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Through recent electron microscope investigations it is now well established that A-swirl defects in float-zone grown silicon
crystals are dislocation loops of interstitial type which are formed by the agglomeration of silicon self-interstitials. In the first part
the origin of the silicon self-interstitials is discussed: the “non-equilibrium interstitial model” invoked by Petroff and De Kock
and the “equilibrium interstitial model”” proposed by Foll et al. are contrasted. It is shown that only the “equilibrium interstitial
model” is compatible to all the experimental facts of swirl defects known up to now. In the second part a general model for the
formation of swirl defects is presented. The basic idea of this model is the assumption that A-swirl defects are generated by the
collapse of B-swirl defects. B-swirl defects are assumed to be droplet-like agglomerates of silicon self-interstitials and some im-
purity atoms, particularly carbon, which govern the growth kinetics and stability of B-swirl defects. Thermodynamic considera-
tions are presented, which in the case of A-swirl defects are relatively simple and straightforward, whereas those for the B-swirl
defects are more sophisticated and include several speculative assumptions. This model is able to interpret all swirl data known so
far, especially the dependence of the occurrence of swirl defects on the growth rate and the dependence of the swirl properties on
the carbon concentration.

Introduction with small impurity contents (O < 10!® em™3, C <
107 em™3, Cus10'?2 cm™3, Aus$10® cm™9),

During the cooling of as-grown, dislocation-free, because in other material “‘swirls’’ are expected to be
high-purity silicon crystals, point defect agglomerates rather precipitates of impurities than point defect
are often formed. Two types of these agglomerates agglomerates. In analogy to metals, in which vacan-
(usually named “‘swirl defects”) differing in size, den- cies are the dominant point defects in thermal equili-
sity and spatial distribution may occursimultaneously brium (see e.g. ref. [2], in the past it was generally
[1]. Following De Kock [1] the larger ones are assumed that swirl defects are formed by agglomera-
termed “A-swirl defects” (briefly “A-defects’), the tion of the vacancies [1,3—8] which are present in
smaller ones “B-swirl defects” (briefly “B-defects”). thermal equilibrium near the melting point, since
In this paper the name “swirl defect” will be used these are unable to find sinks for annealing during
exclusively for the defects in float-zoned material cooling. This is so because the crystals neither contain

dislocations nor are they thin enough for the surface

to act as an efficient sink for point defects. However,
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Africa. least the A-defects are dislocation loops or clusters of

90



H. Foll et al. | Formation of swirl defects in silicon 91

dislocation loops [8,10] (so-called “swirl loops”),
which are formed by the agglomeration of silicon self
interstitials [11-17]. A corresponding experimental
proof of the nature and the type of the B-defects has
not yet been possible [14,15]. Indirect arguments led
to the conclusion that B-defects are nor (small) dis-
location loops but loosely packed, three-dimensional
agglomerates of silicon self-interstitials and some im-
purity atoms [14].

In order to understand the nature and the forma-
tion of swirl defects in silicon, it is helpful to consider
two aspects of the subject matter separately:

(i) The relationship between swirls and silicon self-
interstitials, i.e. the origin of interstitial-type disloca-
tion loops.

(ii) The nucleation and formation of the switls, i.e.,
how the sensitive dependence of swirl properties (e.g.,
occurrence, density and size) on growth conditions
and impurity content can be understood.

These items are linked by the question of the ori-
gin of the self-interstitials, since any model dealing
with item (ii) has to start at this point. Two models
concerning this question are under discussion, the
“non-equilibrium interstitial model” invoked by
Petroff and De Kock [15] (formerly used by De
Kock et al. for vancancies [4,6]) and the “equilibri-
um interstitial model” proposed by Foll et al. [13,
14] and Seeger et al. [17]. The first model, which fol-
lows the theories of Fletcher [18,19] and Webb [20],
suggests that silicon self-interstitials may be trapped
during crystal growth at the solid—liquid interface
and finally be incorporated into the crystal in non-
equilibrium concentrations. Nevertheless in this
model the equilibrium point defect is assumed to be
the vacancy.

By contrast, the alternative model proposes that in
silicon not the vacancies but the self-interstitials are
the dominating equilibrium point defects at high tem-
peratures. This assumption is based on the evaluation
of self-diffusion, quenching and radiation damage
experiments on silicon [21-25].

With respect to the formation of swirl defects, the
first general model that included all observations on
swirl defects known at that time was given in De
Kock’s fundamental work [1]. In the meantime this
model (which was based on the assumption of an
independent formation of both A- and B-defects by
vacancy—oxygen agglomeration) has been demon-

strated to be untenable as to all its essential points
[4,6,11-17]. In recent papers [6,14—17] it has been
assumed that A-defects (i.e. interstitial-type disloca-
tion loops) result from a collapse of B-defects (i.e.
loose, three-dimensional agglomerates of interstitials).
We shall briefly call this hypothesis the “B-collapse
model”. However, so far this model is merely a basic
idea and too general to account for all experimental
observations.

The aim of the present paper is two-fold: Firstly,
we shall contrast the equilibrium interstitial model
and the non-equilibrium interstitial model and,
because of their importance, discuss this issue in some
detail. In the second and main part of the paper we
shall discuss the general conditions which must be ful-
filled in order to make the B-collapse model work at
all. By considering a large body of experiments
including new ones presented in this paper — we
finally arrive at a detailed picture of swirl formation
on the basis of the B-collapse model. It should be em-
phasized, however, that this model has to be regarded
as a first step in the understanding of the formation
of swirl defects in silicon. Though it is sophisticated
enough, nature appears to be even more complicated.

2. Brief summary of the experimental results on the
formation of swirl defects

The following items are extracted from numerous
papers [1,4—7,12-17,26] and, in the opinion of the
present authors, may be regarded as reliable experi-
mental findings. Together with the observations con-
cerning the rdle of impurities (see section 4) they give
the framework of facts which a swirl formation
model has to account for and supply the possibility
to exclude one of the competetive models for the ori-
gin of the silicon self-interstitials.

(i) Observations at “high” growth rates vq (i.e. vy <
2 mm/min): A-defects disappear suddenly at vy =
4 mm/min, B-defects disappear at vy~ 5 mm/min
[4,6,14], the actual limit of vg slightly depending on
the crystal diameter [4,6,14] and the carbon content
(see section 4).

(ii) Observations at “low” growth rates (g < 2 mm/
min: in crystals with 23 mm diameter both A-defects
and B-defects disappear at growth rates below vy~
0.2 mm/min [26].



92 H. Féll et al. | Formation of swirl defects in silicon

(iii) If a crystal is pulled at a growth rate at which
swirls are normally not present (present) and cooled
down at a cooling rate corresponding to a growth rate
at which swirls normally are present (not present),
swirls are always found to be present (not present)
[6,26].
(iv) B-defects are not observed in vacuum-grown
crystals [1] or in argon-grown crystals with a low im-
purity content (see section 4).
(v) With increasing v, the distance dg between B-de-
fects and the rim of the crystal firstly decreases (for
0 <1 mm/min) and increases again with further
increasing vg. The distance d 5 between A-defects and
the rim shows a similar behaviour as dg, however, d 5
> dg always holds [6,14,26].
(vi) The central region of a crystal often shows a
strongly reduced density of B-defects and is often
completely B-defect free, the diameter of this region
decreases with increasing growth rate [27].

3. Swirl defects and silicon self-interstitials

Nowadays it is well established that swirl defects
arise from the condensation of silicon self-intersti-
tials. Recent counterstatements which considered
swirls to originate either from different mechanisms
(e.g., prismatic loop punching) or to be associated
with impurities [12,28,29], in the opinion of the
present writers have been disproved convincingly
{14-17,30]. The origin of the interstitials has so far
been the only open question. Before discussing the
implications of the two models mentioned in section
1, we shall present them in more detail.

(i) The equilibrium interstitial model. This model is
based on a good deal of different experiments (see,
e.g., refs. [17,25]) that lead to the conclusion that at
high temperatures self-diffusion is governed by self-
interstitials and that self-interstitials are the domi-
nating point defects in thermal equilibrium near the
melting point. An evaluation of a number of experi-
ments, including swirl investigations, lead to the fol-
lowing properties of the high-temperature configura-
tion of the silicon self-interstitial at the melting tem-
perature Ty, [17]: formation enthalpy Hf = 3.04 eV,
formation entropy St = 6.11 k (k = Boltzmann’s con-
stant), migration enthalpy HM =2.0 eV, migration
entropy SM =6.96 k. Thus at T = T, the concentra-

tion of interstatialsis 2 X 10'® cm 3 and the diffusion
coefficient Dy(Tm) =4.29 X107® cm?/s [17]. The
high formation and migration entropy indicates that
the interstitial is “extended”, i.e., a crystal region
which in the perfect crystal contains about 10 atoms
comprises 11 atoms if it hosts an interstitial [21-23]
(see also section 6).

(ii) The non-equilibrium interstitial model. In this
model it is assumed that during the growth of a crys-
tal a certain number, ng, of silicon self-interstitials are
trapped at the solid—liquid interface. The theory of
this process [20] gives the number An of the excess
interstitials (with respect to the equilibrium concen-
tration) finally incorporated in the bulk to be

g —nTw)
T DUTo)omicls ®

with v = microscopic growth rate in growth direc-
tion (i.e. vpic > 0), 8 = thickness of the diffuse inter-
face [20], see also ref. [6], n(Ty,) = equilibrium num-
ber of interstitials at 7,,. Because 6 and especially ng
are unknown, a quantitative evaluation of eq. (1) is
useless and furthermore aggravated by the unknown
number of excess interstitials recombining with
vacarncies, which in this model are assumed to be the
equilibrium defects.

We now discuss the consequences of the two mod-
els on swirl formation. In the equilibrium interstitial
model the number of interstitials present near the
melting point is independent of the growth condi-
tions. All that need be done was to prove whether the
equilibrium concentration and the diffusion coeffi-
cient of the interstitials estimated from swirl experi-
ments are in accord with the theoretical predictions.
This is indeed the case, as has been shown in [13,17].

The situation is completely different regarding the
non-equilibrium interstitial model. The number of
interstitials present near the melting point, An,
depends on vpjc; Umic in turn is a function of growth
parameters and approximately given by

Umic = Vol — a cos 27RY) )
with
a=2nRAT/Myg 3

(R = crystal rotation rate, ¢ = time, AT = temperature
variation of a given point of the interface during one
seed revolution, M = temperature gradient in the melt
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adjacent to the interface [31]. For the mean micro-
scopic growth rate in growth direction, Uy, which
determines the mean excess number of silicon inter-
stitials, follows from eq. (2)

Vo
1 — 1/m arc cos(1/a)

for @ > 1, i.e. remelt conditions ,
VUmic =
Vo

for a <1, i.e. no-remelt conditions . 4

For the temporary maximum ;. of Unje, Which
determines the local maximum of An, one obtains,

Bonic = Uo + 2TRATIM . (5)

According to eq. (1), An increases with increasing

Umic. Swirl defects, however, vanish with increasing
vo. This was attributed by De Kock et al. [4,6] and
Petroff and De Kock [15] to a decrease of Uy, with
increasing vg in the vg region where remelt processes
(i.e. a>1) are suppressed (i.e. @ <1). The depen-
dence of Uy and Upjc on Vg is shown in fig. 1. It can
be seen that there is only a very small decrease of
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Fig. 1. Dependence of vpjc and dyje on vg. The calculated
curves and one assumed curve for oy, are given. No remelt
conditions were assumed to be present at vg >4 mm/min.
The growth rate regions where swirls should not occur
according to refs. [6,15] are shown.

Umic at vg~4 mm/min (no-remelt conditions were
assumed at vy =4 mm/min), whereas I, increases
monotonically. It is true that v, is larger than vy in
the remelt region (with a maximum value of Upjc/Vo
= 2.0 for vg ~> 0, but theory gives no convincing rea-
son why swirls should disappear at vo~ 4 mm/min
and at higher growth rates because of a lack of excess
interstitials. Nevertheless, let us assume that vy in
fact would decrease remarkably if remelt is sup-
pressed, e.g. by a suitable dependence of M, AT or &
on Vg, resulting in the dashed vy, curve in fig. 1.
Thus, according to refs. [4,6,15], a minimum value of
An, and consequently of Dpj., must exist below
which no swirl defects should be observed. From
fig. 1 it can be seen that consequently swirl defects
should be absent for 0 < vy <v§D, vf? vy <v§>
and that swirl defects should be present at vy = vEd.
Neither is this observed nor do swirls re-occur at high
growth rates [4] nor do they vanish at moderate vy.

If remelt suppression would influence An and
hence the swirl density via a change in Uy, a reduc-
tion of the crystal rotation rate R should give the
same effect as an increase of vy (cf. eq. (3)). This is
not observed, the swirl density remains constant ina
large R interval (3 <R <60 min~!) for vy = 3mm/
min, only at v =4 mm/min (where A-defects just are
disappearing) the A-defect density is somewhat influ-
enced by R, whereas the B-defect density remains con-
stant {4].

Altogether the sudden disappearance of A- and
B-defects at high growth rates, which was regarded as
strong evidence for the validity of the non-equilibri-
um interstitial model {4,6,15], is by no means a con-
sequence of this model.

According to the non-equilibrium interstitial
model, very little excess interstitials are incorporated
for very low growth rates, (at low but finite growth
rates even An = 0 should hold because of the recom-
bination of excess interstitials with vacancies) swirl
defects consequently should not be observed at all.
This indeed was found by Roksnoer et al. [26]; swirl
defects disappear at vy < 0.2 mm/min (for crystals
with a diameter of 23 mm). However, this is not due
to a lack of interstitials but due to the outdiffusion of
interstitials to the surface, as unambiguously shown
in ref. [26]. The observation that a crystal grown at
vo =0.2 mm/min (hence swirl-free) again contains
swirls in parts which are cooled down rapidly enough
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[26], is an unambiguous demonstration that in prin-
ciple sufficient interstitials are present to form swirls.

Further arguments against the non-equilibrium
interstitial model are given by de Kock in his earlier
work [1] and hold, although put forward for vacan-
cies, in the case of interstitials, too.

In summary, we state that neither theory nor
experiments support the non-equilibrium model.
Although being a possibility, an excess trapping of
interstitials appears to play no essential role in con-
ventionally grown silicon crystals. We arrive thus at
the conclusion that the equilibrium interstitial model
is valid and adopt in the following the data given at
the beginning of this section.

4. The role of impurities in the formation of swirl
defects; experimental observations and discussion

We restrict ourselves to the role of oxygen and car-
bon, which usually are the dominating impurities in
float-zoned silicon. Fast diffusing metals, e.g., Cu or
Au, may result in a decoration of A- and B-defects as
well [12], but apparently do not influence the forma-
tion of swirl defects. Hydrogen, which has found
some interest because it can prevent swirl formation
at lower growth rates as normally necessary for this
purpose [1], introduces a number of other pheno-
mena, quite unclear up to now [1,32], and will not
be considered in this paper.

The experimental findings which suggest an influ-
ence of oxygen and especially of carbon on swirl for-
mation are:

(i) The inhomogeneous distribution of the swirl
defects (in the “swirl” pattern), which, as shown in
section 3, cannot be accounted for by an inhomoge-
neous incorporation of the silicon self-interstitials,
suggests a heterogeneous nucleation of swirls at inho-
mogeneously incorporated impurities.

(ii) The decrease in the density of B-defects and their
final disappearance with decreasing carbon content
[27].

(iii) The increase of size and complexity of the swirl
loops with decreasing impurity content (see below).

We will consider these items in more detail.
Ad (i). Recent experiments by Kamm and Miiller
{33] show that swirls are always formed at those

crystal sites at which the local maxima of the phos-
phorus concentration occur. Because phosphorus can-
not act as nucleus in the swirl formation (swirls are
observed in undoped as well as in p-type material),
the impurity responsible for the nucleation of the
swirls like phosphorus must have a distribution coeffi-
cient £ <1 (for the definition of & see ref. [34]) and
must be present in all crystals in noticeable quanti-
ties. Carbon meets both conditions (k¢ = 0.05 [35]),
whereas oxygen has a distribution coefficient close to
unity [7,36]. Hence, carbon is most likely the im-
purity which governs the nucleation of swirl defects.
Ad (ii). It is known that in vacuum-grown crystals,
which thus contain very little amounts of impurities,
no B-defects are found [1]. This could be also con-
firmed for two vacuum-grown crystals by the present
authors. A new observation is the absence of B-de-
fects in argon-grown crystals with very low impurity
content (crystals AZ 6 and AZ 7, see table 1). Obser-
vations of occurrence, density, size and complexity of
A- and B-defects in a number of different crystals are
summarized in table 1. Again, carbon appears to
influence the swirl parameters more than oxygen.
Ad (iii). Fig. 2. shows some swirl loops which may be
considered typical for the different classes listed in
table 1. It is of particular interest that the swirl loops
in AZ 7 are practically identical with those observed
in vacuum-grown material (see ref. [14]), especially
the “small loops™ [14] decorating the large disloca-
tions are found in this crystal, too. It should be em-
phasized, however, that even in specimens prepared
from the same crystal, size and complexity of the
swirl loops differ considerably. This holds even for a
single sample. The typical sizes and the degree of
complexity given in table 1 must therefore be
regarded as approximate values obtained by evalu-
ating some hundred swirl loops and should only give
an impression of what is found.

In ref. [14] a model was presented which explains
the increase in complexity of the swirl loops with
decreasing impurity content by a loop multiplication
process driven by impurities such as carbon or oxy-
gen. Our new results, especially the difference in com-
plexity of the swirl loops in crystals AZ 7, AZ 5 and
AZ 3 (with about the same oxygen content), suggest
an increase of the temperature below which A-defects
are formed with decreasing carbon content. Thus in
very pure crystals the multiplication process may
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Fig. 2. Selected examples of swirl loops. These micrographs, together with the micrographs shown in refs. [14,17] may give an
impression of the variety of swirl loops observed: (a) is an example for a large and highly compiicated swirl loop (classification 4),
(b) and (c) show a faulted loop (classification 5) and a simple loop arrangement (classification 2); (d) and (f) may give an impres-
sion of complicated loop arrangements (classification 3); (e) finally is an enlarged part of (f) showing the small loops of the deco-

ration.

occur more frequently, making the swirl loops more
complex.

5. Thermodynamic consideration of A-swirl defects

All A-defects examined in the electron microscope
have been found to be dislocation loops or clusters of
dislocation loops with diameters >>0.3 um. Defects of
this size are safely detected by etching or by X-ray
topography after decoration. The absence of, e.g., the
typical A-defect etch pits after a Sirtl-etch [37,38]

hence must not be explained by the presence of
A-defects which are too small to be detected (as it
may be the case with B-defects), but reflects in fact
the absence of A-defects.

A model of the growth of A-defects after small
faulted dislocation loops have been formed is given in
ref. [14]. Here we are interested in the formation of
the embryonic loop. In the following we consider
A-defects therefore as small faulted single dislocation
loops.

The thermodynamic situation of a crystal without
sinks for point defect annealing is as follows: At T =
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Tm an equilibrium concentration of interstitials is
present which gives (by definition) the lowest free
enthalpy G.(T,) * possible. In the absence of dislo-
cations which can act as sinks and neglecting anneal-
ing at the surface for the time being, the total number
of interstitials (including those in agglomerates)
remains constant during the cooling of the crystal.
Thus at T<T,, a supersaturation of interstitials is
present, leading to a free enthalpy G (T) that is larger
than G,(7T) at equilibrium conditions. The formation
of an interstitial agglomerate which contains n, inter-
stitials at a certain temperature may result in a lower-
ing of the free enthalpy G,(n,,T) of the crystal and
may therefore be thermodynamically favoured. The
quantity of interest is the difference AGy(n,T)=
G (T) — G4(ny,T) of the free enthalpies of the crystal if
either all interstitials are distributed randomly (free
enthalpy =G (T) or n, interstitials are incorporated
in an agglomerate (free enthalpy = G,(n,,7)), the
remaining interstitials being furtheron distributed at
random. If the agglomerate formed is an A-defect, i.e.
a small faulted dislocation loop including a stacking
fault, we approximately arrive at

AGy~—H{(1 - T/Tp)n, +

+ulb?,/2(1 = v)] [In(ry/b) + 5/3) +ardy.  (6)

For the derivation of this equation and the meaning
of the symbols see the appendix. This function is
plotted in fig. 3 for various temperatures 7. The
essential point derivable from fig. 3 is that a loop
formed by less than nPi" atoms (see fig. 3) would
increase AG, while growing and would thus be not
stable but shrink. Growth of a loop is only possible if
ny=nM™" or generally, if 3AG,/dn, <O. Fig.4
shows ;™" versus 7" according to eq. (6). It is worth-
while to note that for smaller supersaturations (e.g.,
because a fraction of the interstitials present at T,
anneals by outdiffusion to the surface) at a given tem-
perature larger nJ'" values result. More detailed cal-
culations and discussions may be found in refs.
[39-41]; see also ref. [1]. Here we want to demon-

€, 99

* The indices “r” and “a” in this and the following sections
refer to interstitials which are randomly distributed or
incorporated into an agglomerate; “1” and “d” refer to spe-
cial forms of agglomerates, namely dislocation loops and
droplets (see below).
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Fig. 3. The change in the free enthalpy of a crystal containing
n(Tpy,) interstitials if a (faulted) dislocation loop containing
n interstitials is formed.

strate by simple calculations the general line of reason-
ing. The important conclusion which can be drawn
from fig. 4 is that even at relatively low temperatures
the formation of dislocation loops requires very large
nuclei. Thus the “direct” formation of interstitial-
type dislocation loops in silicon is unlikely, a certain
kind of ‘forerunners’ of considerable size are required
for their formation.

The situation is completely different from what is
known from metals. Generally nTM" is much smaller.
Furtheron, vacancies are the equilibrium defects,
quenching experiments therefore result in the forma-
tion of vacancy-type dislocation loops or voids. The
nuclei for these dislocation loops are thought to be
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Fig. 4. Crital number n'l"i" of interstitial atoms necessary for
the origination of a dislocation loop able to grow.
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almost stress free vacancy platelets cf. refs. [39-41]
a corresponding nucleus for interstitial-type loops
cannot exist.

6. Properties of B-swirl defects

The nature of B-defects has not yet been estab-
lished experimentally. Electron microscope investiga-
tions led to the alternatives that B-defects are either
very small dislocation loops or a kind of agglomerates
without a strong strain field [14,15]. Experimental
and theoretical findings strongly support the second
possibility [14,15]. We adopt the concept that B-de-
fects are almost stress free three-dimensional agglo-
merates of silicon self-interstitials, but we must give a
more definite idea of the B-defects in order to be able
to consider the thermodynamics and growth kinetics
of these defects.

Contrary to A-defects, in this model B-defects may
have any small size. One hence must expect that
B-defects below a certain size are not detected by
etching or by X-ray topography after decoration. Our
feeling is that the detection limit for etching lies
around 1000 interstitial atoms per B-defect. The non-
occurrence of B-defects thus does not necessarily im-
ply that no B-defects are present, but reflects rather
that they are too small to be detected. In particular,
the disappearance of B-defects with increasing growth
rate may consequently be interpreted by a continu-
ous decrease of their sizes.

The formation of a stress-free agglomerate of sili-
con self-interstitials could be conceived according to
the following recipe: Take out of the crystal 10n,
atoms and fill the hole produced with liguid sili-
con. Because of the 10% higher density of liquid sili-
con compared to crystalline silicon, such a ““droplet”
inside the crystal lattice would have an interstitial-
agglomerate nature and contains just n, (henceforth
ny) interstitial atoms. The “‘extended interstitial”
proposed by Seeger and coworkers [21-25] (see also
section 3) may be regarded as a droplet of one inter-
stitial. Tt is hence suggestive that larger droplets can
be formed by the agglomeration of extended intersti-
tials. Such droplets would be relatively stress-free and
indeed hard to detect in the electron microscope.

The “interstitial atoms” in a droplet must not be
identified with distinct atoms, they are rather

“smeared out”, leading to the high formation entropy
of extended interstitials as well as of droplets.

For a thermodynamic description in the way out-

lined in section 5 we firstly need the free enthalpy
Gyg=Hg - TSy of the droplet as a function of the
number of interstitials in the droplet and the tem-
perature 7. We consider two extreme cases:
(i) The single extended interstitial which may be con-
sidered as a droplet with ng = 1. Thus Hy = Hf and Sy
=S holds, leading to Gg(ng=1, T)=Hf - Ts}.
(ii) Large agglomerates. They may be regarded as real
droplets. Neglecting the surface (or better interface)
energy we have G4 =ny(Hyy — TSuF), with Hyp=
heat of fusion per interstitial atom and Sy = Hyp/
T, = entropy of fusion per interstitial atom.

Inserting numbers (Hf =3 eV, ST =6 k, see sec-
tion 3; Hyp~4.1 eV, Syr =~ 28.1 k [42]) we recog-
nize that 8Gg4/ony must depend on ny in order to
account for the two extreme cases. As in section 5 we
are interested in AG(ny,T) or in dAG 4/dn 4; consider-
ations similar to those in section 5 (see the appendix)
lead to

AG4/ong ~ dHgldng — HY (1 = TIT,)
— T3S4/ony . (7

The quantities dH4/dnq and 8S4/0ny are the binding
enthalpy and the binding entropy, respectively, of an
(extended) interstitial to a droplet speaking in terms
of agglomeration of single point defects. At present
their theoretical calculation is hardly possible and
would be furthermore aggravated by a (unknown)
temperature dependence of Hy and especially of Sy
which should be taken into consideration. In order to
obtain a stable droplet at all, the growth condition
T3S 4/ony = 0Hy/dny (corresponding to dAG4/dngy
< 0) must hold at least for nTi" < ng < nJ'®. Here,
ng"" gives the critical size of the nucleus required for
a droplet, ng'®* the equilibrium size.

Fig. 5 may serve to illustrate eq. (7). Firstly, let us
discuss the curves corresponding to the enthalpy and
entropy term of eq. (7) for T = T, (briefly called ent-
halpy and entropy curves). Between the extreme
cases for very small and very large droplets these
curves are given tentatively. nTi" is given by the
cross-point of the two curves; g™ is not defined in
the approximation used at 7= TY,. This is due to the
neglecting of an additional entropy term in eq. (7).
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Fig. 5. The “enthalpy” and “entropy” component of eq. (8) for T = Ty, and 7= 1300 K. A droplet will grow in the region where
the entropy component is larger than the enthalpy component. The shape of the curves between the fixed values is given tentati-
vely. The “droplet” value is assumed to hold at an ng value where the number of interstitials in the surface layer of the droplet is

about 5% of the total number ng.

See appendix, eq. (A.7). Including this into the above
considerations, even at T'= T, the maximum size of a
droplet is limited, rapidly decreasing with decreasing
temperature. Furthermore, the interface energy
between droplet and crystal, neglected in the above
consideration, may influence strongly n3?* at T~
T,,. From the curves at T =T, in fig. 5 and eq. (7)
dHg4/ang — HY(1-T/Ty,) and 3S4/dng at arbitrary tem-
peratures can be derived graphically; the second set of
curves is shown for T = 1300K. It can be seen that
nTi" tends to increase, and nT® to decrease with
decreasing temperature. Below a certain critical tem-
perature, a droplet of any size is no longer stable.

To summarize, the concept of an interstitial agglo-
merate in form of a droplet requires relatively artifi-
cial assumptions, as, e.g., a very high binding entropy.
Hence the identification of B-defects with droplet-
like clusters of exclusively self-interstitials appears
not to be very satisfactory. There are even further
difficulties in connection with the droplet concept:
As shown by a series of computer runs, performed for
different assumptions for the droplet parameters,
growth (or shrinkage) of a droplet would be so fast
that even at the highest cooling rates experimentally

observed so far, a droplet would have its equilibrium
size at almost any time during the cooling of the crys-
tal. This is so because the interstitials are very mobile
at high temperatures. Consequently, the size of a
B-defect and in turn the size of an A-defect would be
practically independent of the cooling rate — in con-
tradiction to the observations.

The fact that the growth kinetics of a droplet is
practically not influenced by the cooling rate is obvi-
ously also true for any kind of interstitial agglomer-
ates at high temperatures. There are two possibilities
to overcome these difficulties:

(i) The B-collapse model is basically wrong. However,
all attempts of the present authors to establish an
alternative model lead to serious contradictions with
the experimental results. We therefore prefer the sec-
ond possibility:

(ii) Impurities — namely carbon — determine growth
kinetics as well as stability of the B-defect droplets.
This assumption is suggested by the observed carbon
dependence of swirl parameters as outlined in section
4.

As in the case of self-interstitials the crystal may
lower its free enthalpy if a certain fraction of carbon
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is incorporated into the droplet. This is so because
the solubility of carbon in liquid silicon is higher than
in crystalline silicon cf. ref. [43] (this argument,
again, does not hold for oxygen which has about the
same solubility in liquid or solid silicon). If the num-
ber of carbon atoms in the droplet influences its equi-
librium size at a given temperature, as a consequence
the growth kinetics of a droplet is mainly governed
by the carbon diffusion, which is slow enough to
result in a cooling-rate dependent growth kinetics of
the droplet (the diffusion coefficient of carbon is
about 1 X107% cm? s™1 [44]). The qualitative con-
clusions which can be drawn from the preceding con-
sideration are:

(i} For the formation of a droplet a nucleus is neces-
sary that increases in size with decreasing tempera-
ture, decreasing carbon content and decreasing super-
saturation ratio of the self-interstitials.

(ii) The equilibrium size ng'** of a droplet at a given
temperature depends on the interstitial supersatura-
tion and on the carbon content of the crystal. A
decrease of anyone of these quantities leads to a
decrease of the equilibrium size.

H. Foll et al. | Formation of swirl defects in silicon

(iii) The growth kinetics of a droplet is practically
governed by the carbon diffusion.

Assimilating all these items and the experimental
results, we arrive at the ‘“‘phase diagram” shown in
Fig. 6. It should be emphasized that this diagram may
give an illustration of what might happen, but by no
means should be used to deduce numbers — although
the axes have scales. The “life line”, i.e. the actual
size of a droplet at a certain temperature, assuming a
nonotonic temperature decrease, is also tentatively
given for high, medium and slow cooling rates. It can
be seen that at high cooling rates as well as at low
cooling rates, the finally frozen-in B-defect is below
the detection limit.

7. The collapse of B-defects into dislocation loops
and the final model

In sections 5 and 6 we discussed the change of the
free enthalpy of a crystal if either a droplet or a dis-
location loop is formed. In order to determine
whether a collapse of a droplet into a dislocation loop
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Fig. 7. Change of the free enthalpy of a crystal containing
n(Ty,) interstitials if either a droplet or a doslication loop is
formed at a certain temperature.

takes place at all (condition: AGy(ng,T) = AG(n4,T);
ng=n,), and, if this is the case, what is the critical
number n§ of interstitials in a droplet necessary for a
collapse, we have to compare AG4 and AG,. Fig.7

shows a AGq4 versus ng (AG; versus ny) plot. The
AGg—ng curves are derived from fig. 5 and eq. (7);
the AG;—n; curves are obtained from fig. 3 and eq.
(6), respectively. The point of intersection of the
AG4 and AG; curves for a given temperature defines
the critical number n§ below which a dislocation
loop would be favoured compared to a droplet and
hence a droplet-loop collapse may occur. It can be
seen from fig. 7 that n§ decreases with decreasing
temperature and that at high temperatures ng is
larger than ng'®* (the point of intersection is placed at
larger ng values than the minimum of the AG4 curve,
which defines n'®%; cf. the 1400 K curves of fig. 7).
At high temperatures therefore droplets of any pos-
sible size are stable. From what was said in the pre-
ceding sections it may be derived that n§ decreases
with decreasing carbon content and increases with
decreasing interstitial supersaturation at a given tem-
perature.

It is noticeable that n is larger than nT\", the min-
imum number of interstitials necessary to form a loop
able to grow, provided there is no significant loss of
interstitials at the surface (see section 5). This means
that a dislocation loop originating from the collapse
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Fig. 8. Complete phase diagram for droplets and dislocation loops. n is kept constant all the time. The life lines correspond to:
(a) cooling rate above 5 mm/min; small B-defects below the detection limit are frozen in; (b) cooling rate about 4 mm/min; the
droplet remains (meta)stable because T is below T at the critical point; (c) cooling rate about 3 mm/min. The droplet collapses
into a fast growing dislocation loop, A-defects are observed.
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of a droplet normally will grow.

The last and most arbitrary assumption we have to
make is that of thermal activation for the collapse of
a B-defect. This assumption is justified by the occur-
rence of B-defects at all, i.e. that their collapse must
have been suppressed. It is likely that large B-defects
(therefore comparatively unstable) need almost no
thermal activation, contrary to small (and relatively
stable) droplets. We may define a critical temperature
T.=T/nq) below which a collapse of a B-defect
(although energetically favoured) is suppressed. One
may specualate about T.(nq). However, the model
operates with a large variety of T, functions, in the
following we give one curve without further justifica-
tion.

Fig. 8 finally may illustrate the complete model. It
contains: (i) the region of growth for a B-defect taken
from fig. 6; (ii) the critical size for a collapse of a
B-defect constructed according to fig. 7; (iii) the crit-
ical temperature T for a collapse (see above); (iv) the
detection limit for B-defects (see section 6) and (v)
the life lines for swirl defects at different growth rates
or cooling rates, respectively. Normal growth condi-
tions are assumed; i.e. ‘“medium” carbon content
(say, 10'® cm™3) and a minor influence of the crystal
surface on the supersaturation of the interstitials (i.e.,
moderate or high cooling rates). At high cooling rates
the B-defects follow life line(a). They have not
enough time to grow to large sizes, a collapse into an
A-defect consequently does not occur. The frozen-in
B-defect is even too small to be detected, the crystal
seems to be swirl free. At somewhat smaller cooling
rates the B-defects grow large enough to give rise to,
e.g., the typical B-defect etch-pits. A-defects, how-
ever, again are not formed (life line(b)). Below a cer-
tain cooling rate a collapse at first may occur, a rap-
idly growing A-defect is formed (life line(c)). Not all
B-defects can be expected to collapse, A- and
B-defects are observed simultaneously.

8. Discussion of the experimental observations

In this section we will firstly discuss the item of
section 2, in the remainder we focus on some special
observations.

(i) Disappearance of swirls at high cooling rates. This
issue is already discussed in its essential points in the

foregoing section. The important point is that A-de-
fects vanish abruptly if the cooling rate exceeds a cer-
tain critical value, this is in accordance with the ob-
servations. A further increase of the cooling rate
reduces the size of the B-defects below the detection
limit: B-defects will also “‘vanish”.

(ii) Disappearance of swirls at low cooling rates. In
this case a considerable fraction of interstitials is lost
during the cooling by outdiffusion to the surface. The
supersaturation of interstitials at a given temperature
is smaller than at high cooling rates, leading to an
increase in n§" and to a decrease of the stability
region of droplets. The deviations of these quantities
from the normal curves is most pronounced at lower
temperatures; we arrive at the diagram shown in
fig. 9. At high temperatures the droplet practically
assumes its equilibrium size in any moment, a life line
as shown in fig. 9 may be realistic. Accordingly,A-de-
fects are no longer formed below a certain cooling-
rate and B-defects are below the detection limit.

It must be expected that this process strongly
depends on the crystal diameter. So far only crystals
with a diameter of 23 mm have been investigated at
low cooling rates [26]. It is difficult, however, to per-
form similar experiments in thicker crystals, because
then another mechanism may be operative, namely
the formation of dislocation arrays, starting at A-de-
fects. This was observed, e.g., in crystals with a diam-
eter of 33 mm at vy < 2 mm/min [45].

(iii) Dependence of the occurrence of swirls on the
cooling rate. It is evident from the experiments men-
tioned in item (iii) in section 2 that primarily the
coolingrate (and not the growth-rate) is the impor-
tant parameter in swirl formation. The cooling rate is
also the important parameter in our model, the exper-
iments mentioned above are therefore intrinsically
comprised in the model.

(iv) Non-appearance of B-defects in very pure crys-
tals. This observation (together with the non-appear-
ance of B-defects in central parts of crystals, see
below) was hard to explain in a simple B-collapse
model. This is so because A-defects originating from a
collapse of B-defects necessarily demand the exis-
tence of B-defects. The present model, however. is
able to explain this finding.

A lower carbon content of a crystal results in a
smaller stability region and in a slower growth of
B-defects and especially in smaller ng values. Further-
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more, the detection limit, at least for etching, may be
somewhat larger. Since droplets have almost no strain
field, etching is likely to be sensitive to the carbon
atoms in a B-defect. Thus a B-defect with a smaller

carbon content is harder to detect. Already small
changes in the carbon concentration may change
these quantities considerably. Hence we arrive at the
diagram shown in fig. 10. The collapse of the droplet
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occurs at small droplet sizes and at high temperatures.
The result is at first sight a large and complicated
A-defect because it has much time to grow. B-defects
must not be observed for two reasons, either of which
may hold separately or simultaneously: (a) The sur-
viving B-defects are too small to be detected. (b) A
freshly formed A-defect grows (if at all) very rapidly
at high temperatures and thus strongly decreases the
interstitial supersaturation in its neighbourhood.
Nearby B-defects, not yet collapsed, therefore have
an enhanced tendency to shrink, they are again below
the detection limit and no longer observed.

(v) Dependence of the distances dy and d 4 between
swirls and the crystal surface on the cooling rate.
Near the surface two processes occur at a time: (a)
The outdiffusion of interstitials, according to item
(ii), leads to non-occurrence of swirls in a surface-near
zone. The width of this zone increases with
decreasing (low) cooling rates. (b) The higher cooling
rate of near-rim regions compared to the crystal cen-
tre supresses swirl formation as outlined in item (i).
This effect is especially operative at high cooling
rates; the width of the swirl-free zone thus increases
with increasing (high) cooling rates. Consequently a
minimum value of dg and d4 should be observed at
medium cooling rates — this is indeed found [14,26].
It is clear from this consideration that estimations of
the diffusion coefficient of interstitials based on dp,
d s or similar quantities [6,13,15,17] may only give
an order of magnitude but cannot be regarded as pre-
cise values.

(vi) Lower density of B-defects in the crystal centre.
The central region of a crystal differs in two ways
from the outer regions. Firstly, the cooling rate is
lower and secondly, the supersaturation of intersti-
tials is higher because outdiffusion to the surface is of
minor importance. Similar to what was said in the
foregoing item, a reduced B-defect density may arise
from the interactions between the swirl defects them-
selves. The first A-defect formed in a crystal region
leads to a rapid decrease of the interstitial supersatu-
ration in its neighbourhood. B-defects, or even small
A-defects generated later on, thus have a strong ten-
dency to shrink. This mechanism tends to stabilize a
certain A-defect density and tends to remove B-de-
fects. It may supply an explanation for the observa-
tion that the A-defect density is normally found to be
rather insensitive to experimental parameters, pro-

vided A-defects are formed at all.

We now consider additional experiments of special
interest.

In a crystal grown at 5 mm/min [46] (conse-
quently containing no A-defects) and in a crystal
grown at 0.5 mm/min [26] (consequently containing
A-defects as well as B-defects), no dislocation net-
works are formed by growth of A-defects during a
zero growth period (i.e. v=0) or 1h or 18 min,
respectively as it was found at medium growth rates
after a zero growth period of 7 min [46]. This may
be explained as follows: The incubation time of 7
min and the observation that dislocation generation
always starts in the crystal centre (where the cooling
rate is at lowest) indicates that the swirl loops must
reach a comparatively large size before they can act as
dislocation sources and that it requires a relatively
long time before this size is reached. The latter might
be due to a process competing with the growth of the
loop; i.e. the loss of interstitials to the surface. This
process obviously prevents the appropriate growth of
the swirl loops at low growth rates. In the case of
high growth rates, the outdiffusion during the zero
growth period may even prevent the collapse of the
B-defects into A-defects in the way discussed in item
(ii). Further growth at 5 mm/min should result in the
formation of swirl defects in a region of the crystal
close to the location of the zero-growth interval. This
was indeed observed by De Kock [47]. The introduc-
tion of dislocations thus can be expected to depend
on the crystal diameter, in thicker crystals a lower
incubation time could be expected. As already men-
tioned, this was indeed observed in some of our crys-
tals, in which dislocation generation already starts at
growth rates <2 mm/min (without a zero growth
period), the diameter of these crystals was 33 mm. In
any case the introduction of dislocations into a crys-
tal via the growth of A-defects is still more difficult
to explain than the formation of the swirls, it is there-
fore hard to predict whether dislocations are intro-
duced at all, and if they are, which incubation time is
necessary.

Recently, Roksnoer reported that small changes in
the carbon concentration influences strongly the dis-
tance between B-defects and the solid—liquid inter-
face during a zero growth period [48]. This distance
increases with decreasing carbon content, suggesting
therefore that either the growth of the B-defects is
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slower, that their equilibrium size is smaller or that
their formation starts at lower temperatures. In our
opinion all three processes may occur simultaneously.
It thus appears difficult to derive the formation tem-
perature of B-defects from this observation. This is
also true for the values of the formation temperatures
of A- and B-defects given in ref. [6];in the meantime
these values have indeed been found to be in error
[46.47].

One further comment should be made on the
problem of the formation temperatures of swirl
defects. More detailed, the question is at which tem-
perature a nucleus large enough for the formation of
a droplet (see section 6) is available (formation tem-
perature of an B-defect) and at which temperatures
the collapse of the droplets occurs (formation tem-
perature of an A-defect). The formation temperature
of the B-defects is clearly more important because the
formation temperature of the A-defects depends on
that. According to our model the formation of B-de-
fects has to start at fairly high temperatures. The rea-
son is that B-defects are not stable at low tempera-
tures, that their growth requires some time at high
temperatures and that their formation at lower tem-
peratures is more difficult because larger nuclei are
required (see section 6). It is evident, however, that
the formation temperature of B-defects may be dif-
ferent in different crystals and certainly differs also
within one crystal. Because only small changes in this
temperature may influence strongly the further fate
of a B-defect, the swirls finally observed are found in
a wide variety of sizes and of complexity (see section
2). The nuclei for the B-defect formation are thought
to be small associates of some carbon atoms, prefer-
entially formed at those crystal sites where the car-
bon concentration reaches its maximum level. This
explains the observed correlation between the carbon
and the swirl distribution.

9. Final remarks and conclusions

The aim of the present paper was twofold. Firstly,
the controversy between the non-equilibrium intersti-
tial model and the equilibrium interstitial model was
discussed in detail and decided in favour of the equili-
brium interstitial model. Secondly, a general model
for the formation of the swirl defects was proposed
which accounts qualitatively for most of the swirl

experiments performed so far. The essential assump-
tions which were necessary were discussed in detail
and, as far as presently possible, based on general
thermodynamic considerations. It appears worthwhile
to summarize the essential points of this model
briefly.

The first and most important assumption is that
A-defects may be suppressed (this follows because
B-defects are generated by a collapse of B-defects, the
basic idea of the B-collapse model. From this assump-
tion it follows directly that: (i) B-defects are different
in nature from A-defects; (ii) the collapse of the
B-defects are observed at room temperatures), i.e.,
the collapse requires thermal activation to occur;and
(iii) B-defects are less stable than A-defects at low
temperatures. The second important assumption
involves a slowly diffusing impurity atom (carbon) in
both growth kinetics and stability of the B-defects.
Without this assumption swirl defects would have
been independent of the growth conditions, in serious
contradiction to the experimental findings. The ther-
modynamic consideration of the A-defects is rela-
tively simple and straight forward. For B-defects,
however, more sophisticated speculations are required.
The essential assumption which was made was the
choice of the dAG4/dny function shown in fig. 5. All
other diagrams are essentially determined by this
function and by thermodynamic relationships. An-
other more speculative element was the insertion of
the “life lines’, but estimates of the (carbon governed)
growth kinetics of a droplet justify principally the
choice of this life lines.

Many questions, however, remain open. Little has
been said about the nucleation of the B-defects. Pro-
vided that these nuclei are small associates of carbon
atoms, directly incorporated from the melt, swirl for-
mation should be sensitive to all growth parameters
which influences amplitude and absolute value of the
carbon striations (see, e.g. ref. [49]. The influence of
the crystal diameter was only mentioned in special
cases, effects like the ‘“etching depression” [50],
sometimes observed in thick crystals instead of swirl
defects, was, e.g., not accounted for. The role of oxy-
gen and other impurities was only briefly mentioned.
Thus, irrespective of the large body of experiments
which has been performed in the last years, much
more work is required in order to arrive at a detailed
understanding of the swirl phenomena.
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The important conclusions which may be drawn
are:
(i) Swirl defects are a typical silicon phenomenon;
similar effects in other materials (e.g., in germanium
[51]) may require quite other explanations.
(ii) In silicon special agglomerates of self-interstitials
and impurity atoms (carbon) may exist, which are
not simple precipitations. This may shed some light
on a number of observations dealing with the genera-
tion of crystal lattice defects during oxidation or dif-
fusion treatments of silicon [52].
(iii) ‘Swirl free’ crystals may contain small B-defects.
During further treatments of these crystals such vir-
tual B-defects may give rise to a number of different
phenomena. As an example, the generation of large
stacking faults distributed in a typical swirl pattern is
observed after an oxidation procedure of ‘swirl free’
crystals.
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Appendix

Let us assume that at a temperature T<Tp, a
finite crystal region of Ny atoms contains rg intersti-
tials, n, of which are incorporated in an interstitial
agglomerate (e.g., dislocation loop or “droplet™)
whereas the remaining ng — n, interstitials are ran-
domly distributed. Such a region may, e.g., be identi-
fied with the average volume around a swirl-defect in
the investigated Si-crystals. The free enthalpy G, of
such an arrangement is given by

G,=(no — nH{ - (ng— n,)TS{

N
T T —
(No — ngtng)i(ng — ny)!

+H,(n,) + TS;3(na) (A.D)

where H,(n,) and S,(n,) are the enthalpy and entropy
of the agglomerate, respectively.

For the determination of growth (9G,/dn, <0} or
shrinkage (8G,/dn, > 0) of the agglomerate we need
the derivative of eq. (A.1) which for Ng > 1 and ny >
I is obtained as

3G, [ony = —HY + TSY - kT In[(ng — n,)/No)
+3H,/on, —TdS,/dn, . (A.2)

Under certain experimental conditions the number n
of interstitials decreases during the cooling of the
crystal, e.g., due to outdiffusion of interstitials to the
surface of the crystal. In this case it is convenient to
rewrite eq. (A.2) in terms of the thermal equilibrium
number ne(7) of interstitials at temperature T,

neq(T) = No exp(~H{ [KT + St [k) , (A3)
and the supersaturation ratio s,
5= (0 — nlneg(T) , (A4)
which leads to
3G, /on, = —kT In(s) + 0H (n,)/on,

=T0Sy(ny)/0n, (A.5)

originally derived for vacancy agglomeration in a crys-
tal supersaturated with vacancies [39—41]. If the out-
diffusion is negligible eq.(A.5) determines the final
equilibrium size of the agglomerate as a function of
ng, Vg and T. In connection with eq. (A.5) it is worth
mentioning that an agglomerate which has already
reached its final size may shrink again if s is reduced
by outdiffusion to the surface or by diffusion to a
nearby agglomerate of a different type. A B-defect,
e.g., may get the tendency to shrink near a rapidly
growing dislocation loop which considerably reduces
the supersaturation of interstitials in its surroundings.
Further on we deal with the case if negligible out-
diffusion and a constant number of interstitials,
namely the thermal equilibrium number at 7= Ty,,

R = Neq(Tm) = No exp(—HT [k Ty, — ST/K) . (A6)
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Thus we arrive instead of eq. (A.5) at
3G,/on, = —Hf (1 — T/Ty) + 0H,/on,
— T3S,/on, — kT1In(1 — ny/ng) . (A7)

Assuming in addition that the main amount of inter-
stitials is still randomly distributed (n, <ng) we ob-
tain

3G, jon, ~ —HY(1 — T/Ty,) + 0H,/on,
— T3S,/on, . (A.8)

In neglecting the term k7 In(1 — ny/ng), we run into
difficulties only in the special case of vanishing
HF(1 = T/T,,) and (8H,/on, — T8S,/dn,) which may
occur, e.g., for large droplets at T~ T, as described
in the text. The positive In-term guarantees that the
droplet growth stops at a finite size depending on N,
or in other words, on the concentration of B-defects
in the crystal. Except for this special case the term
In(1 — n,/ng) can be neglected for the considerations
in the text without arriving at wrong conclusions.

A formulation equivalent to (A.8) is given in the
text for the discussion of the “droplet” thermody-
namics. In the text we use AG, instead of G,. AG,
gives the change of free enthalpy due to the agglomer-
ation of n, interstitials in one agglomerate compared
to the random distribution of interstitials with con-
centration ng/Ng. AG, is nothing else than the n,-de-
pendent part of G, from (A.1) for n, €1y and may
be calculated from (A.1) or by integration of (A.8)
with respect to n,. Both procedures lead to

AG, = — HY(1 — T|Ty) + Hy(np) — TS,(n,) . (A.9)

Comparison of (A.1) and (A.9) shows that for n,<
ng obviously dAG/dn, = 0G/dn, holds which demon-
strates the equivalence of (A.8) and eq.(7) in the
text.

If the agglomerate is a dislocation loop the entro-
py term in eq. (A.8) may be neglected and we obtain
for a circular faulted dislocation loop with radius r,,
Burgers-vector b, stacking fault energy v and shear
modulus u (see, e.g., ref. [39]

Hy=Hy = u[b*/2(1 — v)] [In(r,/b) + 5/3]

+ariy . (A.10)

v is Poissons ratio. Eq. (A.10) together with eq. (A.9)
leads to eq. (6) in the text. The numerical values used

for the calculations are: b =a/3¢(111),a=54 A, v=
50 erg/cm?, u=7.5X10!! dyn/cm? and » = 1/3. The
connection between r; and the number of interstitials
forming the loop is

(A.11)

with 4 =8 X10'" atoms/cm? for the dislocation
loops considered in silicon. The number of interstitial
atoms in a droplet is

ng=4/3mr3B , (A.12)

with B = 4.997 X 10%! atoms/cm? = 1/10 X density of
melt (in atoms/cm3).

ny=arid
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