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1. Introduction  

Dislocation-free silicon single crystals are the basic material of microelectronics and 

nanoelectronics. Physical properties of semiconductor silicon are determined by the 

structural perfection of the crystals grown by the Czochralski and float-zone processes 

(Huff, 2002). In such crystals during their growth are formed grown-in microdefects.  

Grown-in microdefects degrade the electronic properties of microdevices fabricated on 
silicon wafers. Optimizing the number and size of grown-in microdefects is crucial to 
improving processing yield of microelectronic devices. Many of the advances in integrated-
circuit manufacturing achieved in recent years would not have been possible without 
parallel advances in silicon-crystal quality and defect engineering (Yang et al., 2009). The 
problem of defect formation in dislocation-free silicon single crystals during their growth is 
a fundamental problem of physics and chemistry of silicon. In particular it is the key to 
solving the problem engineering applications of silicon crystals. This is connected with the 
transformation grown-in microdefects during the technological treatment of silicon 
monocrystals.  

Formation of grown-in microdefects occurs as a result of the interaction of point defects 
during crystal cooling. The distribution of grown-in microdefects in a growing crystal is 
influenced by its temperature field and the boundary conditions defined by its surfaces. 
Until recently it was assumed that the formation of grown-in microdefects is due to 
condensation of intrinsic point defects (Voronkov et. al., 2011). Recombination-diffusion 
model assumes fast recombination of intrinsic point defects at the initial moment of cooling 
the grown crystal. Fast recombination determines the type of dominant intrinsic point 
defects in the crystal. In this model was first used mathematical tool which allows you to 
associate the defect structure of crystal with distribution in the crystal thermal fields during 
the growth (Prostomolotov et al., 2011). It has been suggested that the fast recombination of 
intrinsic point defects near the crystallization front as a function of the growth parameter 
Vg/G (where Vg is the rate of crystal growth; G is the axial temperature gradient) leads to 
the formation of microvoids or interstitial dislocation loops (Voronkov, 2008). It is assumed 
that in the case Vg/G < ξcrit formed only interstitial A-microdefects as a result of aggregation 
of intrinsic interstitial silicon atoms. It is assumed that in the case Vg/G > ξcrit formed only 
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microvoids as a result of aggregation of vacancies (Goethem et al., 2008; Kulkarni, 2008a). In 
this physical model, the interaction between the impurities and intrinsic point defects is not 
considered (Kulkarni et. al., 2004). 

Recent versions of this model have suggested that part of the vacancies (v) in the 
temperature range 1683 ... 1373 K, due to the interaction with oxygen (O) and nitrogen (N) 
impurities, are bound into complexes of the vO, vO2, and vN types (Kulkarni 2007; 2008b). 
After the formation of microvoids, the aforementioned complexes grow and take up 
vacancies. This model has ignored the growth of the complexes by means of the injection of 
intrinsic interstitial silicon atoms and the interaction of an impurity with intrinsic interstitial 
silicon atoms (Kulkarni 2007; 2008b).  

In the general case recombination-diffusion model assumes that the process of defect 

formation in dislocation-free silicon single crystals occurs in four stages: (i) fast 

recombination of intrinsic point defects near the crystallization front; (ii) the formation in 

the narrow temperature range 1423...1223 K depending on the value of Vg/G microvoids or 

interstitial dislocation loops; (iii) the formation of oxygen clusters in the temperature range 

1223...1023 K; (iv) growth of precipitates as a result of subsequent heat treatments.  

Recombination-diffusion model is the physical basis for models of the dynamics of point 

defects. The mathematical model of point defect dynamics in silicon quantitatively explains 

the homogeneous mechanism of formation of microvoids and dislocation loops. It should be 

noted that, in the general case, the model of point defect dynamics includes three 

approximations: rigorous, simplified, and discrete–continuum approaches (Sinno, 1999; 

Dornberger et. al., 2001; Wang & Brown, 2001; Kulkarni et. al., 2004; Kulkarni, 2005; 

Prostomolotov & Verezub, 2009). The rigorous model requires the solution to integro-

differential equations for point defect concentration fields, and the distribution of grown-in 

microdefects in this model is a function of the coordinates, the time, and the time of 

evolution of the size distribution of microdefects. A high consumption of time and cost for 

the performance of calculations required the development of a simplified model in which 

the average defect radius is approximated by the square root of the average defect area. This 

approximation is taken into account in the additional variable, which is proportional to the 

total area of the defect surface. The simplified model is effective for calculating the two-

dimensional distribution of grown-in microdefects. Both models use the classical nucleation 

theory and suggest the calculation of the formation of stable nuclei and the kinetics of 

diffusion-limited growth of defects. The discrete–continuum approximation suggests a 

complex approach: the solution to discrete equations for the smallest defects and the 

solution to the Fokker–Planck equation for large-sized defects. 

Recently, we proposed a new model for the formation grown-in microdefects. The physical 
model of the formation of grown-in microdefects assumes that the defect formation in 
dislocation-free Si single crystals upon cooling occurs in three stages: (i) the formation of 
impurity aggregates near the crystallization front, (ii) the formation and growth of impurity 
precipitates upon cooling from the crystallization temperature, and (iii) the formation of 
microvoids or dislocation loops (depending on the growth parameter Vg/G) – in a narrow 
temperature range of 1423…1223 K (V.I. Talanin & I.E. Talanin, 2006a; V.I. Talanin & I.E. 
Talanin, 2010b). This model on the experimentally and theoretically established fact the 
absence of recombination of intrinsic point defects near the crystallization front of the crystal 
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is based (V.I. Talanin & I.E. Talanin, 2006a; V.I. Talanin & I.E. Talanin, 2007a).With the help 
of the diffusion model of formation grown-in microdefects was calculated process of high-
temperature precipitation (V.I. Talanin & I.E. Talanin, 2010a). The processes of formation 
and growth of precipitates during cooling of the crystal is a controlling stage in the 
formation of the grown-in defect structure of dislocation-free silicon single crystals. At this 
stage, the formation and growth of oxygen and carbon precipitates occur in the temperature 
range from 1682 to 1423 K (V.I. Talanin & I.E. Talanin, 2010a). 

The mathematical model of point defect dynamics can be adequately used on the basis of 
the physical model in which the impurity precipitation process occurs before the formation 
of microvoids or dislocation loops (V.I. Talanin & I.E. Talanin, 2010b). The model of point 
defect dynamics can be considered as component of the diffusion model for formation 
grown-in microdefects. 

The aim of this paper is to present a diffusion model of formation grown-in microdefects in 
general and to discuss the possibility of its use as a tool for building the defect structure of 
dislocation-free silicon single crystal and device structures based on them. 

2. Classification of grown-in microdefects 

Currently, there are three classifications of grown-in microdefects: experimental 
classification, technological classification and physical classification.  

Experimental classification of grown-in microdefects is based on the use of methods of 
selective etching, X-ray topography and transmission electron microscopy (Kock, 1970; 
Petroff & Kock, 1975; Foll & Kolbesen, 1975; Veselovskaya et al., 1977; Sitnikova et al., 1984; 
Sitnikova at al., 1985). A.J.R. de Kock entered the name of A-microdefects and B-
microdefects, whereas Е.G. Sheikhet entered the name C-microdefects, D-microdefects. We 
are entered the name (I+V)-microdefects (V.I.Talanin et al., 2002a, 2002b). These research 
allowed to establish the physical nature of A-microdefects, B-microdefects, C-microdefects, 
D-microdefects and (I+V)-microdefects. Experimental results indicated the identity of the 
processes of defect formation in crystals of FZ-Si and CZ-Si (Kock et al., 1979; V.I. Talanin & 
I.E. Talanin, 2003). This means that the classifications of grown-in microdefects in both types 
of crystals should also be identical (V.I. Talanin & I.E. Talanin, 2004). 

Technological classification is used for large-scale crystals. The larger the diameter of the 

growing crystal, the lower growth rate, at which the same type of grown-in microdefects is 

formed. This occurs by reducing the axial temperature gradient in the crystal (Ammon et al., 

1999). This leads to the appearance of a new type of grown-in microdefects (microvoids) and 

dislocation-free crystal growth in a narrow range of growth rates (Voronkov & Falster, 

1998). In large crystals of interstitial dislocation loops and microvoids are considered as 

major grown-in microdefects in dislocation-free silicon crystals (Kulkarni et al., 2004).  

Analysis of the experimental results of investigations of grown-in microdefects indicates 
that there are only three types of grown-in microdefects: precipitates of impurities ((I+V)-
microdefects, D(C)-microdefects, B-microdefects), dislocation loops (A-microdefects) and 
microvoids (V.I. Talanin et. al., 2011b). We established that the basic elements of defect 
formation are primary oxygen-vacancy and carbon-interstitial agglomerates, which are 
formed at impurity centers near the crystallization front (V.I. Talanin & I.E. Talanin, 2006a). 
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An excess concentration of intrinsic point defects (vacancies or silicon self-interstitials) arises 
when the crystal is cooled under certain thermal conditions (Cho et al., 2006). This process 
leads to the formation of secondary grown-in microdefects (А-microdefects or microvoids) 
(V.I. Talanin & I.E. Talanin, 2004). We have proposed the physical classification of grown-in 
microdefects. It is based on the differences in the physical nature of the formation of 
primary and secondary grown-in microdefects (V.I. Talanin & I.E. Talanin, 2006a). 

3. The diffusion model for formation of grown-in microdefects in dislocation-
free silicon single crystals 

We propose a new diffusion model of the formation and transformation of grown-in 
microdefects. It is based on the experimental studies of undoped dislocation-free Si single 
crystals grown by the floating zone and Czochralski methods. The diffusion model 
combines the physical model (the heterogeneous mechanism for the formation of grown-in 
microdefects), the physical classification of grown-in microdefects, and mathematical 
models of the formation of primary and secondary grown-in microdefects (Fig. 1). 

Physical model based on the assumption about the absence of recombination intrinsic point 
defects at high temperatures. This assumption was confirmed in several experimental works 
(Talanin et al., 2002a; Talanin et al., 2002b; Talanin et al., 2003). In paper (V.I. Talanin & I.E. 
Talanin, 2007a) we first theoretically proved the absence of recombination of intrinsic point 
defects at high temperatures and fast recombination at low temperatures. The experimental 
data and the results obtained from thermodynamic calculations have demonstrated that the 
process of aggregation of point defects dominates over the process of recombination of 
intrinsic point defects. At high temperatures, the process of recombination makes an 
insignificant contribution to the process of aggregation. Consequently, vacancies and 
intrinsic interstitial atoms coexist in thermal equilibrium. As a result, intrinsic point defects 
of both types are simultaneously involved in the process of aggregation. The decomposition 
of a supersaturated solid solution of point defects occurs upon cooling through two 
mechanisms, namely, the vacancy and interstitial mechanisms, with the formation of 
oxygen-vacancy and carbon- interstitial agglomerates.  

Absence of recombination intrinsic point defects at high temperatures allows us to propose 
the physical model of the formation grown-in microdefects. The basic concepts of the 
physics model for the formation of grown-in microdefects imply the following (V.I. Talanin 
& I.E. Talanin, 2006a): (i) the recombination of intrinsic point defects at high temperatures 
can be neglected; (ii) background carbon and oxygen impurities are involved in the defect 
formation as nucleation centers; (iii) the decay of the supersaturated solid solution of point 
defects when the crystal is cooled from the crystallization temperature occurs in two 
independent ways (branches): vacancy and interstitial; (iv) the defect formation is based on 
primary agglomerates formed as the crystal is cooled from the crystallization temperature 
due to the interaction between the impurities and intrinsic point defects; (v) when the 
crystal is cooled at temperatures below 1423 K, depending on the thermal growth 
conditions, secondary grown-in microdefects are formed due to the interaction between 
intrinsic point defects; (vi) the secondary grown-in microdefects are formed due to the 
coagulation (microvoids and A-microdefects) and deformation (A-microdefects) effects; (vii) 
the vacancy and interstitial branches of the heterogeneous mechanism have a symmetry, 
which implies simultaneous processes of defect formation during the decay of 
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supersaturated solid solution of point defects; and (viii) the consequence of this symmetry is 
the formation of vacancy and interstitial grown-in microdefects of the same type and, 
correspondingly, the growth of dislocation-free Si single crystals in the same vacancy–
interstitial mode (V.I. Talanin & I.E. Talanin, 2006b). It was revealed that the growth 
parameter Vg/G = ξcrit describes the conditions under which the (111) face appears on the 
crystallization front (V.I. Talanin & I.E. Talanin, 2006a). On the basis of physical model and 
concepts of primary and secondary grown-in microdefects we developed of physical 
classification of the grown-in microdefects (V.I. Talanin & I.E. Talanin, 2006a). 

 

Fig. 1. Diffusion model of grown-in microdefects formation 

A detailed description of the heterogeneous mechanism formation of grown-in microdefects 
and its correspondence to the results of experimental researches are presented in the articles 
(V.I. Talanin & I.E. Talanin, 2004; V.I. Talanin & I.E. Talanin, 2006a). 

4. Diffusion kinetic of high-temperature precipitation 

The calculation of the precipitation is carried out within the framework of the classical theory 
of nucleation, growth and coalescence of precipitates. For the calculation of formation and 
growth of precipitates are used analytic and approximate calculations. In the case of analytical 
calculations applied solution of differential equations of the dissociative diffusion (Talanin et 
al., 2007b, 2008). In the case of approximate calculations, the solution is sought in the form of 
systems of interconnected discrete differential equations of quasi-chemical reactions to 
describe the initial stages of nucleation of new phases and a similar system of continuous 
differential equations of the Fokker-Planck (V.I. Talanin & I.E. Talanin, 2010a).  

4.1 Model of formation complex “impurity + intrinsic point defect” 

The solution is sought within the model of dissociative diffusion–migration of impurities 
(Bulyarskii & Fistul’, 1997). In this case, the difference from the decomposition phenomenon 
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is that during diffusion (as a technological process), a diffusant is supplied to the sample 
from an external source, whereas in the case of decomposition it is produced by an internal 
source (lattice sites).  

Vas’kin & Uskov are considered the problem of successive diffusion of a component A into a 

sample singly doped with a component B, taking into account the complex formation at the 

initial and boundary conditions (Vas’kin & Uskov, 1968). We are conducted similar 

consideration for our conditions (Talanin et al., 2007b; 2008). Under physical-model 

conditions (heterogeneous mechanism of grown-in microdefect formation), we assume that 

the component A is the background impurity (oxygen O or carbon C) and the component B 

is intrinsic point defects (vacancies V or interstitials I). For the vacancy and interstitial 

mechanisms, we consider, respectively, the oxygen+vacancy (O+V) and carbon+interstitial 

(C +I) interactions. The calculations performed in the framework of approximation of strong 

complex formation have demonstrated that the edge of the reaction front of the formation of 

a complex (i.e., the “oxygen+vacancy” and “carbon + self-interstitials” complex) is located at 

a distance of ~ 3·10–4 mm from the crystallization front (Talanin et al., 2007b). We have 

shown that complex formation occurs near the crystallization front. Detailed calculations are 

presented in the articles (Talanin et al., 2007b, 2008). 

4.2 Model for the formation of precipitates 

Let us consider a system of a growing undoped dislocation-free silicon single crystal. The 
concentrations of all point defects at the crystallization front are assumed to be equilibrium, 
and both the vacancies and the intrinsic interstitial silicon atoms are present in comparable 
concentrations. During cooling of the crystal after passing through the diffusion zone, an 
excessive (nonequilibrium) concentration of intrinsic point defects appears. Excess intrinsic 
point defects disappear on sinks whose role in this process is played by uncontrollable 
(background) impurities of oxygen and carbon (V.I. Talanin & I.E. Talanin, 2006a). In real 
silicon crystals, the concentrations of carbon and oxygen impurities are higher than the 
concentrations of the intrinsic point defects. The formation of complexes between the 
intrinsic point defects and impurities is governed, on the one hand, by the fact that both the 
intrinsic point defects and the impurities are sources of internal stresses in the lattice (elastic 
interaction) and, on the other hand, by the Coulomb interaction between them (provided the 
defects and the impurities are present in the charged state). The mathematical model under 
consideration allows for the elastic interaction and the absence of the recombination of 
intrinsic point defects in the high-temperature range (V.I. Talanin & I.E. Talanin, 2007a). The 

concentrations of intrinsic point defects ( ), ,i vC r t  in the growing crystal satisfy the diffusion 

equation ( ),
, , ,

i v
i v i v ie ve

С
D C C

t
∆

∂
= −

∂
 where r is the coordinate and t is the time. In the 

vicinity of the sinks (oxygen and carbon atoms), the concentration of intrinsic point defects 

,ie veC  is kept equilibrium, whereas the diffusion coefficients ,i vD  and the concentrations 

,ie veC  of intrinsic point defects decrease exponentially with decreasing temperature. Under 

these conditions, the formation of microvoids and interstitial dislocation loops is possible 
only at significant supersaturations of intrinsic point defects, which take place at a 

temperature 300mT T K= −  (where mT  is the crystallization temperature). For the formation 

of precipitates in the high-temperature range T ~ 1683…1403 K has been calculated using 
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the model of dissociative diffusion (Talanin et al., 2007b; 2008). This approximation is valid 
at the initial stages of the formation of nuclei, when their sizes are small and the use of 
Fokker–Planck continuity differential equations is impossible. The calculations performed in 
the framework of this approximation have demonstrated that the edge of the reaction front 
of the formation of a complex is located at a distance of ~3·10–4 mm from the crystallization 
front. This spacing represents a diffusion layer in which an excessive concentration of 
intrinsic point defects appears.  

We have considered the modern approach based on solving systems of coupled discrete 

differential equations of quasi-chemical reactions for the description of the initial stages of 
the formation of nuclei of new phases and a similar system of Fokker–Planck continuity 
differential equations.  

In order to describe the kinetics of the simultaneous nucleation and growth (dissolution) of a 
new phase particles of several types in a supersaturated solid solution of an impurity in 
silicon was considered a system consisting of oxygen and carbon atoms, vacancies, and 
intrinsic interstitial silicon atoms. The interaction in this system during cooling of the crystal 
from 1683 K results in the formation of oxygen and carbon precipitates. In order to perform 
the computational experiments and to interpret their results was conducted a dimensional 
analysis of the kinetic equations and the conservation laws with the use of characteristic 
time constants and critical sizes of defects. This is made it possible to perform a comparative 
analysis of the joint evolution of oxygen and carbon precipitates and to optimize the 
computational algorithm for the numerical solution of the equations.  

For example, for the case of a thin plane-parallel crystal plate of a large diameter, when the 
conditions in the plane parallel to the surface of the crystal can be considered to be uniform 
and the diffusion can be treated only along the normal to the surface (the z coordinate axis), 
the mass balance of point defects in the crystal is described by the system of diffusion 
equations for intrinsic interstitial silicon atoms, oxygen atoms, carbon atoms, and vacancies: 

 

2

2

2

2

2

2

2

2

2

2

2

SiO
o o o

o

SiC
c c c

c

SiO SiC
i i i i

i
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v v v v

v
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D
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D
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∂ ∂ ∂
= −

∂ ∂∂

∂ ∂ ∂
= −

∂ ∂∂

∂∂ ∂ ∂
= + −

∂ ∂ ∂∂

∂ ∂ ∂ ∂
= − +

∂ ∂ ∂∂

 (1) 

where , , ,o c i vC C C C  are the concentrations of oxygen, carbon, self-interstitials and vacancies 

respectively; , , ,o c i vD D D D  are the diffusion coefficients of oxygen, carbon, self-interstitials 

and vacancies respectively. 

In the system of equations (1), we took into account that the oxygen precipitates serves as 
sinks for oxygen atoms and vacancies and as sources of interstitial silicon atoms. At the 
same time, the carbon precipitates, in turn, also serve as sinks for carbon atoms and 
interstitial silicon atoms and as sources for vacancies. Kinetic model of decomposition of 
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solid solutions of oxygen and carbon impurities not only allows one to simulate the 
processes of precipitation during cooling of the as-grown silicon crystal to a temperature of 
300 K but also adequately describes the available experimental data on the oxygen and 
carbon precipitation (V.I. Talanin & I.E. Talanin, 2011a). 

The algorithm used for solving the problem of simulation of the simultaneous growth and 
dissolution of the oxygen and carbon precipitates due to the interaction of point defects 
during cooling of the crystal from the crystallization temperature is based on the monotonic 
explicit difference scheme of the first-order accuracy as applied to the Fokker–Planck 
equations.  

Detailed calculations are presented in the articles (V.I. Talanin & I.E. Talanin, 2010a). These 
calculations demonstrate that intrinsic point defects (vacancies and intrinsic interstitial 
silicon atoms) exert a significant influence on the dynamics of mass exchange and mass 
transfer of point defects between the oxygen and carbon precipitates. The absorption of 
vacancies by the growing oxygen precipitates leads to the emission of silicon atoms into 
interstitial positions. The intrinsic interstitial silicon atoms, in turn, interact with the 
growing carbon precipitates, which, in the process of growth, supply vacancies for growing 
oxygen precipitates. This interaction leads to such a situation that, first, the growth of the 
precipitates is suppressed more weakly because of the slower increase in the 
supersaturation of the intrinsic point defects in the bulk of the growing crystal and, second, 
the critical radius of the formation of carbon precipitates increases more slowly, which 
favors a more rapid growth of the carbon precipitates. The higher rate of the evolution of the 
size distribution function for carbon precipitates can be associated with the higher mobility 
of interstitial silicon atoms as compared to vacancies in the high-temperature range. It can 
be assumed that the mutual formation and growth of oxygen and carbon precipitates result 
in a lower rate of the evolution of the size distribution function of the oxygen precipitates, 
regardless of their smaller critical size at the initial instant of time, owing to the effect of the 
carbon impurity. 

4.3 Model of growth and coalescence of precipitates 

In the classical theory of nucleation and growth of new-phase particles, the process of 

precipitation in a crystal is treated as a first-order phase transition and the kinetics of this 

process is divided into three stages: the formation of new-phase nuclei, the growth of 

clusters, and the coalescence stage. At the second stage of the precipitation process, clusters 

grow without a change in their number. At the third stage of the precipitation process, when 

the particles of the new phase are sufficiently large, the supersaturation is relatively low, 

new particles are not formed and the decisive role is played by the coalescence, which is 

accompanied by the dissolution of small-sized particles and the growth of large-sized 

particles. The condition providing for changeover to the coalescence stage is the ratio 

( ) ( ) / ( ) 1cru t R t R t= ≈ , where ( )crR t  is the critical radius of the precipitate.  

Detailed calculations stages of the growth and the coalescence are presented in the article 
(V.I. Talanin & I.E. Talanin, 2011a). The analysis was carried out under the assumption that 
precipitates grow at a fixed number of nucleation centers according to the diffusion 
mechanism of growth. The model corresponds to the precipitation uniform in the volume. 
An analysis of the results obtained and the data taken from (Talanin et al., 2007b; V.I. 
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Talanin & I.E. Talanin, 2010a) has demonstrated that the phase transition occurs according 
to the mechanism of nucleation and growth of a new phase so that these two processes are 
not separated in time and proceed in parallel. 

The condition providing changeover to the stage of the coalescence is written in the form 

( ) ( )crR t R t≈ , which is satisfied for large-sized crystals at the temperature T ≈ 1423 K. Taking 

into account the computational errors, this temperature for large-sized crystals corresponds to 

the initial point of the range of the formation of microvoids (at gV = 0.6 mm/min). In this 

range, all impurities are bound and there arises a supersaturation with respect to vacancies, 

which is removed as a result of the formation of microvoids. With a change in the thermal 

conditions of the growth (for example, at gV = 0.3 mm/min), there arises a supersaturation 

with respect to interstitial silicon atoms, which leads to the formation of dislocation loops. In 

this case, the condition ( ) ( )crR t R t≈  is satisfied at T ≈ 1418 K. Consequently, the stage of the 

coalescence in large-sized silicon single crystals begins at temperatures close to the 

temperatures of the formation of clusters of intrinsic point defects (depending on the thermal 

growth conditions, these are microvoids or dislocation loops). 

The absorption of vacancies by growing oxygen precipitates results in the emission of silicon 

atoms in interstitial sites. In turn, the intrinsic interstitial silicon atoms interact with growing 

carbon precipitates, which, in the course of their growth, supply vacancies for growing 

oxygen precipitates. This interplay between the processes leads to an accelerated 

changeover of the subsystems of oxygen and carbon precipitates to the stage of the 

coalescence as compared to the independent evolution of these two subsystems. The change 

in the thermal conditions for the growth of small-sized FZ-Si single crystals (high growth 

rates and axial temperature gradients) leads to the fact that the stage of the coalescence 

begins far in advance (at 20mT T K≈ − ). The results of theoretical calculations have 

demonstrated that a decrease in the concentrations of oxygen and carbon in small-sized 

single crystals leads to a further decrease in the time of occurrence of the growth stage of 

precipitates. The change in thermal conditions of crystal growth (in particular, an increase in 

the growth rate and in the axial temperature gradient in the crystal) substantially affects the 

stage of the growth of precipitates. In turn, the decrease in the time of occurrence of the 

growth stage of precipitates is associated, to a lesser extent, with the decrease in the 

concentration of impurities in crystals. Eventually, these factors are responsible for the 

decrease in the average size of the precipitates. 

The kinetic model of growth and coalescence of oxygen and carbon precipitates in 

combination with the kinetic models describing their formation represents a unified model 

of the process of precipitation in dislocation-free silicon single crystals.  

5. Diffusion kinetic of formation of the microvoids and dislocation loops 

As mentioned earlier the defect formation processes in a semiconductor crystal, in general, 

and in silicon, in particular, have been described using the model of point defect dynamics; 

in this case, the crystal has been considered a dynamic system and real boundary conditions 

have been specified. However, the model of point defect dynamics has not been used for 

calculating the formation of interstitial dislocation loops and microvoids under the 
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assumption that the recombination of intrinsic point defects is absent in the vicinity of the 

crystallization front. This fact is evidenced by experimental and theoretical investigations 

(V.I. Talanin & I.E. Talanin, 2006a, 2007a). 

5.1 Kinetics of formation of microvoids 

The experimentally determined temperature range of the formation of microvoids in 
crystals with a large diameter is 1403…1343 K (Kato et al., 1996; Itsumi, 2002). In this respect, 
the approximate calculations for the solution in terms of the model of point defect dynamics 
were performed at temperatures in the range 1403…1073 K. The computational model uses 
the classical theory of nucleation and formation of stable clusters and, in strict sense, 
represents the size distribution of clusters (microvoids) reasoning from the time process of 
their formation and previous history. 

The calculations were carried out in the framework of the model of point defect dynamics, 
i.e., for the same crystals with the same parameters as in already the classical work on the 
simulation of microvoids and interstitial dislocation loops (A-microdefects) (Kulkarni et al., 
2004). According to the analysis of the modern temperature fields used when growing 
crystals by the Czochralski method, the temperature gradient was taken to be G = 2.5 K/mm 
(Kulkarni et al., 2004). The simulation was performed for crystals 150 mm in diameter, 
which were grown at the rates Vg = 0.6 and 0.7 mm/min. These growth conditions 
correspond to the growth parameter Vg/G > ξcrit.  

Detailed calculations are presented in the articles (V.I. Talanin & I.E. Talanin, 2010b).Our 

results somewhat differ from those obtained in (Kulkarni et al., 2004). These differences are 

as follows: (i) the nucleation rate of microvoids at the initial stage of their formation is low 

and weakly increases with a decrease in the temperature and (ii) a sharp increase in the 

nucleation rate, which determines the nucleation temperature, occurs at a temperature T ~ 

1333 K. These differences result from the fact that the recombination factor in our 

calculations was taken to be 0IVk = . For 0IVk ≠ , consideration of the interaction between 

impurities and intrinsic point defects in the high-temperature range becomes impossible, 

which is accepted by the authors of the model of point defect dynamics (Kulkarni et al., 

2004). In this case, in terms of the model, there arises a contradiction between the 

calculations using the mathematical model and the real physical system, which manifests 

itself in the ignoring of the precipitation process (Kulkarni et al., 2004).  

5.2 Kinetics of formation of dislocation loops (A-microdefects) 

The computational experiment was performed similarly to the calculations of the formation 
of microvoids. The simulation was performed for crystals 150 mm in diameter, which were 
grown at the rates Vg = 0.10 and 0.25 mm/min for the temperature gradient G = 2.5 K/mm. 
These growth conditions correspond to the growth parameter Vg/G < ξcrit.  

Detailed calculations are presented in the articles (V.I. Talanin & I.E. Talanin, 2010b). The 
temperature of the formation of A-microdefects corresponds to ~1153 K. An increase in the 
crystal growth rate weakly decreases the critical radius of A-microdefects and slightly 
affects the nucleation temperature. An increase in the crystal growth rate leads to an almost 
twofold decrease in the concentration of introduced defects.  
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The data of the computational experiment on the determination of the microvoid 
concentration correlate well with the experimentally observed results (104 ... 105 cm–3) 
(Itsumi, 2002). For the A-microdefects, for which the concentration according to the 
experimental data is ~106…107 cm–3 (Petroff & Kock, 1975; Foll & Kolbesen, 1975), the 
discrepancy is as large as three orders of magnitude. This can be explained by the fact that, 
unlike microvoids, which are formed only through the coagulation mechanism, the 
formation of A-microdefects occurs according to both the coagulation mechanism and the 
mechanism of prismatic extrusion (deformation mechanism) (V.I. Talanin & I.E. Talanin, 
2006a). The results of the calculations suggest that the main contribution to the formation of 
A-microdefects is made by the mechanism of prismatic extrusion when the formation of 
interstitial dislocation loops is associated with the relieving of stresses around the growing 
precipitate. Consequently, the impurity precipitation processes that proceed during cooling 
of the crystal from the crystallization temperature are fundamental (primary) in character 
and determine the overall defect formation process in the growth of dislocation-free silicon 
single crystals.  

The calculations of the formation of microvoids and dislocation loops (A-microdefects) 
demonstrated that the above assumptions do not lead to substantial differences from the 
results of the previous calculations in terms of the model of point defect dynamics. This 

circumstance indicates that the mathematical model of point defect dynamics can be 
adequately used on the basis of the physical model in which the impurity precipitation 
process occurs before the formation of microvoids or interstitial dislocation loops. Moreover, 
the significant result of the calculations is the confirmation of the coagulation mechanism of 

the formation of microvoids and the deformation mechanism of the formation of interstitial 
dislocation loops. Therefore the model of the dynamics of point defects can be considered as 
component part of the diffusion model for formation grown-in microdefects. 

5.3 Model of the vacancy coalescence 

Model vacancy coalescence is a simplified model for the analysis of individual parameters of 

process of the formation microvoids. Detailed calculations are presented in the articles (V.I. 

Talanin & I.E. Talanin, 2010c). The fundamental interaction between impurities and intrinsic 

point defects upon crystal cooling under certain thermal conditions (Т < 1423 К) leads to 

impurity depletion and the formation of a supersaturated solid solution of intrinsic point 

defects. The decay of this supersaturated solid solution causes the coagulation of intrinsic 

point defects in the form of microvoids. 

An analysis of the experimental and calculated data within model of the vacancion 

coalescence in accordance with the heterogeneous diffusion model of the formation of 

grown-in microdefects revealed the following reasons for the occurrence of microvoids in 

dislocation-free silicon single crystals: (i) a sharp decrease in the concentration of 

background impurity that was not associated into impurity agglomerates (formed in the 

cooling range of 1683…1423 К); (ii) a large (over 80 mm) crystal diameter (in this case 

vacancies fail to drain from the central part of the crystal to the lateral surface); (iii) crystals 

of large diameter generally contain a ring of D-microdefects which forms due to the 

emergence of the (111) face on the crystallization front and which depletes the region inside 

with impurity atoms. 
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The growth parameter /gV G  describes the fundamental reasons related to the systematic 

nonuniform impurity distribution during crystal growth from a melt. Based on an analysis 

of the experimental results, one can suggest that the parameter /gV G  controls the growth 

because it describes the condition for the emergence of the (111) face at the crystallization 

front. Therefore, the impurity depletion inside the ring of D-microdefects upon crystal 

cooling at Т < 1423 K is caused by two things: the impurity bonding during the formation of 

primary grown-in microdefects ((I+V)-microdefects) and the impurity drift to the (111) face, 

which is equivalent to the annular distribution of primary D-type grown-in microdefects. In 

this case, excess vacancies arise within the ring of D-microdefects to form a supersaturated 

solid solution with its subsequent decay and the formation of vacancy microvoids. In 

contrast, excess silicon self-interstitials arise beyond the D-ring to form a supersaturated 

solid solution with its subsequent decay and the formation of interstitial dislocation loops 

(А-microdefects) (V.I. Talanin & I.E. Talanin, 2010c). 

The experimental classification of grown-in microdefects employs the terms such as A-
microdefects, B-microdefects, D(C)-microdefects, (I+V)-microdefects and microvoids (V.I. 
Talanin & I.E. Talanin, 2006a). It was found that A-microdefects constitute interstitial-type 
dislocation loops, and B-microdefects, D(C)-microdefects, (I+V)-microdefects constitute 
precipitates of background oxygen and carbon impurities at different stages of their 
evolution (V.I. Talanin & I.E. Talanin, 2006a; V.I. Talanin & I.E. Talanin, 2011a)). At present, 
it is difficult to apply the experimental classification, since it is necessary to interpret the 
terms of every type of the grown-in microdefects for each publication. At the same time, 
from the physical point of view there are only three types of grown-in microdefects, i.e. 
impurity precipitates, dislocation loops and microvoids. Besides, when considering the 
formation of defects in silicon after processing (post-growth microdefects) the terms such as 
precipitates, dislocation loops and microvoids are also employed. Therefore, in order to 
harmonize a defect structure, we propose to switch to the physical classification of grown-in 
microdefects (V.I. Talanin & I.E. Talanin, 2004). 

5.4 Kinetic model for the formation and growth of dislocation loops 

Kinetics of high-temperature precipitation involves three stages: (i) the nucleation of a new 
phase, (ii) the growth stage and (iii) the stage coalescence. Precipitates originate from elastic 
interaction between point defects. They are, initially, present in coherent, elastic and 
deformable state, when lattice distortions close to the precipitate-matrix boundary are not 
large, and one atom of the precipitate corresponds to one atom of the matrix (Goldstein et 
al., 2011). Elastic deformations and any mechanical stress connected with them cause a 
transfer of excessive (deficient) substance from the precipitate or vice versa. Storage of 
elastic strain energy during the precipitate growth results in a loss of coherence by matrix. 
In this case it is impossible to establish one-to-one correspondence between atoms at 
different sides of the boundary. It results in structural relaxation of precipitates which 
occurs due to formation and movement of dislocation loops. 

To simulate a stress state of the precipitate and the matrix surrounding it, it is sufficient to 
observe the precipitate which is simple spherical in shape. There can be found analytical 
solutions in respect of spherical precipitates (Kolesnikova & Romanov, 2004). Let us take 
the theoretical and experimental researches of stress relaxation at volume quantum dots 
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as initial model (Chaldyshev et al., 2002; Kolesnikova & Romanov, 2004; Chaldyshev et 
al., 2005; Kolesnikova et al., 2007). According to these representations, as far as the 
precipitate grows, its elastic field induces the formation of a circular interstitial 
dislocation loop of mismatch. This process contributes to the decrease in total strain 
energy of the system. A growing precipitate displaces the matrix material in the crystal 
volume. Interstitial atoms form an interstitial dislocation loop near to the precipitate. At 
the same time, a mismatch dislocation loop is formed on the very precipitate (Kolesnikova 
et al., 2007). At the same time, the critical sizes of precipitates, at which formation of 
dislocations is energy favorable, have the same order as the critical size of dislocation 
loops (Kolesnikova et al., 2007).  

In the volume of silicon the precipitate produces a stress field caused by mismatch between 

the lattice parameters of precipitate ( )1a  and the surrounding matrix ( )2a  (Kolesnikova et 

al., 2007). Then, the intrinsic deformation of the precipitate is defined as described bellow 

 1 2

1

a a

a
ε

−
=  (2) 

In general, the precipitate intrinsic deformation in the matrix volume can be expressed as 
follows 

 ( )
xx xy xz

xy yy yz pr

zx zy zz

ε ε ε

ε ε ε ε δ Ω

ε ε ε

∗

 
 

=  
  
 

 (3) 

where the diagonal terms constitute a dilatation mismatch between the precipitate and 

matrix lattices; the other terms are shear components; ( )prδ Ω  is the Kronecker symbol. 

Elastic fields of precipitate (stresses ijσ  and deformation ijε ) and field of full displacements 

are calculated taking into account their own deformation (3) and region of localization of the 

precipitate ( )prδ Ω . The calculation of elastic fields of the precipitate is carried out by well-

known scheme by using the elastic modules, Green’s function of an elastic medium or its 

Fourier transform (Kolesnikova & Romanov, 2004). 

Consider the simplest model of a spherical precipitate with equiaxed own deformation 

( ), 0 ; , , , ,ii ij i j i j x y zε ε ε∗ ∗= = ≠ = . The elastic strain energy of spheroidal defect with increasing 

radius of precipitate ( )prR  increases as a cubic law (Kolesnikova et al., 2007): 

 
( )

2 332

45 1
pr prE J R

π
ε

υ

⋅
= ⋅ ⋅ ⋅

⋅ −
 (4) 

where J  is the shear modulus; υ  is the Poisson's ratio. From a certain critical radius critR  

takes effect mechanism for resetting the elastic energy of the precipitate. This mechanism 

leads to the formation of circular interstitial dislocation loop. Energy criterion of this 

mechanism is the condition finalinitialE E≥ , here , finalinitialE E  is the elastic energy of the 

system with the precipitate before and after relaxation, respectively (Kolesnikova et al., 

2007). 
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In respect of a spherical precipitate with equiaxial intrinsic deformation, the calculation of 

elastic fields of the precipitate is substantially simplified. Let us assume that the intrinsic 

elastic strain energy of the precipitate before and after the formation of a dislocation loop of 

mismatch remains constant finalinitial
pr prE E= . Then the criterion of nucleation loop of misfit 

dislocation can be represented by the condition 0 D prDE E≥ + , where DE  is the energy of 

loop of misfit dislocation; prDE  is the energy of interaction of precipitate with the 

dislocation loop (Kolesnikova et al., 2007). 

To estimate believe that loop of misfit dislocation is the equatorial location on the spheroidal 

precipitate D prR R=  the self-energy prismatic loop (Kolesnikova et al., 2007) 

 
( )

2 2
ln 2

2 1
D D

loop
J b R R

E
fυ

 ⋅ ⋅ ⋅
= ⋅ − 

⋅ −  
 (5) 

where f  is the radius of the core loop; b  is the magnitude of the Burgers vector. The critical 

radius of precipitate for the formation of dislocation loop is determined from the expression 

(Kolesnikova et al., 2007) 

 
( )

1.083
ln

8 1
crit

crit
Rb

R
b

α

π ν ε

 
=  

+  
 (6) 

where α  is a constant contribution of the dislocation core. Expression (6) is approximate 

and can only be used to determine the value critical radius critR . 

This paper (Bonafos et al., 1998) theoretically considers the increase kinetics for dislocation 

loops at the stages of loop growth and coalescence. It is assumed that, in general, the growth 

is either controlled by energy barrier when atom is captured by the loop, or by activation 

energy of interstitial atom diffusion. In conditions of cooling the crystal after being grown, 

we presume that the diffusion processes play a core role. The model (Burton & Speight, 

1985) is further used in the calculations for evolution in size-dependant distribution of loops 

and for evolution in loop density.  

The dislocation loops with a radius of critR R>  become bigger in size at the coalescence 

stage, while small dislocation loops with a radius of critR R<  will dissolve (Bonafos et al., 

1998; Burton & Speight, 1985). The growth of dislocation loops during cooling after the 

growth of single crystal silicon occurs as due to dissolution of small loops with sizes less 

than critical, and as a result supersaturation for intrinsic interstitial silicon atoms. In this 

case, the crystal growth ratio is g
crit

V
G

ξ< . When oversaturation of vacancies ( g
crit

V
G

ξ> ) 

occurs, the interstitial dislocation loops start to dissolve. Increase in the radius of interstitial 

dislocation loop can be defined by the formula depending on the crystal cooling time 

(Burton & Speight, 1985): 

 
2( ) ( )critR t R j D t t= + ⋅ ⋅  (7) 
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where ( )D t  is the diffusion coefficient of intrinsic interstitial silicon atoms; t  is the time 

cooling the crystal; j  is the proportionality factor. The value of the cooling time of the 

crystal is determined from the dependence: 
2

( ) m

m

T
T t

T U t
=

+ ⋅
, where mT  is the crystallization 

temperature (melting) of silicon; gU V G= ⋅  is the cooling rate of the crystal. The loop 

concentration depends on the crystal cooling time (Burton & Speight, 1985): 

 
2

( )
( )

1 ( ) 2 crit

M t
N t

D t t R
=

+ ⋅ ⋅
 (8) 

where ( )M t is the concentration of precipitates.  

Initially, the precipitates act as stoppers for the dislocation loops restraining their 

distribution and generation. Then, the precipitates facilitate the formation of dislocation 

loops due to the action of Bardeen-Herring or Frank-Read sources (Gyseva et al., 1986). 

These processes lead to the formation and growth of complex dislocation loops. Formation 

and development of dislocation loops caused by the high-temperature precipitation of 

background impurities (oxygen and carbon). Growth and coalescence of dislocation loops 

are generally maintained due to the generation of growing precipitates instead of silicon 

self-interstitials, and as well to the dissolution of small dislocation loops.  

If the parameter of crystal growth /g critV G ξ< , for stress relaxation precipitate generates 

interstitial silicon atoms. If the parameter of crystal growth /g critV G ξ> , for stress 

relaxation precipitate adsorbs vacancies. In this case is suppressed the formation of 

dislocation loops.  

6. Construction of the defect structure of dislocation-free silicon single 
crystal and device structures on their base 

Experimental studies require large material and time costs, while theoretical studies are 

carried out for single crystals with selected fixed parameters of their growth. It is necessary 

to develop a new method for studying the defect structure of silicon without these 

drawbacks. In the diffusion model of formation grown-in microdefects all the parameters of 

precipitates, microvoids and dislocation loops are determined through the thermal 

conditions of growth. Therefore, definition the type of defect structure and calculation of the 

formation of microdefects is conducted depending on the values of crystal growth rate, 

temperature gradients and cooling rate of the crystal. On this basis, we have developed a 

new method for studying the defect structure of silicon. This method allows to simulate a 

real experiment by the software (V.I. Talanin et. al., 2011b). 

Electronic equivalent of an object for direct test on the computer are programs that 

converted the mathematical models and algorithms to the available computer language 

(C++). The program is written high-level language programming in C++ compiler Borland 

C++ Builder. Program complex consists of two consecutive parts: (i) the unit determination 

the type of defect structure and (ii) the unit of calculation and graphs.  
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At the stage of determining the type of the structure defect of software system works as 
follows. Initially is the choice of method of growing dislocation-free silicon single crystals 
(Czochralski method or the floating-zone method) and then is the choice of certain diameter 

of the crystal. The ratio of /gcritV G ξ=  theoretically and experimentally determined in a 

certain range of values (0.06 mm2/K·min ≤ ξ  ≤ 0.3 mm2/K·min). Therefore, we choose the 

certain value ξ  for the calculation. For a given diameter in a certain range of values are 

selected: the value of the axial temperature gradient in the center of the crystal ( aG ) and the 

value of the minimum ( minV ) and maximum ( maxV ) crystal growth rate. These values are 

determined from the analysis of experimental and theoretical data for different diameters of 
the crystal. Then produced choice of the axial temperature gradient at the edge of the crystal 

( eG ) in the range e

a

G
G

= 1.0 ... 2.5. The reliability and accuracy of the computational 

experiments can be experimentally verified by means of selective etching crystal of the plane 
which passes through the center of the crystal and parallel to the direction of growth. In case 

of deviations can by using of the selection of parameters , ,a eG G ξ  achieve full compliance 

with theoretical and experimental data. In addition, this technique avoids the difficulties of 

experimental determination of the aG  and eG , especially for large diameter crystals (V.I. 

Talanin et. al., 2011b). At the last stage of determining the type of defect structure on the 

resulting dependence of the critical growth rate ( ) ( )gcritV r G rξ= ⋅  is imposed value of real 

crystal growth rate V const=  (Fig. 2). This procedure allows determining the type of defect 

structure of a real crystal. Depending on the position of the line V const=  relative to the 

curve ( ) ( )gcritV r G rξ= ⋅  may be three areas of the defect structure. Calculation of these areas 

produced the block of calculation and graphs (Fig. 3). 

 

Fig. 2. Shape analysis of the defect structure 
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The first area of the calculation is characterized by high rates of crystal growth, when the 

above V-shaped distribution of precipitates formed only microvoids and precipitates. The 

second area of calculation is characterized by the average growth rate of the crystal, when a 

ring of precipitate in the plane perpendicular to the direction of growth crystal is formed. In 

this case inside the ring are formed precipitates and microvoids, outside the ring are formed 

precipitates and interstitial dislocation loops. The third area of calculation is characterized by 

low rates of crystal growth, when the below V-shaped distribution of precipitates are formed 

precipitates and interstitial dislocation loops. Calculation of the precipitates is carried out 

within the classical theory of nucleation, growth and coalescence of precipitates by means of 

the analytical and approximate calculations. Critical radius of precipitates, the distribution of 

precipitates in size, change in the average size of precipitates during the cooling of the crystal, 

and other parameters of the precipitation of carbon and oxygen are determined (Fig. 3). 

Mathematical models and calculation parameters are given in (V.I. Talanin et al., 2008; V.I. 

Talanin & I.E. Talanin, 2010a; 2011a). When calculating the vacancy microvoids initially are 

tested of conditions their formation, since microvoids are not formed at a cooling rate of the 

crystal 40 /mincoolV K≥ (Nakamura et al., 2002) and in crystals with a diameter less than 70 

mm (V.I. Talanin et al., 2010c). Calculation of the microvoids and interstitial dislocation loops 

to determines for each of these types of defects such parameters as the critical radii and the 

concentrations (V.I. Talanin & I.E. Talanin, 2010b). 

 

Fig. 3. Form of calculation of the defect structure 

The software complex performs imitation of a real experiment and with the maximum 
precision reproduces the thermal characteristics of silicon single crystal growing. The 
software complex allows to determine the thermal conditions of crystal growth, to predict 
and control the defect structure of the crystal. Calculations formations of grown-in 
microdefects are in good agreement with the experimental results of research (V.I. Talanin 
et. al., 2011b).  
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The program complex is the first experience of a virtual experimental device for research the 
real structure of dislocation-free silicon single crystals. Currently, it can be used for the 
analysis and calculation of the defect structure of undoped single-crystal silicon. Depending 
on the thermal conditions of crystal growth can determine crucial parameters such as size 
and concentration of grown-in microdefects. Approach to the analysis and calculation of 
formation grown-in microdefects has an important advantage in simplicity, accessibility and 
sufficient adequacy of mathematical modeling in comparison with other methods. For its 
implementation does not require supercomputers, and can effectively use the experimental 
data, experience and intuition of physicists, materials scientists and technologists for the 
analytical calculation and design of the defect structure. The program complex is easy to 
implement on a personal computer in technology and research practices.  

Disadvantages software system is determined deficiencies of the diffusion model of 

formation grown-in microdefects. These include: (i) one-dimensional model; (ii) failure to 

account for the width of the V-shaped distribution of precipitates; (iii) uncertainty in 

determining of thermal conditions of growth; (iv) the error of approximate numerical 

methods. Elimination of these deficiencies will increase the accuracy of the calculations. 

The influence of other impurities (e.g., dopants, nitrogen, hydrogen, iron, and others) on the 

formation of the defect structure of silicon can be taken into account by using two 

approaches: a rigorous approach and a simplified approach. A rigorous approach requires 

accurate accounting of all the components in equations (1) mass balance of point defects in 

the crystal. In this case, the solution of the corresponding system of coupled equations of the 

Fokker-Planck equation can be considerably more difficult. 

A simplified approach assumes the separation of impurities in the two groups. The first 

group contains impurities, which interact with vacancies. The second group contains 

impurities, which interact with self-interstitial atoms. This interaction for the first group of 

impurities is similar to the interaction of oxygen atoms with vacancies. This interaction for 

the second group of impurities is similar to carbon atoms interaction with self-interstitial 

atoms.. Therefore, in equations (1) the sum of the concentrations of the components of the 

first group of impurities is equivalent to the impurity concentration of oxygen, and oxygen 

diffusion coefficient is the sum of the diffusion coefficients of the system components. Are 

defined analogously the components of interaction in the second group of impurities. Then 

the system of equations reduced to the system of equations (1), followed by the task of 

determining the chemical nature of precipitates. 

The task of construction the defect structure of dislocation-free silicon single crystal is an 

inverse problem the analysis and calculation of grown-in microdefects. In this case, you 

must first specify the type, size and concentration of grown-in microdefects. Parameters of 

grown-in microdefects are selected based on the requirements for defect structure of devices 

and integrated circuits. In the next stage are calculated parameters of crystal growth (the 

growth rate for a certain diameter of the crystal and temperature gradients), which provide 

presence of given defects of structure. We get that the defect structure determines thermal 

conditions of crystal growth. To automate the process of crystal growth need to carry out the 

development of software products based on the diffusion model in combination with 

known software products for modelling crystal growth. 
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Production technologies of devices based on silicon technology are connected with various 
impacts on the material. Heat treatments, ionizing radiations and mechanical effects have a 
critical impact on the initial defect structure of dislocation-free silicon single crystals. 
Technological impacts are lead to the transformation of grown-in microdefects. In the 
general case technological impacts are leads to: (i) the growth of initial grown-in 
microdefects; (ii) formation on grown-in microdefects of new defects (e.g., stacking faults); 
(iii) the formation of new defects. In contrast to grown-in microdefects these defects of 
crystal structure can be defined as postgrowth microdefects. 

At the present time for the description of the formation of postgrowth microdefects are used 
a variety of models. Overview of the main models has been presented in (Sadamitsu et. al., 
1993). The purpose of all models is to consider the formation and growth of defects as a 
result of technological impacts (e.g., by heating the crystal). A common deficiency of these 
models is the lack of consideration of the influence of grown-in microdefects, which are in 
the initial wafer. 

Diffusion model of formation grown-in microdefects makes it possible to calculate of the 
defect structure of the initial silicon wafers. So from our point of view of theoretical analysis of 
the formation of postgrowth microdefects must be based on the diffusion model. It should be 
noted that taking into account all components of the general solution may be difficult. 
However, in some cases (e.g., heat treatment of silicon with a certain type of grown-in 
microdefects) can be solved in the near future. Building a general model for the formation of 
postgrowth microdefects will help optimize technological processes for production of devices. 
In this case, we can construct the defect structure of devices during their manufacture. 

7. Conclusion 

The diffusion model of the formation grown-in microdefects provides the unity and 
adequacy of physical and mathematical modeling. This model simulates of the defect 
structure of dislocation-free silicon single crystals of any diameters. The model of point 
defects dynamics can be considered as component of the diffusion model for formation 
grown-in microdefects. The diffusion model allowed to create software for personal 
computer. With the help of software can be conducted analytical researches which replace 
the expensive experimental researches. 

Further development and modification of the software will lead to the development of 
information system of formation grown-in microdefects in dislocation-free silicon single 
crystals. The combinations of an information system with software for control the crystal 
growth will allow construct the defect structure of crystals during their growth. In turn, 
application a diffusion model of formation grown-in microdefects in the calculation of the 
formation of postgrowth microdefects allow to calculate the defect structure of silicon-based 
devices. In this case, it is possible to adequately construction the defect structure of silicon 
devices. We believe that the proposed in an article algorithm for the engineering of the 
defect structure of silicon can be used for other materials. 
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