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Abstract
We study non-doped dislocation-free monocrystals of float-zone silicon
using transmission electronic microscopy, optical microscopy and x-ray
topography. The crystals were obtained with various growth rates
(1–9 mm min−1) and were subjected to various kinds of thermal processing.
We experimentally determine the temperatures at which microdefects of
various types form, and we establish the mechanism of transformation of
interstitial microdefects. On the basis of data in the literature and new
results obtained by authors, we establish that the formation of microdefects
in silicon occurs on two independent mechanisms: vacancy and interstitial.
As a result of both these mechanisms, D-microdefects will be formed as
interstitials agglomerate. We suggest that the critical parameter V /G = Ccrit
describes the conditions of emerging (vanishing) vacancy microdefects. On
the basis of these results, we suggest a physical model of the formation of
microdefects in dislocation-free monocrystals of float-zone silicon, and we
discuss other known models.

1. Introduction
During the production of dislocation-free monocrystals of
silicon, it is necessary to solve the problem of their
structural perfection. After the crystals are grown, structural
microdefects form during cooling, which may include
agglomerates of point defects (vacancies or silicon selfinterstitial) and impurities. These structural defects can
detrimentally affect the reliability of semiconducting devices
and their performance. Since only high-purity silicon can
be used in the modern electronic industry, it is necessary
to have knowledge of the formation processes of defects in
a semiconducting material [1, 2]. The systematic study of
microdefects began in the 1960s, using methods of selective
etching, decoration and x-ray topography [3–6]. On the basis
of these studies, two types of microdefects were identified: Amicrodefects (usually revealed as large etch-pits with smaller
concentration) and B-microdefects (small etch-pits with higher
concentration) [7–9]. Experience of crystal quenching [10]
has shown that B-microdefects are formed first. With
the help of transmission electronic microscopy (TEM) it
was established that A-microdefects [11] and B-microdefects
0268-1242/02/000001+10$30.00

[12, 13] have an interstitial character. Typical A-microdefects
are observed in stratified distribution at crystal growth rates
of V = 1–3.5 mm min−1, and in uniform distribution at
V < 1 mm min−1. B-microdefects are observed in stratified
distribution at V  4.5 mm min−1. Such a distribution
of microdefects reflects the distribution of their nucleation
sites. During crystal growth, there is a fluctuation in the
temperature due to the rotation of the crystal and a melt
convection occurs [14]. Therefore, the microdefects grow,
repeating crystal growth and stopping growth [14, 15]. The
periodic modifications of the growth rate result in periodic
modifications of the concentration of the impurities, in
particular of carbon. Local maxima in the concentrations
of A- and B-microdefects coincide with areas having a high
concentration of phosphors [16]. As the heterogeneities of
the distributions of phosphors and carbon are similar [17], we
conclude that the formation of microdefects should include
carbon atoms [11, 18]. Föll et al [18] have established
that the concentration of microdefects increases with an
increase of carbon content. Therefore, a stratified distribution
of microdefects indicates the heterogeneous nature of their
nucleation. Impurities such as oxygen (see, for example
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Table 1. Microdefect classification in FZ Si.
Type
A
B
C
D
I+V

Physical nature
Interstitial dislocation
loops
Interstitial agglomerates
of point defects
Interstitial agglomerates
of point defects
Interstitial agglomerates
of point defects
Interstitial + vacancy

Size
(nm)

V
mm min−1

N
(cm−3)

References

6

up to
50 000
20–50

1–3.5

Stratified

∼10

[8–13, 15, 44]

4.5

Stratified

∼107

[8–13, 15, 44]

4–10

>4.5

Uniform

∼1013

[13, 41, 44–46]

4–10

>4.5

Uniform

∼1013

[13, 41, 44–46]

4–12

>6

Uniform

∼1013

[13, 44, 45]

[19–30]) and carbon (see, for example [11, 17, 18, 31–39]),
which are found in high concentrations in float-zone (FZ)
silicon [40], have a direct effect on the formation of defects.
Further studies of monocrystals of silicon grown at high
growth rates (more than 4.5 mm min−1) have shown that these
monocrystals contain uniformly distributed microdefects; this
was revealed by selective etching as matt areas. Veselovskaya
et al [41] observed these defects in FZ Si by selective
etching and decoration techniques, and classified them as
C- and D-microdefects depending on their distribution and
concentration. Both these types of microdefects were found
as areas of uniformly distributed defects with high densities.
The difference between C- and D-defects is in the distribution
of microdefects in these areas. D-microdefects are primarily
concentrated as channels in a central part of the crystal
whereas C-microdefects are revealed as rings or contours of
an incorrect form. Later, Roksnoer et al [42], using x-ray
topography followed by decoration with copper, suggested that
D-microdefects have a vacancy characteristic in Czochralskigrown (CZ) silicon. However, in [12, 43] it has been shown
that, for certain temperature conditions, the simultaneous
formation of uniformly distributed interstitial microdefects
of B-type and of uniformly distributed vacancies is possible.
Using TEM, Sitnikova et al [13, 44–46] have investigated
in detail the nature of D-microdefects in FZ Si, which were
found in [41]. It was established that the D-microdefects
(as well as the C-microdefects) formed the crystals that were
obtained at growth rates of more than 4.5 mm min−1, and
have an interstitial nature. Furthermore, in the areas where
no uniformly distributed D-defects were revealed by selective
etching, vacancy microdefects which coexist together with
interstitials microdefects were detected with TEM [44, 45].
These results are confirmed in a recent report by Bublik and
Zotov [47]. They have revealed microdefects in silicon using
x-ray diffuse scattering. They obtained results on defects
which are formed in ‘interstitial’ and ‘vacancy’ modes of
growth (these were interpreted as A-, B- and A -defects).
From these results, they concluded that all these defects are
interstitial type. Furthermore, they detected other defects that
had other signs of strain, i.e. vacancy type defects in the same
areas of the crystal where the interstitial defects were observed.
The results of [47] as well as the results of [13, 44–46] have
also been confirmed by other recent research [48–52].
Thus, the results [42] cannot be represented as ‘incorrect’.
Since vacancy and interstitial microdefects coexist, the
vacancy microdefects detected in [42] are not D-microdefects
according to the classification [41]. The difference between
2

Distribution in
a plane (112)

the classifications in [41] and [42] are not basic, but they
can cause disagreement in the determination of the types
of microdefects. In this paper we use the classification of
[41]. Table 1 shows the information from the literature about
microdefect classification in FZ Si.
Defects which are identical to uniformly distributed
D-defects in FZ Si are not observed in CZ Si. Thus, we think
that the defects, similar to defects in FZ Si, which Roksnoer
et al [42] called ‘D-defects’, should be in the areas of the crystal
where the coexistence of interstitial and vacancy defects is
revealed. As shown in table 1 we denote these areas by ‘I + V’.
In [42] CZ Si was studied, in which it is very difficult to
reveal interstitial D-microdefects in comparison with FZ Si.
However, we think that the processes of defect formation in
both these types of crystal are identical [53, 54].
Thus, summarizing all the experimental results about
the physical nature of microdefects in dislocation-free
monocrystal FZ Si with a diameter of 30 mm, then using
classification [41] it is possible to conclude that:
1. A-microdefects are interstitial dislocation loops with sizes
of 1–50 µm with a Burgers vector of b̄ = 1/2 [110], which
are in planes {111} and {110}.
2. B-microdefects are agglomerates of point defects of an
interstitial type with sizes of 20–50 nm, some of which
are in the plane {100}. Using TEM these are represented as
rectangles and rhombs in the plane {111} with the parties
on directions [110] and [100] respectively.
3. D-microdefects of an interstitial type are agglomerates of
point defects with sizes of 4–10 nm. Considering these
as small dislocation loops, it is possible to conclude that
they can be in planes {100}, {110}, {111} and have of a
Burgers vector of b̄ = 1/2 [100] and b̄ = 1/2 [110].
4. C-microdefects are completely identical to D-microdefects
on TEM images, sign of deformation of crystalline lattice
and their sizes.
5. It is suggested [44] that D-microdefects are uniformly
distributed B-microdefects.
6. In crystals obtained at high growth rates (more than
6 mm min−1) microdefects of vacancy type are formed
simultaneously with microdefects of interstitial type in
the same regions of the crystal.
Various theoretical models have been suggested to explain
the regularities of microdefect formation in silicon. The main
problems are the assumptions about the dominant type of point
defects in crystals, their concentration, and the interaction
between them. In some models [11, 15, 18, 55, 56] it was
assumed that the dominating type of point defect in the crystal
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is interstitial atoms of silicon. In other models [14, 57–60]
it was supposed that the dominating type of defect is the
vacancies. In contrast, Hu [61] and Sirtl [62] suggested the
simultaneous independent coexistence of both main types of
point defect at high temperatures. None of these models can
explain the experimental results, which were obtained later
using TEM, as shown De Kock [63].
According to the commonly accepted Voronkov theory
[24, 64–66], the recombination rate between isolated vacancy
and interstitial defects is high. Furthermore the diffusivity
of interstitials is higher than the diffusivity of vacancies near
the melting point. Finally the concentrations of vacancies is
higher than the concentrations of interstitials at the melting
point, where both concentrations are in thermal equilibrium.
Only microdefects of either interstitial type (A- and Bmicrodefects, if the concentration of interstitial atoms is
higher than the concentration of vacancies) or vacancy type
(D-microdefects, if the concentration of vacancies is higher
than the concentration of interstitial atoms) are formed in the
crystal. According to [64], the type of dominating point defect
depends on the parameter V /G (where V is the growth rate of
the crystal and G is the axial temperature gradient); if V /G <
Ccrit, then interstitial atoms of silicon dominate in the crystal,
if V /G > Ccrit, then the vacancies dominate.
Thus, the sense of a Voronkov model consists of the
following: (a) the existence of recombination between selfinterstitials and vacancies for temperatures close to
temperature of smelting; (b) the supposition of only the
vacancy nature for primary grown-in microdefects and (c)
independent areas of existence with only interstitial and
vacancy microdefects.
However, these results, which are mainly theoretical
conclusions that have not changed since 1982 [64], cannot
explain some of the latest experimental results [13, 44–52].
Furthermore, the Voronkov theory does not take into account
the influence of carbon in the formation of microdefects. The
participation of carbon during defect formation results in a
conclusion about the heterogeneous nature of the nucleation
of microdefects [50, 51]. In the TEM studies reported in
[45] it was established that equilibrium concentrations of
vacancies and self-interstitials are approximately identical at
temperatures close to the silicon melting point. Furthermore,
the Voronkov theory does not explain the nature of ‘defectfree’areas in silicon in which in [45] the microdefects of both
types of a crystalline lattice strain were observed.
Therefore, the purpose of our paper is the development
of an optimum physical model of formation, growth and
transformation of microdefects in FZ silicon.

2. Experimental methods
Non-doped monocrystals of high resistivity (2200–4000 cm)
n-type silicon were grown using the float-zone technique in
vacuum. The number of passes of a melting zone varied
from 2 up to 10. The concentration of oxygen and carbon,
determined by infrared (IR) absorption was less than 5 ×
1015 cm−3.
The crystals were received at a constant growth rate in
the range 1–9 mm min−1. Some crystals were obtained with
a modification of growth rate on fixed length. Furthermore,

in some cases the growth of the crystal was stopped for 30
or 60 min, and was resumed after that. To freeze-in the
initial stages of microdefect formation we conducted crystal
quenching. In order to study the reasons for the formation
of microdefects the crystals were subjected to special thermal
processing. Furthermore, to confirm the influence of oxygen
on the formation of microdefects, experiments were conducted
with intentional doping of crystals by oxygen. The oxygen
doping was carried out from a gas phase when adding the
steams of H2O2 to the growth chamber.
The method of selective etching of the crystal cross
sections [64, 65] with subsequent TEM analyses was used
to reveal the distribution of grown-in microdefects. The TEM
studies were conducted by the analysis of diffractional images
for case of peak contrast using the methods of Ashby–Brown
and 2,5 D.

3. Results and discussion
3.1. Influence of quenching on a structure of monocrystals of
silicon: determination of nucleation temperatures of
microdefects of various types
The experiments with quenching of growing crystals allow
us to freeze-in the earliest stages of defect formation. The
quenching was conducted by decantation of a melting zone,
which was blown out by a directed stream of argon. The
characteristics of the distribution of microdefects and their
types were determined after selective etching of longitudinal
cuts of crystals on a plane (112), which is parallel to the
growth direction [111]. These distributions are shown in
figures 1 and 2. For A-microdefects, as shown in figures 1(a),
1(b) and 2(a), the formation temperature is equivalent TA ∼
=
1100 ◦ C. These figures also show that B-microdefects are
formed at temperatures which are close to temperature of
smelting (figure 2(a)). The studies of a surface texture
of a separation show that the microdefects are not present
at the front of crystallization. B-microdefects are formed
immediately after the start of the cooling, due to the nucleation
of complexes of interstitials atoms of silicon and atoms
of impurities. Since the area which immediately adjoins
the front of crystallization contains dislocations, it is very
difficult to determine the beginning of the formation process
of B-microdefects. Therefore, the best estimate of the
nucleation temperature of B-microdefects that can be made
from our data is ≈1380 ◦C. The distribution of D-microdefects,
which is fixed by quenching, is shown in figures 1(c)–
(e), 2(b) and 2(c). The formation temperature of the Dmicrodefects is TD ∼
= 1150 ◦ C. This temperature matches the
temperature of dissociation of D-microdefects (T = 1140 ◦ C),
which was defined by Roksnoer [60]. Thus, this result
confirms the determination of the formation temperature of Dmicrodefects. The temperature of the formation of interstitial
D-microdefects (1150 ◦ C) coincides with the temperature of
dissociation of D-microdefects determined to be 1140 ◦ C in
[60, 69]. However, in [60, 69] the authors investigated CZ Si
in which, according to [42], D-microdefects have a vacancy
character. Therefore, if not to use a disputable nomenclature,
in [60, 69] the temperature of interstitial microdefect formation
3
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Figure 1. Schematic representation of distribution of microdefects at different growth rates after quenching and stop of growth.

(b)

(a)

(c)

Figure 2. Distribution of microdefects at different growth rates after quenching and stop of growth (selective etching). (a) Distribution of
A- and B-microdefects at V = 3 mm min−1 after quenching; (b) distribution of D-microdefects at V = 5 mm min−1 after quenching;
(c) distribution of microdefects of various types at V = 6 mm min−1 after a stop of growth of crystal.

was established. This fact coincides well with our results from
quenching experiments.
Furthermore, Neimark et al [70] measured thermal fields,
which take place during the growth of monocrystals of silicon
by the thermocouple. They suggested the following empirical
formula to describe the dependence of an axial temperature
gradient on the crystal growth rate

where L (cm) is the distance from the front of crystallization,
and V (cm s−1) is the crystal growth rate of crystal. The values
calculated from equation (1) are shown in table 2.

dT
= 10 + (L − 16)2 exp(−61.2V − 0.28)
dL

During production of semiconducting devices, the initial
monocrystals of silicon are subjected to various thermal

4
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3.2. Influence of high-temperature processing of crystals on
the formation and transformation of microdefects
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Table 2. Formation temperatures of microdefects of various types.
Growth rate
(mm min−1)

Condition of
growth

Type of
microdefects

Distance from the
front of crystallization
(mm)

Temperatures of
formations
(±20 ◦ C)

2
3
5
6

Quenching
Quenching
Quenching
Stop of growth
t = 60 min
Stop of growth t =
30 min + quenching

A+B
A+B
D
D

23
25
26
27

TA = 1100
TB = 1380
TD = 1150
TD = 1150

D

26

TD = 1150

6

processings. As a result of these processings, the microdefects
can be formed. It is supposed [44] that D-microdefects are an
initial stage of the formation of interstitial defects, which are
then transformed into B- and A-microdefects. Thus, it is
important to determine how the process of the transformation
of the initial grown-in D-microdefects occurs.
The experiments on thermal processing were conducted
in two stages. In the first stage (I) the crystals obtained at V =
6 mm min−1 with a growth stop of 60 min were investigated
using selective etching and TEM. The same crystals were cut
into four parts, each of which was then cut in half along the
{112} planes. One half of each of the cut ingots was subjected
to selective etching to reveal microdefects. The other half was
subjected to thermal processing in vacuum for 60 min at the
temperatures of 800, 900, 1000 and 1100 ◦ C. In the second
stage (II) the crystals, obtained at growth rates of 2, 3, 6 and
8 mm min−1, were subjected to thermal processing (for 3 h) at
the temperature of 1100 ± 20 ◦ C in hydrogen atmosphere.
Stage I. The images of the distribution of microdefects
in the crystal, which was obtained with a growth stop, are
shown in figures 1(d) and 2(c). As is shown, there are all
known types of microdefects in the crystal. This is confirmed
using TEM. The appearance of microdefects is due to the
thermal processing. The growth stop during some interval of
time is a modification of the actual conditions of growth, i.e.
the crystal during this interval receives additional processing.
Furthermore, in these crystals below the positions of a growth
stop of length LD = 27 mm, a ‘defect-free’ area is formed, in
which defects are not found by selective etching. For LD >
27 mm, there is an area with D-microdefects, which arise when
T ≈ 1150 ◦ C.
We believe that the ‘defect-free’ area contains nucleation
centres of microdefects (complexes nOi). For each growth
stop in the crystal oversaturation of self-interstitials ISi occurs.
These atoms interact with nOicomplexes. This process is
stimulated by the catalytic role of carbon, which is in an item
of substitution Cs:
(nOi ) + ISi + Cs → B-microdefects.
During the time which corresponds to the growth stop
(for 60 min), these B-microdefects either transform into
A-microdefects at T  1240 ± 20 ◦ C, or remain as Bmicrodefects in the range of temperatures 1240–1190 ◦ C.
Another ‘defect-free’ area arises in crystals obtained at
V = 5 mm min−1, between the front of the crystallization and
the area with D-microdefects (see figures 1(c) and 2(b)). The
‘defect-free’ area contains very small defects of interstitial and

vacancy types, as revealed by TEM and x-ray topography with
subsequent copper decoration. The size of these defects is
3–7 nm and their density is ≈3.5 × 104 cm−2, whereas in the
area with D-microdefects the same defects have a size two
times more and a density three times less (≈1.2 × 104 cm−2)
than in the ‘defect-free’ area. Most likely, these defects are
complexes of vacancies and interstitial atoms of oxygen Oi.
These complexes are the predecessors of D-microdefects. It is
possible that it is these complexes [VO2] which were detected
in silicon in radiation experiments [71, 72].
To confirm the influence of oxygen atoms on the formation
of microdefects, a crystal was obtained at V = 4 mm min−1
with the simultaneous additional heating of a growing part.
Usually B-microdefects will be formed at 4 mm min−1, but in
this case additional heating reduces the temperature gradient
and a ‘defect-free’ area was formed at the centre of the crystal
(figure 3(a)), i.e. the area containing vacancy and interstitial
defects. After growth, the average part of the crystal was
treated at T = 1200 ◦ C for 20 min. This heat processing
produces a rupture of the ‘defect-free’ channel and bands of
B-microdefects are formed (figure 3(b)). Using IR absorption,
it was found that, in an area of emerging B-microdefects, the
concentration of carbon is 5 × 1016 cm−3and that of oxygen is
less, 2 × 1016 cm−3. Thus, the experiment has confirmed the
process of transformation of microdefects and the participation
of carbon in the formation process of B-microdefects. After
doping by oxygen from a gas phase, D-microdefects are
formed and the concentration of B-microdefects is increased.
After doping the concentration of B-microdefects is 2–6 ×
105 cm−2 while before doping the concentration is 1–2 ×
104 cm−2 (figure 3(c)).
To determine the influence of interstitial atoms of silicon
on the formation of B- and A-microdefects, a crystal with a
variable growth rate was obtained. The growth rate decreased
by steps of V = 0.5 mm min−1 from V = 3 mm min−1
to V = 0.5 mm min−1 (figure 4). As shown in figure 4, at
V = 2 mm min−1 large uniformly distributed A-microdefects
are revealed, which are dislocation loops with sizes up to
20 µm. However, the stage change of the growth rate results
in the formation of uniformly distributed ‘clouds’ of defects
with sizes smaller than A-microdefects (rA = 70–120 µm,
and densities greater thanA-microdefects
rB = 10–15 µm)
NA = 4 × 102 cm−2 , NB = 1.3 × 104 cm−2 .
Our interpretation of this effect is as follows. The
fluctuations of the growth rate result in an increasing
concentration of interstitial atoms of silicon [73]. For a high
concentration of interstitial atoms of silicon the size of the
nuclei of microprecipitates of SiO2 is increased [74]. But
5

V I Talanin et al

Figure 3. Distribution of the B- and D-microdefects after thermal processing (a) and (b), and oxygen doping (c).

g

100 nm

Figure 5. Defects as sockets in monocrystals of silicon after their
thermal processing (dark field, S > 0, ḡ = (22̄0)).

(a)
[111]

A

A+B
A

B

A

B

A

B

A

B

V, mm/min
3.0
2.5
2.0
1.5
1.0
0.5
0

1

2

3 Z, cm

(b)

Figure 4. Distribution of microdefects in a crystal grown with a
variable growth rate. (a) Distribution of microdefects (selective
etching); (b) shematic image of distribution of microdefects
(V denotes growth rate of crystal; Z denotes length of crystal and
[111] denotes direction of growth).

6

at low growth rates the atoms Cs play a catalytic role in
the formation of precipitation centres [75, 76]. Thus, the
complexes will be formed which consist of atoms of carbon
and interstitial atoms of silicon (Cs + ISi ↔ [CsISi]). As a result,
B-microdefects will be formed in a uniform distribution.
In the case of thermal processing of crystals at 900 ◦ C we
observed an increase in the sizes of the D-microdefects up to
10–12 nm. Furthermore, in crystals processed at 1100 ◦ C it
was observed that defects such as sockets with sizes of 50–
100 nm coexist with D-defects (figure 5). These defects are
sources of dislocation loops of interstitial type. Completely
identical defects (interpreted as B-microdefects) were revealed
in crystals of silicon, which were obtained at V = 3 mm min−1
and were not subjected to thermal processing [15]. A TEM
analysis of crystals obtained at V = 3 mm min−1 has shown
that these defects are an intermediate stage of development
between B- and A-microdefects.
Step II. In the second stage we investigated crystals
which were obtained at different growth rates and thermally
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Figure 7. Experimental dependence a size of interstitial
D-microdefects on the growth rate of crystal.
Figure 6. TEM-image of D-microdefects in crystals after their
thermal processing (dark field, S > 0, ḡ = (22̄0)).
Table 3. Concentration of microdefects (cm−2) in monocrystals of
silicon after thermal processing.

g

Growth rate
(mm min−1)
Type of defects
‘Small’ microdefects
‘Large’ microdefects
Dislocations

2

3

1 × 10
4 × 103
2 × 102
6

6

1 × 10
6 × 102
1 × 102
6

8

2 × 10
1 × 102
–
6

1 × 106
–
–

processed for 3 h. TEM revealed that the crystals before
thermal processing contain microdefects of interstitial type
(at V < 6 mm min−1) and that interstitial and vacancy
types coexisted (at V > 6 mm min−1). In such crystals,
in comparison with grown-in D-microdefects, the size of
the defects increases up to 12–15 nm (we denote these
defects as ‘small’ microdefects) (figure 6). Furthermore,
the defects will be formed as sockets (see figure 5) or even
more complicated types with sizes of 50–100 nm (we denote
these defects as ‘large’ microdefects). The crystals obtained
at V  3 mm min−1 contain dislocations with a Burgers vector
b̄ = 1/2 [100], which are in planes {111}. The experimental
results are shown in table 3.
During thermal processing ‘small’ microdefects are
generated, whereas the concentration of ‘large’ microdefects
decreases with the increase of the growth rate. In crystals
obtained at V = 8 mm min−1, the interaction between
vacancies and interstitials microdefects suppresses the
formation of ‘large’ microdefects and dislocations.
Thus, the decrease of the growth rate and the additional
thermal processing result in the growth and transformation
of microdefects. On the basis of our experimental data it is
possible to suggest the following mechanism of transformation
of interstitial-type microdefects. We suppose that images of
D-microdefects obtained by TEM can be considered as
small dislocation loops. In this case they are in planes
{111}, {100} and {110} [77]. With a decrease of the growth
rate, we observe an increase in the size of interstitial Dmicrodefects (figure 7).
The fact that agglomerates are in planes {100} results
in the generation of the interstitial atoms of silicon. The
agglomerates of interstitial atoms promote the formation and

100 nm
Figure 8. TEM-image of defects of the square and rhombic form
(dark field, S > 0, ḡ = (2̄20)).

growth of dislocation loops in planes {111}. Thus, Dmicrodefects, which are predecessors of B-microdefects, can
exist in two forms: as flat congestions of point defects in
planes {100} and as small dislocation loops in planes {111}.
The TEM analysis of crystals with B-microdefects shows
that some of them appear as rhombs and quadrates in a
projection on a plane {111}. Such defects are in planes
{100} (figure 8). The further growth of agglomerates in
planes {100} results in the generation of dislocation loops
in planes {110}. Such a process occurs at the expense of the
mechanism of prismatic extrusion [78, 79]. As a result Amicrodefects are formed as dislocation loops in planes {111}
and {110} with a Burgers vector b̄ = 1/2 [110]. Therefore, the
transformation of interstitial microdefects occurs according
to following scheme: D-microdefects → B-microdefects →
A-microdefects. During the transformation of interstitial
microdefects with a decrease of the growth rate, the sizes
of the defects are increased and their concentrations decrease
(figure 9).
3.3. The mechanism of microdefect formation
With the help of TEM it is established that vacancy
microdefects occur together with interstitial microdefects in
7
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Figure 9. Experimental dependence of concentration of interstitial
microdefects on the growth rate of crystal.

Figure 10. Defects of vacancy (1) and interstitial (2) type in crystal
obtained at V = 9 mm min−1, dark field, ḡ = (2̄20)).

crystals grown at V > 6 mm min−1; their concentration
increases with the increasing crystal growth rate [44]. The ratio
of vacancy and interstitial microdefects in samples obtained at
V = 7.5 mm min−1 is approximately 1:4. In crystals obtained
at V = 9 mm min−1, interstitial and vacancy defects coexist
approximately in identical concentrations (figure 10). Thus,
the critical crystal growth rate, for which vacancy microdefects
occur, is in the range of 6 < V < 6.5 mm min−1 (figure 11).
With the help of TEM it is also established that the
concentrations of native point defects near the front of
the crystallization are approximately identical [45]. Thus,
over-saturated solid solutions of native point defects will
be formed during cooling in the bulk of the crystal which
eventually breaks up; therefore the microdefects will be
formed. The impurities of carbon and oxygen facilitate the
nucleation process of microdefects. In the Voronkov theory
it is suggested that, in the initial stage of disintegration of
oversaturated solid solutions of point defects, the main process
is recombination between vacancies and interstitial atoms of
silicon. However, in [62, 80, 81] it was supposed that the
direct recombination between vacancies and interstitial atoms
of silicon is hampered, which is stipulated by the existence
of an energy barrier. Tempelhoff [12, 43] argued that the
8

6

Figure 11. Experimental dependence of the ratio of concentration
of vacancy (N1) and interstitial (N2) microdefects on growth rate of
crystal.

recombination takes place only on some centres (B- and Amicrodefects, dislocations, surface of crystal), and that direct
recombination is impossible. The same problem was treated
in detail in [82–88], where it was shown that point defects
in silicon (vacancies and self-interstitial) have an extended
characteristic at very high temperatures, i.e. one atom (or one
vacancy) ‘are extended’ on some nuclear volumes. According
to this model the recombination occurs only for ‘simultaneous
compression from both these defects in a neighbourhood
of one nuclear volume’ [89]. It was concluded from this
observation [89] that the recombination of point defects in an
initial stage of their interaction at high temperatures is hindered
by an activation barrier, which includes enthalpy and entropy
components. The main contribution introduces an entropy
component, reaching a value of 11–11.5 K [89]. The barrier is
decreased if the temperature is lowered and disappears at low
temperatures. Thus, the disintegration of over-saturated solid
solutions of native point defects proceeds simultaneously on
two mechanisms: vacancy and interstitial [52, 90].
For the vacancy mechanism, theoretically only vacancy
aggregation and joint vacancy–impurity aggregation are
possible [64]. Vacancy–impurity aggregation begins earlier
than a vacancy aggregation. Interstitial atoms of oxygen
are very mobile, and therefore the formation of complexes
is simulated by leaving interstitial oxygen in positions of
substitution Os
Oi + VSi → Os → 2Os + 3Os + · + nOs .
At lower temperatures, Os can be formation centres of
microprecipitates of oxygen. When microprecipitates are
formed, there is a surplus of volume and one vacancy will
be consumed by a growing precipitate for each two oxygen
atoms precipitated. The absorption of vacancies and impurities
by growing microdefects results in a decreased concentration
of vacancies in comparison with oxygen concentration.
As a result, precipitates begin to absorb oxygen without
participation of vacancies, their sizes are increased, and then
the type of strain around them varies from vacancy (tensile) to
interstitial (compressive). The full transition boundary can be
determined from the relation V /G. Thus, the parameter Ccrit of
the theory [64] does not describe a condition of mode change
of growth (interstitial or vacancy). This parameter describes
conditions of the vanishing (emerging) of microdefects of a
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vacancy type, as a result of diffusion and interaction of point
defects during the cooling of the crystal.
The centres of nucleation in a base of interstitial atoms
of oxygen exist also for the interstitial mechanism. However,
here a catalytic role is played by carbon atoms. The oversaturation of interstitial atoms of silicon results in the
appearance of complexes [CsISi]
Cs + ISi ↔ [Cs ISi ].
The decrease of the critical radius [CsISi] nuclei and the
acceleration of a diffusion Cs occur here. Thus, agglomerates
[CsISi] are formed. Furthermore, during supersaturation of ISi
co-precipitation of Oi and Cs can occur [23, 35, 91]. Thus, for
the formation of B-microdefects
ISi + Cs → [CI] + Oi → B-microdefects.
The growth of interstitial microdefects results in a
significant decrease of the concentration of interstitial atoms of
silicon. It creates conditions for precipitations of impurities.
In this case the formation of particles of impurity phase is
accompanied by the generation of self-interstitial atoms in
positions between knots of the lattice. Thus, two types of
interstitial microdefects are formed: as interstitial congestion
(drains for interstitial atoms of silicon) and as impurity
precipitates (sources of these atoms).
Both mechanisms (vacancy and interstitial) result in
the formation of small interstitial agglomerations, i.e. Dmicrodefects. These agglomerates are uniformly distributed
small B-microdefects. These mechanisms are described by
the following equations:
For the vacancy mechanism:
(1) nOi + VSi → n(VO2) → vacancy microdefects.
(2) n(VO2) + Oi + · + nOi → n[(VmOn) + ISi] → Dmicrodefects.
For the interstitial mechanism:
(1) Cs + ISi → (CsISi) → D-microdefects.
(2) (CI) + Oi → n[(CsISi) + Oi] → B-microdefects.
(3) B-microdefects + ISi → A-microdefects.
Furthermore, in [44, 46] TEM has revealed two types of
image of D-microdefects: as agglomerates of atoms with a
crystalline structure and as agglomerates of atoms with an
amorphous structure. In [46] it was shown that such images
give microprecipitates of the amorphous phases of SiO2. From
our point of view the crystalline phases give the precipitates
SiC [53]. Both types of D-microdefects are defects of an
interstitial type. These data also confirm the existence of two
mechanisms of microdefect formation.

4. Conclusions
Thus, the formation of vacancy and interstitial microdefects
is due to the disintegration of the over-saturated solid solution
of native point defects. All known types of microdefects are
formed as a result of the interaction of native point defects
with impurities of oxygen and carbon. The concentrations of
vacancies and interstitial atoms of silicon are approximately

identical near to the front of crystallization. The recombination
between them in an initial stage of their interaction at
high temperatures is hampered. Therefore, the formation
of microdefects occurs simultaneously on two mechanisms:
vacancy and interstitial. Vacancy and interstitial microdefects
coexist in crystals. The parameter V /G = Ccrit describes the
emerging (vanishing) conditions of vacancy microdefects in
crystals.
The experiments of quenching of crystals have enabled
us to investigate the initial stages of defect formation and
to determine the temperatures at which the formation of
microdefects of various types is possible. The thermal
processing of the crystals results in the transformation of one
type of microdefect to another. The obtained results show
that microdefects (agglomerates of point defects and atoms of
impurities) are present even in dislocation-free monocrystals
of silicon after growth. The thermal processing promotes the
‘improvement’ of such agglomerates due to the effect of
internal gettering of impurities on the nucleation centres of the
microdefects. Thus, thermal processing plays an important
role in the manufacture of perfect silicon crystals.
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