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A B S T R A C T

The basis for applying the model of high-temperature impurity precipitation is decay of a supersaturated solid
solution of point defects near the crystallization front. A necessary condition for high-temperature precipitation
is absence of recombination processes of intrinsic point defects (vacancies and intrinsic interstitial atoms, IPDs)
at high temperatures. The recombination parameters for dislocation-free germanium single crystals were esti-
mated using the terms and concepts of Voronkov's recombination-diffusion model. It was shown that at high
temperatures in germanium there is a barrier against the recombination of IPDs. It is assumed that the formation
of structural imperfections, as well as in silicon, proceeds through the interaction “impurity + IPD”. The pos-
sibility of applying the mathematical apparatus the diffusion model of formation of structural imperfections to
the formation of a defective structure in undoped dislocation-free germanium single crystals is considered.

1. Introduction

An extremely actual task of modern materials science and the
technology of obtaining perfect crystals are to describe the nucleation,
growth and transformation of structural imperfections that arise during
cooling of crystal after growth. This is due to the fact that the elec-
trophysical, mechanical, and optical properties of crystals and devices
depend on defective structure of crystal and impurities.

Such description should have a mathematical basis with the help of
which you can create software products for analysis and calculation of a
crystal defective structure. However, until recently, there was no uni-
form theoretical understanding of processes of defect formation during
crystal growth, especially the possibility of impurities precipitation. We
were able to solve this problem for silicon single crystals. Over the past
ten years we have created a diffusion model of formation and trans-
formation of structural defects during growth of dislocation-free silicon
single crystals. The diffusion model is based on elastic interaction of
IPDs and impurities with each other near crystallization front. This
interaction, depending on thermal growth conditions, leads to creation
of a defective crystal structure upon cooling from crystallization tem-
perature. Further technological processing of crystal when creating
devices causes the transformation of grown-in defective structure with
simultaneous growth of new structural defects. The diffusion model
allows the use of software tools for monitoring or controlling the

defective structure of silicon crystals at any stage of growing a crystal or
creating devices. The main results of our research are presented in
monograph [1]. The diffusion model of nucleation, growth, and trans-
formation of structural imperfections is based on two theoretical posi-
tions: the absence of recombination of IPDs near crystallization front
[2] and high-temperature impurity precipitation [3].

We believe that the diffusion model can also be used to describe the
creation and development of defect structure of other perfect crystals
(without dislocations). The similarity of structure of dislocation-free
silicon and germanium single crystals allows us to choose a germanium
crystal as a test of this assumption.

Dislocation-free high-purity germanium is often used as substrates
for epitaxial structures when creating radiation-resistant power
MOSFET-transistors for electronic equipment, photoelectric converters,
nanoscale transistor structures. Due to more than twice the mobility of
charge carriers compared with silicon, germanium is used to create
high-speed memory cells. Each of these applications leads to high de-
mands on the quality of crystals and, in particular, to grown-in defects.

Thermal growth conditions (growth rate, temperature gradients,
diameter, growing method) determine the type of structural grown-in
defects, their distribution in single crystal volume, and their con-
centration. Unfortunately, in modern scientific literature both experi-
mental and theoretical data on this relationship are absent or in-
complete in dislocation-free germanium. Perhaps this is due to the
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increased attention of researchers around the world to dislocation-free
silicon single crystals.

Currently, there is a semi-quantitative understanding of grown-in
defects in germanium [4]. The formation of structural imperfections is
described using Voronkov's model which was developed for dislocation-
free silicon single crystals [5]. Based on similarity of the structure of
silicon and germanium crystals, Voronkov's model began to be used to
describe of defective structure of germanium. However, Voronkov's
model does not take into account the effect of impurities on the for-
mation of structural imperfections during crystal growth in either si-
licon or germanium. It is assumed that the formation of precipitates
occurs only during thermal processing of crystals during the manu-
facture of devices. In fact, the problem of the theoretical description of
defect formation in germanium is in the same state that a similar pro-
blem in silicon was ten years ago.

At the same time, the diffusion model is based on high-temperature
precipitation of impurities. Impurity precipitates formed near the
crystallization front and depending on the thermal conditions of growth
lead to the creation of secondary imperfections (dislocation loops or
voids) during cooling of silicon single crystals after growth. Let us try to
extend these positions of the diffusion model to the process of formation
of a defective structure during the growth of dislocation-free single
crystals of germanium.

Therefore, the purpose of this paper is to evaluate the parameters of
the process of IPDs recombination (recombination barrier, recombina-
tion time, recombination factor) in high-temperature and low-tem-
perature growth regions of germanium single crystals and to consider
the process of high-temperature precipitation in dislocation-free ger-
manium single crystals.

2. Estimation of IPDs recombination process parameters in
accordance with model of point defects dynamics

When creating a model of high-temperature precipitation in dis-
location-free silicon single crystals, the elastic interaction between
impurity atoms and IPDs was taken into account. It is possible to take
into account the elastic “impurity + impurity” interaction, as well as
the Coulomb interaction. However, even without these approximations
the high-temperature precipitation model is in good agreement with
experimental data [1,3,6].

Creating a high-temperature precipitation model was impossible
without calculating the recombination parameters. When calculating
the recombination parameters, it was found that process of IPDs re-
combination is absent near crystallization front [2]. Vacancies and si-
licon interstitials find sinks on the background impurities of oxygen and
carbon respectively. At the same time, it was found that under condi-
tions of low-temperature studies (f.e., during ion implantation), the
processes of IPDs recombination occur at a fairly high speed. Our the-
oretical calculations confirm model of entropy barrier, the essence of
which is that decrease in the barrier is caused by a decrease in the
configurational entropy with decreasing temperature [7].

The papers [8,9] completely confirm results of our paper [2] about a
presence of a barrier against recombination in silicon. In the study of
point defects in germanium, the authors [9] found two separate forms
of their existence. The first (low-temperature form) is a well-known
point defect. The second form has a structure similar to that of an
amorphous pocket. This second form was called by authors as “morph”
[9]. This high-temperature form has a configurationally entropy value
~30 k. It exists both for an interstitials and for vacancies. We take into
account that in germanium there is a crystalline structure similar to
silicon and somewhat different thermal growth conditions. Hence, it is
very likely that the recombination of IPDs will also be absent near
crystallization front during growth of dislocation-free single crystals of
germanium. Therefore, we will evaluate the recombination parameters
for the regions of high and low temperatures in germanium.

(a) High-temperature area. The temperature dependence of configura-
tional entropy for defect model considered above can be re-
presented in the following form [10]:

= −∞S T S T T( ) (1 / )c k (1)

where ∞S is a limit value Sc (at →T Tm); Tm is a melting temperature; Tk
is a characteristic temperature. Suppose that Tk is a minimum tem-
perature for the formation of structural imperfections in dislocation-
free single crystals of germanium. Then we estimate
Tk = 300 °C = 573 K as minimum temperature for the formation of
thermal donors in germanium [11]. If we take = −∞S k30 [9], then we
get the = − −S T k T( ) 30 (1 573/ )c .

Since the contribution of enthalpy term HΔ is negligible, the free
energy of the recombination barrier is = −G T SΔ ·Δ . The temperature
dependence of the recombination barrier height is controlled by en-
tropy of the point defects formation

= − − =G T T S T T S TΔ ( ) ·[ ( )] · ( )c c (2)

An approximate estimate for =T Tm gives ≈GΔ (1211 K) 1.65 eV.
The experimental results on self-diffusion in germanium show that

vacancies make the main contribution, and the contribution of inter-
stitials is insignificant [12,13]. The diffusion coefficient obeys Ar-
rhenius dependence in a wide temperature range

= −D T exp( ) 13.6 ( 3.094 eV/kT) [14]. An approximate estimate for
=T Tm gives D T( ) ≈ 1.81⋅10−12 cm2⋅s−1.
The recombination time at high temperature (τ1) is estimated using

formula

= −τ π D T r exp G T kTΩ/4 · ( )· · ( Δ ( )/ )1 0 (3)

where Ω is a lattice volume; = −r 3·100
8 cm is a recombination radius.

An estimate for =T Tm gives τ1 ≈ 243 s.
The recombination factor k T( )IV is described by theory of diffusion-

limited reactions together with the kinetic activation barrier [15]. In
case of high temperatures

= −k T π r D T exp G T kT c( ) 4 · · ( )· ( Δ ( )/ )/Ω·IV s0 (4)

where cs = 5⋅1022 cm−3 is an atom density. An estimate for =T Tm
gives k (1211 K)IV = 8.221 10−26 cm/s. The criterion of “fast re-
combination” near the crystallization front was introduced in [16]:

≥ −k C(1211 K)· 20 sIV Vm
1 (where CVm = 1.3⋅1015 cm−3 is a vacancies

concentration for =T Tm [11]). The calculation shows that criterion of
“fast recombination” in conditions of Voronkov's model is not fulfilled.

The calculation was made in full accordance with Voronkov's
model. The obtained calculation results indicate the absence of IPDs
recombination near crystallization front in germanium crystal.
Vacancies and interstitials find their sinks on impurity atoms.

(b) Low-temperature area. The evaluation of recombination time at low
temperature (τ2) is estimated using formula

= −∞τ T τ exp G T TS T( ) · ( Δ ( )/ ( ))c2 . The value ∞τ = 661 s is de-
termined under the condition =T Tm. Then

= −τ T exp G T TS T( ) 661· ( Δ ( )/ ( ))c2 (5)

An estimate for =T Tm gives τ2 = 243 s, and for T = 583 K gives
→τ 02 (when evaluated without vibrational entropy).
Hence, under conditions of low-temperature studies, the processes

of IPDs recombination occur at rather high rate. We also note that based
on a simple assumption about the similarity of crystalline structures we
obtained results similar to the study of the recombination of IPDs in
silicon. Our theoretical calculations confirm model of entropy barrier in
germanium, the essence of which is that the decrease in barrier is due to
a decrease in the configurational entropy with decreasing temperature.
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3. High-temperature impurity precipitation during growth of
dislocation-free single crystals of germanium

Let us consider a system of a growing undoped dislocation-free
single crystal of germanium. The concentrations of all point defects at
the crystallization front are equilibrium, while in commensurate con-
centrations there are both vacancies and interstitials [1]. During crystal
cooling after passing through diffusion zone, an excess (non-equili-
brium) concentration of IPDs occurs. Since there is no recombination of
IPDs, the disappearance of excess IPDs occurs at sinks, the role of which
in this process, as well as in silicon, is played by uncontrolled (back-
ground) oxygen and carbon impurities. We consider the elastic inter-
action during the formation of “impurity + IPD” complexes in condi-
tions of absence the IPDs recombination process at high temperatures.
First, we find out the processes near crystallization front. We seek a
solution in framework of model of dissociative diffusion-migration of
impurities [17]. In this case, the difference from the decay phenomenon
lies in the fact that in diffusion, as a technological process, the diffusant
enters the sample from an external source, and in case of decay from the
internal source, i.e. from lattice sites. The theoretical analysis is the
same, however, when determining dissociative diffusion, one should
take into account the surface concentration, which decreases in the
sample volume over time along the coordinate. The time constant is
determined by migration mechanism in sample volume, and the de-
pendence on coordinate is determined by shape of the sample and the
boundary conditions of diffusion task.

Without stopping on solution of the system of equations of the
model of dissociative diffusion-migration of impurities [1], we indicate
that three cases are considered in practice. They are defined as se-
quential, simultaneous and mutual diffusion. Under the conditions of
our physical model, we can speak of sequential diffusion, when the
condition for the absence of the flow of one component located at the
initial time in sample bulk is specified at the interface. This calculation
is relevant at initial stages of nucleation, when nuclei’s sizes are small
and the use of continual Fokker-Planck differential equations is im-
possible. Let us consider an approach in form of systems of inter-
connected discrete differential equations of quasi-chemical reactions for
describing the initial stages of nucleation of new phases and a similar
system of Fokker-Planck differential equations.

We describe the kinetics of simultaneous nucleation and growth
(dissolution) of an impurity supersaturated solid solution in germanium
of a new type of particles. For this, it is necessary to consider a system
consisting of oxygen atoms, carbon, vacancies, and interstitials. To set
up and interpret computational experiments, it is necessary to carry out
a dimensional analysis of kinetic equations and conservation laws using
the characteristic time constants and critical sizes of defects. This will
allow a comparative analysis of joint evolution of oxygen and carbon
precipitates and to optimize the computational scheme for the numer-
ical solution of equations.

The nucleation and evolution during crystal cooling of a complex
system of grown-in microdefects, which consists of oxygen precipitates
and carbon precipitates, are described by systems of coupled differ-
ential equations for each type of defect. The connection between these
systems is carried out through the laws of conservation of point defects,
which determine the current values of their concentrations in crystal
and affect the growth and dissolution rates of both two types of clusters.
In case of a thin plane-parallel crystalline plate of large diameter, when
the conditions in plane parallel to crystal surface can be considered
uniform and diffusion can only be considered along the normal to the
surface (z coordinate axis), the mass balance of point defects in crystal
is described by a system of diffusion equations for interstitials, oxygen
atoms, carbon and vacancies:
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Eq. (6) take into account that oxygen precipitates are both sinks for
oxygen atoms and vacancies, and sources of interstitials. Then
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At the same time, carbon precipitates, in turn, are sinks for carbon
atoms and interstitials, as well as sources of vacancies. Then
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In general case, the proportionality factors ∗ ∗γ γ γ γ, , ,v i v i can depend
on quantitiesn n,o c and are determined by the conditions of thermo-
dynamic equilibrium. In addition, the recombination of interstitials and
vacancies is not taken into account in Eq. (6).

The system of interrelated Fokker-Planck equations can be trans-
formed to a dimensionless form:
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where =τ t
to
is a dimensionless time. The time constants in Eq. (9) are
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particles in vicinity of the corresponding critical precipitates. The size
distribution functions of precipitates in Eq. (9) are normalized to the
initial concentrations of the corresponding nucleation centers:
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Particle flows in the right-hand sides of Eq. (9) are described by
equations
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in which for normalized kinetic coefficients the following notation is
used
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The normalized growth and dissolution rates of precipitates in (11)-
(12) have form
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The critical size of precipitates can be defined as:
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of oxygen atoms, carbon, interstitials and vacancies, accordingly; σ is a
surface energy density of the interface between precipitate and matrix;
μ is a germanium shear modulus; δ and ε are relative linear and volu-
metric deformations of discrepancy between precipitate and matrix; γi
and γv are fractions of interstitials and vacancies per one impurity atom
attached to the precipitate; Vp is a precipitate molecule volume;
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where Vp is a precipitate volume, x is a fraction of impurity atoms per
one intrinsic defect, x ≤ 2, γi ≤ ½, γv ≤ ½.

At the second stage of precipitation process, clusters grow without
changing their number. This significantly reduces the degree of super-
saturation of solid solution. We can calculate the average radius of
precipitate at some growth stage:

=R t bi t
π

( ) 3 ( )
4

3
(17)

where =
−i t( ) N N t
N

(0) ( )
c

is a average number of particles at nucleation
centers; N (0) is a particle concentration at the initial time; N t( ) is a
particle concentration change over time; Nc is a concentration of nu-
cleation centers; b is a free particle capture radius.

At the third stage of the precipitation process, when the particles of
formed phase are sufficiently large, the supersaturation is small, new
particles are no longer formed, and coalescence plays a decisive role,
which is accompanied by the dissolution of small particles and the
growth of large particles. The condition for the transition to the stage of
coalescence is the ratio = ≈u t( ) 1R t

R t
( )
( )cr

, where R t( )cr is a critical radius
of precipitate. Under this condition, the precipitate is in equilibrium
with the solution ( = 0dR

dt ). For >R t R t( ) ( )cr the precipitate grows, and
when <R t R t( ) ( )cr the precipitate dissolves. Over timeR t( )cr increases
and the number of particles per unit volume decreases [1]. The solution
of the system of equations describing this process is possible only when
the supersaturation of dissolved substance tends to zero.

The average size of precipitates at the stage of coalescence is pro-
portional to the cubic root of time [1]:

= +R t R t
Dβt

( ) ( )
4

9sr cr
3

03
(18)

where D is a diffusion coefficient of impurity atoms; = ( )β N (0)σ
kT

Ω ;
R t( )cr 0 is an initial critical radius; σ is a surface tension of “precipitate -
solid solution” interface; Ω is an atomic volume.

The interpretation of the aim as determining the feasibility and
evaluation of the application of high-temperature precipitation model is
due to the fact that, unlike silicon, for germanium many of the calcu-
lation parameters are either absent or not precisely determined. This is
mainly due to the fact that over the past fifty years, researchers around
the world have devoted all their attention to silicon crystals. Therefore,
it is very likely that as a result of subsequent studies, the calculations of
this our study will be clarified.

The following values were used in the calculations:

Vp = 5.47·10−2 nm3 (GeO2); Vp = 0.1094 nm3 (GeC); σ = 250 erg/
cm2 (GeO2); σ = 125 erg/cm2 (GeC); μ = 3.1⋅1010 Pa; δ = 0.3; ε =
0.15; = =γ γ0.4; 0.1;i v x = 1.5; δGeO2=0.5431 nm; =δ 0.4359 nm;GeC

= −C 8·10 cm ;O
eq 16 3 = −C 1·10 cm ;c

eq 16 3 = −k 8.6153·10 eV/K;5

= − = −D exp D0.17 ( 2.54 eV/kT); 1.9( 3.1 eV/kT);o c =G 2.54 eV;act
GeO2

=G 3.17 eVact
GeC [4,9,11–15].
The solution of sequential diffusion equations has physical meaning

only when ≈λ 0.0010 . In the strong complexation approximation λ0 is
interpreted as the boundary of the front of the complex formation re-
action [1]. Since x is a crystal length, and the value =x 0 position of
crystallization front, we can say that the complexation process occurs
near crystallization front. Compared with silicon, in germanium this
value is an order of magnitude lower [17].

From the physical viewpoint, λ0 is a diffusion layer on which, due to
the absence of IPDs recombination at high temperature, their excess
concentration arises. When analyzing the evolution of grown-in mi-
crodefects during crystal cooling after its growth, important parameters
are characteristic constants in the size space: the critical sizes of cor-
responding grown-in microdefects, and the associated characteristic
time constants that specify the scale of time-dependent changes in the
size distribution function of microdefects. The time constants in Eq. (9)
allow us to calculate the normalizing sizes nO

cr,0и nC
cr,0 by substituting in

(14)–(15) the values of supersaturations corresponding to the complete
escape of oxygen and carbon atoms into precipitates. Wherein in each
equation the supersaturations of the remaining point defects, they are
assumed to be equal to unity.

An increase in the values of supersaturation of point defects (oxygen
and carbon atoms, interstitials and vacancies) leads to a decrease the
corresponding critical size of precipitates and helps to accelerate their
growth. The acceleration of precipitation processes with increasing
supersaturation of point defects leads to a decrease in characteristic
times. An important property of characteristic times is the inverse
proportionality to the products of the characteristics of point defects
(diffusion coefficients and equilibrium concentrations):

− −t D C t D C~( ) , ~( )o o o
eq

c c c
eq1 1 (19)

Since the product for oxygen atoms significantly exceeds the similar
product for carbon atoms, the rate of evolution of the size distribution
function of carbon precipitates will exceed the corresponding rate for
oxygen precipitates. This means that the picture of the microdefect
structure development of dislocation-free germanium single crystals is
determined mainly by growth rate of oxygen precipitates. Detailed
quantitative information about characteristics of primary grown-in
microdefects can be obtained by numerical calculations of Eq. (9).

The algorithm for solving the task of simulating the simultaneous
growth and dissolution of oxygen and carbon precipitates due to the
interaction of point defects during cooling of the crystal from the
crystallization temperature is based on the use of a monotonic explicit
difference scheme of the first order of accuracy for Fokker-Planck Eq.
(9).

On Fig. 1 shows the dependence of critical radius of oxygen and
carbon precipitates. Near crystallization front (at T = 1210 K), the size
of the critical nucleus of oxygen precipitate is 1.1 nm, and the size of
the critical carbon nucleus reaches 0.6 nm. The minimum values of

=n no
cr

o
cr,0 and =n nc

cr
c
cr,0 are reached in the initial state at T = 1210 K

and increase with decreasing temperature. An increase of critical radius
of precipitates during crystal cooling leads to a sharp decrease in their
growth rate and, accordingly, to a sharp decrease in the kinetics of their
precipitation.

An accurate estimate of the critical radius of carbon precipitate
(GeC) is difficult due to the lack of complete experimental data. It can
be assumed thatσ = 750 erg/cm2. The number of impurity atoms in
precipitates near crystallization front is ≈no 135 and ≈nc 25, respec-
tively.

The simulation of the kinetics of defect formation during cooling of
a growing crystal according to the exponential law in temperature
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range from 1210 K to 300 K is shown in Fig. 2. In this computational
experiment, by analogy with silicon, it was assumed that the con-
centration of nucleation centers for oxygen and carbon precipitates is
~1012 cm−3. On Fig. 2 shows the size distribution function of spherical
oxygen precipitates.

These dependences demonstrate a significant effect of IPDs on the
dynamics of mass transfer of point defects between oxygen and carbon
precipitates. Absorption of vacancies by growing oxygen precipitates
leads to the emission of germanium atoms into the interstices.
Germanium interstitials, in turn, interact with growing carbon pre-
cipitates, which in process of their growth provide vacancies for
growing oxygen precipitates. Such interaction leads to the fact that,
firstly, the growth of precipitates is not so strongly suppressed due to a
slower increase in the supersaturation of IPDs in the volume of growing
crystal and, secondly, the critical radius of formation of carbon pre-
cipitates increases more slowly, which contributes to a faster growth of
carbon precipitates.

The processes of growth and coalescence of precipitates were con-
sidered under the assumption of a fixed number of nucleation centers
under the diffusion growth mechanism. Two separate groups of calcu-
lations were carried out that simulated precipitation processes when
growing crystals of large and small diameters using the Czochralski
method. The first Group of calculations (I) was carried out with the
following parameters: crystal growth rateV = 0.6 mm/min, axial
temperature gradientG = 2.5 K/cm, N (0)= 1017 cm−3 for oxygen
concentration andN (0) = 1014cm−3 for carbon concentration.
Parameters of the second Group of calculations (II): crystal growth
rateV = 1.2 mm/min, axial temperature gradientG = 2.5 K/cm,
N (0)= 1015 cm−3 for oxygen concentration and =N (0) 1014 cm−3 for

carbon concentration. For both Groups of calculations =
+

T T
T VGt

m
m

2
,

where Tm is a melting temperature; =N N(0) 0, 1 E, = −N 10 cmc
12 3;

=α 1
3.

The calculation results in Groups I and II make it possible to com-
pare the precipitation processes in germanium crystals obtained under

various thermal growth conditions. The average size of oxygen pre-
cipitates ca. 2 nm (Fig. 3); their initial concentration is determined by
analogy from experiments on quenching of silicon crystals

−(~10 ...10 cm )12 13 3 . With a decrease in oxygen content, a decrease in the
size of precipitates occurs at the stage of their growth. The phase
transition occurs according to the mechanism of nucleation and growth
of a new phase, and both of these processes are not separated in time
and proceed in parallel. A twofold increase in the axial temperature
gradient causes a nearly twofold decrease in the average size of oxygen
precipitates at the growth stage.

Analyzing the data obtained in Figs. 1–3 we can say the following.
Fig. 1 shows that the smallest critical size of precipitate nucleus is
reached near the crystallization front. This result mean that impurity
precipitation begins at high temperatures. The data on the calculation
of the distribution function, presented in Fig. 2, confirm the fact that
the probability of precipitate nucleation is greater, the higher of tem-
perature. Fig. 3 illustrates the conditions for transition from stage of
growth of the precipitate to its coalescence. The condition for the
transition to the coalescence stage is ≈R t R t( ) ( )cr what is satisfied at

≈T 850 K (Fig. 3). With a decrease in the oxygen content in Group II
crystals, the condition for the transition to the coalescence stage will
correspond to a cooling temperature ≈T K940 .

It should be noted that the process of formation and growth of
precipitates during crystal cooling is a determining step in the forma-
tion of the grown-in defective structure of dislocation-free germanium
single crystals. At this stage, the formation and growth of impurity
precipitates occurs. The defect structure of dislocation-free germanium
single crystals was calculated at the stage of formation and growth of
impurity precipitates based on the approximate solution of Fokker-
Planck type equations. It was shown that the precipitation process be-
gins near crystallization front and is caused by disappearance of excess
IPDs at sinks, the role of which is played by impurity atoms.

4. Conclusion

Thermodynamic calculations show that the process of aggregation
of point defects prevails over the process of recombination between
IPDs. The contribution of the recombination process at high tempera-
tures to the aggregation process is negligible. Therefore, vacancies and
interstitial atoms coexist in thermal equilibrium. Therefore, both types
of IPDs participate simultaneously in the aggregation process. The de-
composition of a supersaturated solid solution of point defects caused
by cooling occurs by two mechanisms: vacancy and interstitial, leading
to the formation of “impurity-vacancy” and “impurity-interstitial” ag-
glomerates.

The possibility of applying the mathematical apparatus of a diffu-
sion model of the formation of structural imperfections to the formation
of a defective structure in undoped dislocation-free germanium single
crystals is considered. Calculations showed that nucleation processes
occur very quickly near crystallization front. Therefore, the proposed

Fig. 1. Dependence the critical radius of oxygen (1) and carbon (2) precipitates
on temperature upon crystal cooling after crystal growth.

Fig. 2. Oxygen precipitate size distribution function f n( )GeO2 upon crystal
cooling after crystal growth.

Fig. 3. Transition to the stage of coalescence of oxygen precipitates for crystals
of Group I.
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kinetic model of defect formation makes it possible to describe the
formation and development of a defect structure during the growth of
dislocation-free single crystals of germanium.

This conclusion allows us to conclude that the diffusion model of
defect formation is of a general nature. It can be used not only for si-
licon and germanium crystals but also for other dislocation-free mate-
rials. It is necessary to take into account the crystal structure, thermal
growth conditions, and calculation parameters that would be adequate
for experimental studies.
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