial cases.
The theory of the formation of equilibrium states operates with the total number of atoms (both
silicon and oxygen), N0, in the a-Si / Si oxide system. Using this quantity as well as the initial and the
current stoichiometry indexes of Si oxide phase, the numbers of Si atoms separated in the
amorphous Si phase, N [aSi Si] , of Si atoms in the Si oxide phase, N[SiOx
Si ] , and of oxygen atoms, N[O], are
expressed as follows:
x  x0
x( 1  x 0 )
x0
N[SiOx
Si ]  N0
x( 1  x 0 )
x
N[ O ]  N0 0
1  x0
N[aSiSi]  N0

(2)

The Gibbs free energy of the a-Si / Si oxide system is expressed as the sum of the contributions
from both constituent phases as follows:
G  N[aSiSi] g[aSiSi]  G[ SiOx ]

(3)

Here, g[aSiSi] is the Gibbs free energy of a single Si atom in the amorphous Si phase and G[SiOx] is the
Gibbs free energy of the Si oxide phase, respectively. We express the term g [aSiSi] with respect to the
Gibbs free energy of a Si atom in the crystalline Si phase, g [cSi Si] , in the following form [47]:
g[aSi Si]  g [cSi Si] 

hE  sE T
NA

(4)

where hE = 13400 J / mole is the molar crystallization enthalpy [48], sE = 3.97 J / mole × K is the
23
–1
molar excess entropy of amorphous-to-crystalline transition [49], and NA = 6.022 × 10 mole is
the Avogadro constant, respectively.
The contribution to the Gibbs free energy from the SiO x phase, G[SiOx], is expressed in the framework
of the binary solution model [50] as follows:
G[ SiOx ]  g[ Si ]N[SiOx
Si ]  g[ O ]N[ O ]  Gmix

(5)
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where g[Si] and g[O] are the Gibbs free energies of the atoms of pure elements Si and O, respectively,
and ΔGmix is the change in the Gibbs free energy caused by intermixing these elements. The latter
contribution is expressed in terms of a heat absorbed as a result of the formation of silicon oxide
structure from the Si and O substances (enthalpy of mixing), ΔHmix, and the difference in the
entropy between the mixed and unmixed states (entropy of mixing), ΔSmix, and looks as follows
[50]:
Gmix  Hmix  TSmix

(6)

The enthalpy of mixing is introduced here in a quasi chemical approach, i. e. it is assumed to arise
due to the bond energies between adjacent atoms [50] In this view, the formation of silicon oxide
N
phase occurs first by the breakage of [ O ] O=O double bonds with the energy εO=O and 2N[SiOx
Si ] Si–Si
2
N 
bonds with the energy εSi–Si so that one gets a positive contribution of  [ O ] OO  2N[SiOx
Si ]  SiSi
2
(εO=O, εSi–Si < 0). Heat is produced by the formation of 2N[O] Si–O bonds with the bonding energy εSi–O
and 2N[SiOx
Si ]  N[ O ] Si–Si bonds with the bonding energy εSi–Si thus the negative contribution to the
enthalpy of mixing results in ( 2N[SiOx
Si ]  N[ O ] ) SiSi  2N[ O ]  SiO .
Additional contribution to the enthalpy of mixing appears as a result of the microscopically
inhomogeneous structure of silicon oxide phase. From the microscopic point of view, the
nonstoichiometric silicon oxide is formed by the interconnected Si–OySi4–y tetrahedral units with
different coordination numbers of the central Si atoms to the neighbouring silicon and oxygen
atoms (y = 0, 1, 2, 3, 4) [51, 52]. The total number of units with all possible values of y is equal to
the number of Si atoms in the silicon oxide phase, N [SiOx
Si ] . Considering random distribution of y
between the Si–OySi4–y units, the probability to find either its value is calculated in the framework
of the random bonding model proposed by Philipp [51]. The number of tetrahedral units with
specific y in terms of quantities N[SiOx
Si ] and N[O] is calculated as follows:
y

 N[ O ]  
N 
4!

 1  [O ] 
Ny 
SiOx  

( 4  y )! y!  2N[ Si ]   2N[SiOx

Si ] 

4 y

N[SiOx
Si ]

(7)

Hamann [53] as well as Bongiorno et al. [54] introduced the penalty energies of Si–OySi4–y
tetrahedral units, Δy, as the measure of the energy nonequivalence of units with different oxidation
degrees of central Si atoms (Δ0 = Δ4 = 0, Δ1 = 0.5 eV, Δ2 = 0.51 eV, Δ3 = 0.22 eV) [54]. The
contribution of Si–OySi4–y tetrahedral units to the enthalpy of mixing is obtained by multiplication of
expression (7) by the respective value of Δy and summation over all possible values of y. The
complete expression for ΔHmix looks therefore as follows:
Hmix  N[ O ]   N

SiOx
[ Si ]

 N[ O ]
4!
 SiOx


y 0 ( 4  y )! y!  2N [ Si ]
4






y


N[ O ] 
1  SiOx 
 2N[ Si ] 

4 y

y

(8)
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OO
  SiSi .
2
Since the main contribution to the entropy of a solid solution is provided by its configuration part
[55] the entropy of mixing of the SiOx phase is calculated here as the configuration entropy
associated with the arrangement of N[O] oxygen atoms among the 2N[SiOx
Si ] available places between

where   2 SiO 

the pairs of silicon atoms. According to [56], the following expression is realized:
Smix  kB ln

( 2N[SiOx
Si ] )!

(9)

N[ O ] !( 2N[SiOx
Si ]  N[ O ] )!

–23

where k = 1.38 × 10 J / K is the Boltzmann’s constant. This expression is simplified taking into
account the Stirling’s formula n!  n ln n  n , which results in the following expression after all
transformations:


2N[SiOx
N
Si ]

Smix  kB  2N[SiOx
ln
 N[ O ] ln SiOx[ O ]
 Si ] 2N SiOx  N
2N[ Si ]  N[ O ] 
[ Si ]
[O ]


(10)

Combination of formulas (3) to (10) enables to obtain the expression for the Gibbs free energy of a
system consisting of the silicon oxide and the a-Si phases in the following form:

h s T 
G  N[aSiSi]  g[cSiSi]  E E   g[ Si ]N[SiOx
Si ]  g[ O ] N[ O ]  N[ O ]  
NA 

N

SiOx
[ Si ]

y

 N[ O ]  
N 
4!

 1  [ O ] 

SiOx

  2N SiOx 
y 0 ( 4  y )! y!  2N[ Si ]  
[ Si ] 
4

4 y

y 

(11)



2N[SiOx
N
Si ]

 kBT  2N[SiOx
ln
 N[ O ] ln SiOx[ O ]
 Si ] 2N SiOx  N
2N[ Si ]  N[ O ] 
[ Si ]
[O ]


In the analysis, it is convenient to deal with the Gibbs free energy per one atom in the amorphous
Si / Si oxide system, g, as a function of the initial and the current stoichiometry indexes of Si oxide,
x0 and x, respectively, and the temperature, T. The function g = g(x0, x, T) is obtained by dividing the
expression (11) by the total number of atoms in the a-Si / SiOx system, N0, and substituting in it the
expressions (2) for the quantities of silicon and oxygen atoms:
g( x 0 , x ,T ) 


x0
G

N0 1  x 0
g [ Si ]
x

 1 1   c  Si hE  sE T 
   g [ Si ] 

NA 
 x 0 x  
y

 g[ O ]   

1 4
4!
 x  2  x 
 

x y 0 ( 4  y )! y!  2   2 

2
x 
2
 kBT  ln
 ln

2  x 
 x 2 x

4y

y 

(12)
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Modification of expression (12) also enables to obtain the expressions for the Gibbs free energy per
one atom in other related systems such as the Si oxide and the c-Si / Si oxide system. The former is
h s T
achieved by setting N[aSiSi]  0 (or x = x0) and the latter by reduction of the term E E ,
NA
respectively.
Analysis of the minimum values of expression (12) for the a-Si / Si oxide systems as well as the
modified expression for the c-Si / Si oxide systems as the functions of annealing temperature and
initial stoichiometry index of Si oxide phase enables to determine the equilibrium states (values of
xeq) of the mentioned systems. Instead of the Gibbs free energy g(x0, x, T), the reduced Gibbs free
energy per one atom g’(x0, x, T) is introduced, the expression for which is obtained from the
expression (12) truncating all the terms that are not functions of x. This is an admissible step in
view of that the truncated terms influence only on the values of g and do not modify its behavior
with respect to x. Besides, the equality g[ Si ]  g[cSiSi] is set, which originates from the treatment of
crystalline Si state as ideal crystal neglecting the small entropy contribution to g [cSiSi] [56]. The
expression for the reduced Gibbs free energy of the amorphous Si / Si oxide system, g’(x0, x, T),
looks therefore as follows:
y
4 y
 1 4
4!
 x  2  x 
y 


 
 x y 0 ( 4  y )! y!  2   2 
2
x  1 hE  sET 
2
 kBT  ln
 ln


2  x  x NA 
 x 2 x

g' ( x0 , x ,T ) 

x0
1  x0

(13)

The functions g’(x0, x, T) for the Si oxide and the crystalline Si / Si oxide systems are obtained by
truncation of the last term in expression (13) for the latter case and by setting additionally x = x0 for
the former case, respectively.

Equilibrium states in the Si / Si oxide systems
The effects of the initial stoichiometry index of Si oxide phase, x0, and the temperature on the
evolution of the reduced Gibbs free energy of amorphous Si / SiOx systems with the change of the
current index of silicon oxide stoichiometry, x, are shown in Fig. 2.2. The data in Fig. 2.2 are shifted
1 hE  sET
by
with respect to the values (13) for better visualization. As can be seen from this
1  x0 NA
figure, the theory predicts that the equilibrium states of a-Si / Si oxide systems, for which the Gibbs
free energy has a minimum, correspond to incomplete phase separation in general case, i. e. to the
values of the equilibrium stoichiometry of silicon oxide phase xeq < 2. Analogous situation is
obtained also for the c-Si / Si oxide systems, the only difference being higher values of xeq.
The initial stoichiometry index of Si oxide phase is predicted to have no influence on the
equilibrium silicon oxide composition in both amorphous (see Fig. 2.2(a)) and crystalline Si / Si
oxide systems. Such conclusion can be also drawn from the mathematical analysis of expression
g' ( x0 , x ,T )
 0 with respect
(13). Indeed, the value of xeq is obtained as a solution of the equation
x
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x0
in the left hand side.
1  x0
The latter term can be cancelled leaving therefore x and T the only equation parameters and
making the solution independent on x0.
Fig. 2.2(b) shows the calculated dependences of the reduced Gibbs free energy of amorphous Si / Si
oxide systems on the stoichiometry index of Si oxide phase for different annealing temperatures.
As the calculations demonstrate, the theory results in the negative effect of temperature on the
equilibrium stoichiometry of silicon oxide in the a-Si / Si oxide as well as c-Si / Si oxide systems, i. e.
the decrease of the values of xeq with the increase of T. These conclusions are further supported by
Fig. 2.3, in which the calculated temperature dependences of xeq for both mentioned system types
are presented.
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FIGURE 2.2
Dependence of the reduced Gibbs free energy on the Si oxide stoichiometry index in the a-Si / Si oxide
systems:
(a) – for different initial stoichiometry indexes of Si oxide, x0: 1 – 1, 2 – 1.25, 3 – 1.5, and 4 – 1.75, respectively.
The annealing temperature is T = 800°C.
(b) – for different annealing temperatures, T: 1 – 600, 2 – 800, 3 – 1000, and 4 – 1200°C, respectively. The
initial silicon oxide stoichiometry is x0 = 1.25.
All values are shifted by 1 hE  sE T with respect to the values (13) for better visualization
1  x0 NA

As follows from the thermodynamic model presented here, the evolution of nonstoichiometric
silicon oxide films toward the separated Si / Si oxide states results from a combined action of
several mechanisms described by separate terms in expression (13). The role of these mechanisms
in promotion or suppression of the separation into silicon and silicon oxide phases is determined by
whether their contributions to the Gibbs free energy of Si / Si oxide system descend or ascend with
the increase of the value of stoichiometry index x. We analyze here all the participating
mechanisms separately and disclose their effects on the phase separation process in
nonstoichiometric silicon oxide films.
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FIGURE 2.3
Calculated temperature dependences of the equilibrium stoichiometry indexes of Si oxide phase for the aSi / Si oxide (1) and the c-Si / Si oxide (2) systems
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FIGURE 2.4
Contribution of the penalty energy of the Si–OySi4–y tetrahedral units of Si oxide phase to the Gibbs free energy
of Si / Si oxide systems, δ(x), versus stoichiometry index of Si oxide phase, x

At the microscopic level, phase separation in nonstoichiometric Si oxide films takes place by local
redistributions of oxygen atoms between the Si–OySi4–y tetrahedral units, composing the silicon
oxide structure, so that oxygen is lost by the oxygen poor and gained by the oxygen rich units [5759]. The exothermic character of the local disproportionation leading to the increase in the
difference between the oxidation degrees of central Si atoms in the neighboring Si–OySi4–y
tetrahedra has been also demonstrated theoretically by small cluster model quantum mechanical
calculations [60, 61]. In terms of the penalty energy of Si–OySi4–y tetrahedral units, the local
disproportionation results in the decrease of the total penalty energy of participating units. The
decrease in the penalty energy of entire Si / Si oxide system with the progress of phase separation
(increase of the value of x) leads to the decrease of respective contribution to the Gibbs free
y

4y

1 4
4!
 x  2  x 
 y , as demonstrated in Fig. 2.4. The tendency to
 

x y 0 ( 4  y )! y!  2   2 
minimize the total penalty energy of Si / Si oxide system is therefore a driving force for the

energy, ( x ) 
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transformation of initial nonstoichiometric silicon oxide state in the separated Si and SiOx phases.
As can be seen in Fig. 2.4, the minimum value of δ(x) equal to zero is obtained for x = 2
corresponding to the complete separation in the stoichiometric Si and SiO2 phases. This result is
supported by van Harpert et al. [62] who considered the discussed mechanism alone and deduced
the equilibrium state of Si / Si oxide systems in form of coexisting Si and SiO2 phases as providing
zero total penalty energy of all the Si–OySi4–y tetrahedral units.
The separation of Si and Si oxide is accompanied also by the transformation of the configuration
entropy of Si / Si oxide system. The entropy value decreases with the increase in the value of x due
to the reduction of the number of possible Si / Si oxide configurations (number of the
arrangements of oxygen atoms between the pairs of silicon atoms in the silicon oxide phase). Such
entropy behavior results in the increase of the respective contribution to the Gibbs free energy,
which is demonstrated by the positive values of its derivative with respect to x proportional to
1
2
ln
 0 . Some more one Gibbs free energy term increasing with x is provided for the a-Si / Si
x2 2  x
oxide systems by the separation of amorphous Si phase (see expression (13)). The mechanisms
behind both processes considered suppress therefore the phase separation in nonstoichiometric Si
oxide films and promote the conservation of the stoichiometry index of silicon oxide phase at the
initial value.
Combined action of the mechanisms promoting and suppressing the phase separation process in
nonstoichiometric silicon oxide films during high temperature annealing results in the equilibrium
states in them corresponding to incomplete Si and Si oxide separation, and the values of the
equilibrium silicon oxide stoichiometry xeq < 2. This situation is shown in Figs. 2.2 and 2.3 above. As
can be seen from the expression (13), the dependence of xeq on the temperature is determined by
only the suppressing mechanisms, the contributions of which to the Gibbs free energy of Si / Si
oxide systems are the ascending functions of x. The values of these contributions increase with the
growth of temperature that makes xeq shift toward smaller values, as demonstrated by the results
presented in Figs. 2.2(b) and 2.3. The lower values of xeq in the a-Si / Si oxide systems as compared
to the c-Si / Si oxide case originate from the additional ascending with x contribution to the Gibbs
free energy from the separated a-Si phase, as will be discussed in more detail below.

Si and Si oxide equilibrium within the concept of Si solubility in SiO2
phase
The equilibrium states in the Si / Si oxide systems can now be analyzed in terms of the excess Si
concentration in the silicon oxide considering the SiO x phase as the stoichiometric SiO2 with excess
Si dissolved in it. The equilibrium value of excess Si concentration corresponds to the solubility limit
of Si in SiO2. The independence of the equilibrium stoichiometry index of Si oxide phase on the
value of x0 as well as its decrease with the increase of temperature (see Figs. 2.2 and 2.3) comply
with the solubility limit concept. Whatever is the initial composition of silicon oxide phase, the
equilibrium Si concentration in silicon oxide in excess to that in SiO2 does not depend on it and is
determined by only the temperature (grows with the temperature) and the structure of Si phase.
Temperature dependences of the solubility limits of Si in SiO2 in the a-Si / SiOx and c-Si / SiOx
systems can be calculated from the data for xeq presented in Fig. 2.3. Taking into account the
C0
22
relations (2), the Si concentration in SiOx phase is calculated as C [SiOx
, where C0 ≈ 7 × 10
Si ] 
1 x
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–3

cm is the total estimated concentration of atoms in the nonstoichiometric silicon oxide [43]. The
C0
2
Si concentration in stoichiometric SiO2 is therefore equal to C [SiO
and the equilibrium Si
Si ] 
3
C0

concentration in silicon oxide to C [SiOxeq
, respectively. The equilibrium Si concentration in
Si ]
1  xeq
the nonstoichiometric silicon oxide with composition xeq in excess to that in SiO2 phase, i. e. the
2  xeq
2
 C [SiO
solubility limit of Si in SiO2 can be calculated now as C [ Si ]  C [SiOxeq
. The
Si ]
Si ]  C 0
3(1  xeq )
temperature dependences of the solubility limits of Si in SiO 2 in contact with both amorphous and
–1
crystalline Si, obtained by this expression, are shown in Fig. 2.5 in coordinates ln ΔC[Si] vs. T , in
which they are linearized. The functions ΔC[Si](T) may be described therefore by the traditional
 E 
Arrhenius dependences for the solubility limits, C [ Si ]  C [0Si ]  exp  sol  , where C [0Si ] is the
 kBT 
pre-exponential factor and Esol is the activation energy of dissolution, respectively. The
characteristics of the dissolution process of Si in SiO 2 in contact with both amorphous and
crystalline Si are obtained by linear fits of the calculated values of ΔC[Si] in Fig. 2.5 and are shown in
Table 2.1.
21

10

C[Si], cm

-3

1
20
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2
19
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0.6

0.8

1.0
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-3

1.2
-1

T , 10 K

FIGURE 2.5
Dependence of the solubility limit of Si in SiO2 phase on the inverse temperature for the a-Si / Si oxide (1) and
the c-Si / Si oxide (2) systems. Symbols present the results of calculations by the expression
2  x eq
and lines are the approximations by Arrhenius dependences in the form
C [ Si ]  C 0
3( 1  x eq )
 E 
C [ Si ]  C [0Si ]  exp  sol  , respectively
 kBT 

TABLE 2.1
Characteristics of the solubility of Si in SiO2 in contact with amorphous and crystalline Si phases

C [0Si ] , cm–3
amorphous Si
crystalline Si

22

1.09 × 10
1.37 × 1022

Esol, eV
0.36
0.43

Nanomaterials and Nanotechnology

47

Calculated temperature dependences of the solubility limits of Si in SiO2 are at the best to be
compared with respective experimental results. However, the information about the solubility
limits of Si in SiO2 is lacking [63]. Agarwal and Dunham [64] estimated the solubility concentration
of Si in SiO2 to be ~ 4 × 1020 cm–3 at 1100°C, which is close to the value ~ 3.5 × 1020 cm–3 obtained in
our study for SiO2 in contact with crystalline Si at this temperature. The solubility limit of Si in SiO 2
in contact with amorphous Si is higher due to the higher value of the Gibbs free energy of Si atoms
h s T
in a-Si phase (chemical potential) by E E (see expression (4)). Equilibrium between the Si and
NA
the Si oxide means equalizing the chemical potentials of Si in both phases. Therefore, more Si
atoms tend to dissolve in equilibrium from amorphous Si into SiO2 leading to higher solubility limits
and lower values of equilibrium silicon oxide stoichiometry than those for the crystalline Si / SiO2
h s T
systems. The function E E decreases with the temperature therefore reducing the relative
NA
driving force of Si dissolution from the a-Si state compared to that from the c-Si and leading to
smaller value of the activation energy of Si solubility for this case.

Influence of the Si nanoinclusions / Si oxide matrix interfaces on the
equilibrium states during the phase separation of nonstoichiometric
Si oxide films
As mentioned above, the results of experimental investigations of the process of phase separation
in nonstoichiometric Si oxide films indicate the increase of the equilibrium stoichiometry index of Si
oxide with the increase of both the initial stoichiometry index [28, 43] and the annealing
temperature [33-36]. At the same time, the theoretical results described in the previous sections
show the predicted independence of the equilibrium value of xeq on the initial Si oxide composition
as well as its decrease when the annealing temperature increases (see Figs. 2.2 and 2.3). It is
obvious therefore that the theory of the formation of equilibrium states in the Si / Si oxide systems
requires modification and account of additional acting mechanisms to enable to explain the
experimentally observed features during the phase separation of SiOx films.
One of the mechanisms that may presumably affect the SiO x phase separation is the formation of
the interfaces of nano-Si inclusions with surrounding Si oxide matrix. The relative area of such
interfaces is high enough in view of the small nano-Si sizes so that the interface free energy may
possibly have an influence on the value of xeq and its dependence on the annealing temperature.
The contribution to the Gibbs free energy related to the formation of nano-Si / Si oxide interfaces
may be estimated in the following way. Setting f(r) to be the distribution function of the nano-Si
inclusions on radius, this contribution is expressed as follows:


Ginterface  4N pre  r 2 f ( r )dr

(14)

0

where γ is the energy of the unit area of the nano-Si / Si oxide interface and Npre is the total
quantity of Si precipitates formed by the phase separation of nonstoichiometric Si oxide film with
the total number of atoms N0, respectively.
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When, for simplicity, all the nano-Si inclusions are considered to have the same average radius R,
the interface contribution to the Gibbs free energy per one atom in the nano-Si / Si oxide system
looks as follows:
ginterface  4 R 2

Npre

(15)

N0

where the radius of the nano-Si inclusions is expressed as a function of the initial and current
stoichiometry index of Si oxide matrix in the following way:
a Si

R3

3
3 N[ Si ]
3 x  x0 N0
i 3
3
4
4 Npre
4 x( 1  x0 ) Npre

(16)

Here, Ω ≈ 2.29 × 10–29 m3 is the volume per one Si atom in the Si phase [65] and i is the number of Si
atoms in a single nanoinclusion, respectively.
The estimations of the influence of the interfaces of the Si nanoinclusions with Si oxide matrix on
the Gibbs free energy values have been performed for the case of the formation of amorphous Si
inclusions taking place at the temperatures between about 600 to 950°C, as reported above [28,
37-42]. In relation to this, the value of the specific interface energy γ, according to the data of *66+,
was accepted equal to 0.01 J / m2. Indicated temperature range is the most important for the
investigations because it corresponds to the main temperature dependence of the equilibrium
N
stoichiometry index of Si oxide matrix [33, 34]. The values of pre are calculated from the ratios of
N0
C
respective concentrations, pre , referring to the typical concentrations of Si nanoinclusions Cpre of
C0
18
–3
about 10 cm [67, 68].
Fig. 2.6 shows the dependences of the ginterface calculated by expression (15) on the stoichiometry
index of SiOx matrix for different values of the initial Si oxide stoichiometry x0 as well as for
different nano-Si concentrations. It can be seen from this figure that the contribution to the Gibbs
free energy from the a-Si / Si oxide interfaces does not exceed the values of approximately 5 × 10–4
eV / atom for reasonable Cpre values, which is at least two orders of magnitude smaller than the
data presented in Fig. 2.2. Partial crystallization of amorphous Si nanoinclusions may lead to the
modification of the effective value of γ by about one order of magnitude (γ is equal 0.1 to 0.6 J / m2
for the bulk c-Si / SiO2 interface [69-71]), which will result in the proportional change of the value of
the contribution of interface between the Si nanoinclusions and Si oxide matrix. This will not lead,
however, to a significant modification of the values of g’ expressed as the sum of the expressions
(13) and (15). Moreover, multiple studies, despite differences in mathematical representations,
demonstrate the decrease of the interface free energy of nanoparticles with the decrease of their
sizes [72-74], which leads to additional decrease of the value of the contribution to the Gibbs free
energy from the nano-Si / Si oxide interfaces.
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FIGURE 2.6
Dependence of the nano-Si / Si oxide interface contribution to the Gibbs free energy on the Si oxide
stoichiometry index in the a-Si / Si oxide systems:
(а) — for different initial stoichiometry indexes of Si oxide, x0: 1 – 1, 2 – 1.25, 3 – 1.5, and 4 – 1.75,
respectively. Cpre = 1018 см–3.
(б) — for different nano-Si concentrations, Cpre: 1 – 1017, 2 – 1018, and 3 – 1019 cm–3, respectively. The initial
silicon oxide stoichiometry is x0 = 1

This indicates that the formation of the interfaces between the formed Si nanoinclusions and
surrounding silicon oxide matrix during the phase separation of nonstoichiometric Si oxide films
should be considered as a factor with minor importance for the establishment of the equilibrium
states in the nano-Si / Si oxide systems.

Role of internal strain on the formation of equilibrium states in the Si
nanoinclusions / Si oxide systems
From the mathematical point of view, to agree the theoretical and experimental results on the
influence of the temperature and the value of x0 on the nano-Si / Si oxide matrix equilibrium, the
expression (13) should be extended with at least one term corresponding to the mechanism
suppressing the Si and Si oxide separation. The mathematical structure of this additional term
should meet the following requirements [45]:
(a) superlinear dependence on the difference between the current and the initial stoichiometry
indexes of Si oxide phase, to be able to reproduce the increase of the value of xeq with the
increase of x0 value;
(b) descending dependence on the annealing temperature, so that the shift of the minimum Gibbs
free energy of nano-Si / Si oxide system toward smaller x with the raise of temperature would
be enabled.
First requirement is met by the expression for the contribution to the Gibbs free energy of
nonstoichiometric Si oxide arising due to the internal strain that appears as a result of the atom
redistribution during the phase separation, introduced in the following form in [43, 75]:
1
gSiOx ( x0 , x )  E 0 ( x  x0 )2
2

(17)

Nanomaterials and Nanotechnology

50

Here, ΔgSiOx(x0, x) is the density of the strain related Gibbs free energy of silicon oxide, E = 70 GPa is
1 a
the Young’s modulus of Si oxide,  0 
is the composition extension coefficient, and a is the
a x
average distance between the atoms in the system under consideration, respectively. Authors [43]
have modified the phenomenological expression for the Gibbs free energy density of SiOx films with
the term (17) and explained qualitatively the dependence of the equilibrium stoichiometry index of
phase separated silicon oxide on its initial value (see Fig. 2.7). At this, however, no quantitative
comparison with experimental data as well as no temperature dependence of the contribution
ΔgSiOx has been provided.
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FIGURE 2.7
Dependences of the Gibbs free energy density of the nonstoichiometric Si oxide on its composition without
internal strain (1) as well as with strain account for different values of the initial Si oxide stoichiometry, x0: 2 –
1.1, 3 – 1.2, and 4 – 1.3, respectively. The values of the stoichiometry index in minimums: 2 – 1.26, 3 – 1.43,
and 4 – 1.55, respectively (according to [43])

We consider the strain contribution to the Gibbs free energy per one atom (13) of the Si / Si oxide
system by analogy with expression (17) but in general form, using a temperature dependent
function χ(T) as follows [45]:
gstrain ( x0 , x ,T )  (T )( x  x0 )2

(18)

so that the expression (13) transforms into
y
4 y

4!
1 4
 x  2  x 
  
 
 y

 x y 0 ( 4  y )! y!  2   2 
2
x  1 hE  sET 
2
2
 kT  ln
 ln

  ( T )( x  x0 )
2  x  x NA 
 x 2 x

g' ( x0 , x ,T ) 

x0
1  x0

(19)
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FIGURE 2.8
Experimental temperature dependences of the equilibrium stoichiometry index of resistively evaporated SiO1.0
(a) [33] and thermal vacuum sputtered SiO1.25 (b) [34] films

The minimum values of expression (19) determine the equilibrium states (and values of xeq) of
phase separated nonstoichiometric silicon oxide films for the processes, in which the formation of
nanosized Si inclusions in the Si oxide matrix takes place.
Study of the dependence of the equilibrium stoichiometry index of Si oxide matrix as a function of
initial stoichiometry of SiOx film and annealing temperature requires to have the knowledge about
the mathematical form of χ(T). At the moment, no exact physical model to derive this function is
elaborated. Here, the temperature behavior of χ(T) is determined by comparing the equilibrium
values of the stoichiometry index of Si oxide phase calculated from the minimum condition of
expression (19), with the corresponding experimental saturation stoichiometry indexes of Si oxide
matrix obtained after anneals of SiOx films at different temperatures. In this work, comparison is
made using the data for xeq for resistively evaporated SiO1.0 [33] and thermal vacuum sputtered
SiO1.25 films [34], the dependences of which on annealing temperature are shown in Fig. 2.8 (a) and
(b), respectively. As can be seen from this figure, the transformation of Si oxide matrix into
stoichiometric SiO2 at annealing temperatures above approximately 900°C is demonstrated within
the experimental error.
Fig. 2.9 shows by symbols the values of χ(T), calculated for two indicated nonstoichiometric Si
oxides. For comparison, respective value from [43] (see expression (17)) recalculated per one atom
E20
in the Si / Si oxide system as
is also presented. As may be seen from this figure, this value is
2C 0
consistent with the theoretical values of χ(T) in the temperature range of approximately 600 to
900°C, in which the formation of amorphous Si nanoprecipitates takes place to the most extent [28,
37-42].
To make possible the investigation of the evolution of the Gibbs free energy of nano-Si / Si oxide
systems with the change of x according to the expression (19), the data of χ(T) are the best fitted by
exponentially decaying functions in the following form [45]:
  

( T )  0  1  exp

 kBT 

(20)
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FIGURE 2.9
Values of χ(T) calculated using the experimental temperature dependences of the saturation stoichiometry
index of SiOx films (symbols) and the approximated functions (20) (lines) for the SiO1.0 films obtained by
reactive evaporation of SiO (1) [33] and SiO1.25 films obtained by vacuum thermal sputtering (2) [34]. Line 3
E 2
represents the value 0 calculated on the base of the data from [43]
2C 0
TABLE 2.2
Parameters characterizing the influence of the internal strain on the Gibbs free energy of the nano-Si / Si oxide
systems
Sample
SiO1,0
SiO1,25

χ0, eV / atom
– 0.36
– 0.52

χ1, eV / atom
0.1
0.18

ε, eV
0.13
0.11

Respective values of the parameters χ0, χ1 and ε for both types of nonstoichiometric silicon oxide
films mentioned above are presented in Table 2.2. The dependences of g’ on x calculated by
expressions (19) and (20) using the parameters χ0, χ1 and ε for the SiO1.25 films as exemplary case
are shown in Fig. 2.10 for different initial SiOx compositions and temperatures (Fig. 2.10 (a) and (b),
respectively). As may be seen from this figure, account of the strain contribution to the Gibbs free
energy of nano-Si / Si oxide system in proposed form (18) enables to describe the experimentally
observed influence of both the initial stoichiometry of Si oxide phase as well as of the annealing
temperature, on the equilibrium stoichiometry index of the Si oxide matrix in the phase separated
SiOx films.
Results of the investigation carried out here show that proper behavior of the stoichiometry index
of phase separated SiOx films as a function of its initial value and annealing temperature can be
explained in the framework of the thermodynamic theory of equilibrium states in Si / Si oxide
systems [44] extended with additional mechanism described by the free energy term (18) [45].
Agreement between the values of χ(T) obtained from comparison with experimental data, and the
E20
value
, which characterizes the internal strain in Si oxide phase according to [43], enables to
2C 0
reliably attribute the term (18) to the contribution to the Gibbs free energy of Si / Si oxide system
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FIGURE 2.10
Theoretical dependences of the reduced Gibbs free energy on the Si oxide stoichiometry index in the a-Si / Si
oxide systems calculated by expressions (19) and (20):
(a) – for different initial stoichiometry indexes of Si oxide, x0: 1 – 1, 2 – 1.25, 3 – 1.5, and 4 – 1.75, respectively.
The annealing temperature is T = 700°C.
(b) – for different annealing temperatures, T: 1 – 600, 2 – 700, 3 – 800, and 4 – 900°C, respectively. The initial
silicon oxide stoichiometry is x0 = 1.25.
All values are shifted by 1 hE  sE T with respect to the values (19) for better visualization
1  x0 NA

of internal strain arising during phase separation of nonstoichiometric SiO x films. Ascending
character of χ(T) complies with the strain relaxation with temperature, and the parameters ε
characterize the activation energy of relaxation. At the temperatures above approximately 900°C a
full relaxation of strain takes place (χ(T) = 0) so that the expression (18) becomes no more
applicable and the (19) turns into (13). At these high temperatures SiO x films experience complete
separation with the formation of stoichiometric SiO 2 matrix composition (matrix contains also small
amount of equilibrium Si, as described above), as demonstrated by the saturation behavior of xeq
with annealing temperature shown in Fig. 2.8. The values of χ(T) calculated for SiOx films obtained
by different technologies are also comparable. A difference between them may be related to the
non-identical silicon oxide microstructure due to different processes of initial film deposition and
equipment used. As supported by Fig. 2.10, appearance of internal strain in the nonstoichiometric
silicon oxide films should be regarded as the principal mechanism counteracting phase separation
process that defines the formation of equilibrium states in the Si nanoinclusions / Si oxide matrix
systems.

Conclusion
The present review summarizes the progress achieved in the development of the thermodynamic
theory of phase separation process in nonstoichiometric Si oxide (SiOx) films during high
temperature annealing. This theory is aimed at the understanding of the mechanisms of the
mentioned process to enable the controlled formation of the nano-Si inclusions / Si oxide matrix
composite structures for the contemporary Si based nanoelectronic device applications.
As a part of the carried out investigation, the expressions for the Gibbs free energy of silicon oxide
as well as of amorphous Si / Si oxide and crystalline Si / Si oxide systems in the simplest case of
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contacting bulk Si and Si oxide layers have been derived. The minimum values of the Gibbs free
energy with respect to Si oxide composition determine the equilibrium states in the mentioned
systems. The mechanisms promoting (driving forces) and suppressing the SiOx phase separation
have been determined according to whether the respective contributions to the Gibbs free energy
descend or ascend with the increase of the stoichiometry index of separated Si oxide phase. The
mechanism related to the gain in the penalty energy of Si–OySi1–y tetrahedral units composing the
structure of SiOx is the driving force of the Si and Si oxide separation. Other mechanisms such as
the separation of Si in amorphous state and the transformation of configuration entropy of silicon
oxide phase promote the conservation of initial SiOx composition.
For the bulk Si / Si oxide systems, the equilibrium stoichiometry indexes of Si oxide resulted from
the phase separation have been found not to depend on the initial silicon oxide stoichiometry and
to decrease with temperature, which complies with the solubility limit concept of Si in SiO 2. The
solubility limits of Si in SiO2 in equilibrium with amorphous and crystalline Si have been determined,
in agreement with available experimental data.
In addition, the expression for the Gibbs free energy has been modified for the case of the
observed experimentally formation of nanosized Si inclusions in the Si oxide matrix during phase
separation of nonstoichiometric Si oxide films. We have demonstrated the role of internal strain
associated with the atom redistribution, on the equilibrium states in the case of nano-Si formation.
Modification of initial expression for the Gibbs free energy of Si / Si oxide systems by adding the
strain contribution enables to explain the experimentally observed dependence of the equilibrium
stoichiometry index of Si oxide phase on its initial value and annealing temperature. The related to
strain free energy contribution decreases with annealing temperature due to the strain relaxation
and can be described by exponentially decaying function of temperature. Appearance of internal
strain should be regarded as the principal mechanism that counteracts phase separation and,
together with the driving force, defines the equilibrium states of the phase separated nano-Si / Si
oxide systems.
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