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Abstract. Point defect agglomerates in dislocation-free silicon crystals, usually calied
"swirls", have been investigated by means of high-voltage electron microscopy. It was
found that a single swirl defect consists of a dislocation loop or a cluster of dislocation
loops. By conlrast experiments it could be shown that these loops are formed by agglomera
tion of self-interstitial atoms. Generally the loops have a/2( 110> Burgers vectors, but in
specimens with high concentrations of carbon (_10" cm- 3

) and oxygen (_10'6 cm- 3
)

also dislocation loops including a stacking fault were observed. In crystals grown at growth
rates higher than v=4 mm/min no swirls are observed; lower growth rates do not markedly
alTect the size and shape of the dislocalion loops. With decreasing impurity content (par
ticulary of oxygen and carbon) the swirl density decreases, whereas the dislocation loop
clusters become larger and more complex. A model is presented which describes the forma
Iion of swirls in terms of agglomeration of silicon self-interstitials and impurity atoms.

Index Headings: Self-interstitials in silicon - Swirls - Electron microscopy
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In dislocation-free crystals of silicon specific defecls,
commonly called "swirls" or "swirl defects", are
frequently observed. They appear, e.g., after a Sirtl
elch treatment [I] as shallow etch-pits in a spiral or
c10udy arrangement. These defects may be detrimental
10 the operation of silicon semiconductor devices
(see e.g. [2,3]). Swirls are generally thought to arise
from the agglomeralion of point defects which were
in thermal equilibrium at high temperatures. Their
study is therefore not only oflechnological importance
but may provide basic information on point defects
in silicon.
The melhods used 10 slUdy the nature of swirls
include: X-ray topography [4], especially after de
coration with Cu or Li [2,5], investigations of the
etch patterns revealed after a preferential etch treat
ment with optical and scanning electron microscopes
[6, 10], spreading-resistance measuremenls [7], and
transmission electron microscopy (TEM) [8-11].

With the exception of TEM these methods yield only
macroscopic informations abaut swirls, e.g., on the
dependence of density and spatial distribution on
growth conditions. The most extensive studies con
cerning those topies were performed by de Kock and
coworkers [2,5]. In [2] two types of swirls, which
are often present simultaneously, could be dislin
guished,so-called "A-c1usters" and"B-c1usters". Where
as "A-c1usters" are large, "B-c1usters" are small but
present in a higher density and in a spatial distribution
different from that of "A-c1usters". The notion
"cluster" - although in general used for every kind
of point defect agglomerates - should express de
Kock's feeling that both types of swirls are loose
agglomerates of vacancies. We prefer in the following
a more neutra) denomination 31ld distillguish between
"A-swirls" and "B-swirls".
Until recently microscopic informations abaut swirls
were only given by the TEM investigations of Ravi
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and Varker [8). These authors found in swir!-rich
regions of a crystal ordered precipitates of SiO, which
they believed to be identical with the swir!s.

ew insights iota the macroscopic nature of swirls
were obtained by combining high-voltage transmission
electron microscopy (HVEM) with a large-area
technique of specimen thinning [9, 10). These in
vestigations gave the result that A-swirls consist of
complicated arrangements of dislocation loops. As
reported in arecent note [11], these loops are of
interstitial type, contrary to the prevailing view that
swirls are vacancy clusters. From the interstitial
nature of swirl defects it was concluded that self
interstitials are the predominant defects under
equilibrium conditions near the melting point, a
prediction made from the self-dilTusion theory of
Seeger and coworkers [12-14).
The present paper, which is based on our previous
investigations [9-11], emphasizes the analysis of
typical dislocation loops, applying the method de
scribed in [IS). The innuence of the impurity content
and of the crystal growth rate on the dislocation
loops located below a swir! etch-hillock is investigated
in more detail, and a model for nucleation and growth
of swir!s is presented.

l. Experimental Details

1.1. Specijicatiolls oJthe Silicoll Crystals

The dislocation-free silicon crystals were grown by
the floating-wne technique in argon or vacuurn
(- 33 mm diameter; (I I I}-orientation; growth rate
usually 3 mm/min; 11- or p-type resistivity ;;:; SO flcm).
The impurity contents of the crystals, as determined
by IR-spectroscopy (oxygen and carbon) or neutron
activation analysis· (other impurities, especially heavy
metals) can be taken from Table l.

I For the neutron activation analysis the authors are graterul (0

E. Haas and Miss H. Furtner of Siemens AG RT 21 (now KWU~

Erlangen.

Table 1. Impurity conlenls of tbe crystals [atoms per cm J]

1.1. Specimell Preparatioll alld High-Voltage Electroll
Microscopy

Specimens suitable for HVEM were obtained by the
large-area thinning procedure as described by Kol
besen et al. [17]. This method yields discs with
diameters between 30 mm and SO mm and a uniform
thickness of - 2 ~m. With photochemical procedures
it is possible to seleet a suitable area far a specimen
(diameter= 1.8 mm in our case) [17). Compared to
specimens prepared in the usual way, e.g. by jet
thinning techniques [18], this method olTers two
advantages, namely:
i) A very large area (the whole specimen) is transparent
to the electron beam. This is necessary because the
swir! density is very low (10' cm- J to 10' cm->; i.e.
about one swir! in an area of lOOx 100~ in a 2 ~m
thick foil) and therefore a large area has to be examined
in order 10 find any swirl at all.
ii) A uniform thickness in the required range (2-3 ~m
in our case) may be achieved. In thinner foils 100 many
dislocation loops would be lost by etching.
Observations were then carried out in a Hitachi
HU 6S0 electron microscope at a beam voltage of
6S0 kV. The radiation damage by the high-energy
electrons is very low and has little elTect on the ob
servations [19, 20).

2. Results

2.1. Gelleral Observatiolls alld Classijicatiolls oJ the
Swirl Loops

On a specimen prepared from a swirl-rich region of
the crystal, typically aboUl 20-S0 swir! etch-hillocks
could be detected in the HVEM. In most cases disloca
tion loops, or complicated arrangements ofdislocation
loops (in the following named "swir! loops") were
found below the hillocks (Figs 1-4). The density and
size of the swir! loops were found to be strongly
innuenced by the impurity content of the crystals.

Crystal Ambient Oxygen Carbon Au Cu Other
elements

AZt Argon IOI~ 10 16 5· 10' 5· 10 11 < 1013

AZ2 Argon 5. 10 15 5· 10 16

AZ 3' Argon. 6· 101~ 1.2· 10 17

VZ I Vacuum <5·10 11b <2-10 15 < lOB <3· 10" < 10 11

• This crystal was grown al succesively increasing growth rates. .
b This detection limit was obtained by H. Neubrand, AEG·Telefunken, Frankfurt, Fed. Rep. Germany wtth
a special ESR·oxygen determination method [16].
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Fig. la-d. Typical examples of"single loops" observed in crystal AZ 2 and AZ 3. In (b) Ihe projection of b onto the image plane is shown. Foil
normal n is near {li t}, and diffraction vector 9 is of {220} type in this and in the following figures unless otherwise noted

As an exampie, Ihe swir! density in crystal AZ 3
(-10' cm- 3) was about 10 times higher than in
crystal VZ 1 (_106 cm - 3), whereas the size of the
related dislocation loops was about 10 times smaller.
The swirl loops in vacuum-grown material are ge
nerally more complicated than those in argon-grown
crystals. We may roughly c1assify them into four
categories.
i) "Single loops". Some examples of single loops are
shown in Fig. I. Single loops are only found in the

crystals AZ 2 and AZ 3. Their mean diameters are
about 0.5 ,"m.
ii) "Loop clusters" of two or more loops which may
have undergone reactions with each other, but each
loop is weil distinguishable from the others. Figure 2
shows some examples. The individual loops of a loop
cluster in general have dilTerent Burgers vectors,
indicating that they were created independentiy.
Loops clusters were found in the crystals AZ l-AZ 3
in a rather limited number.
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iii) "Complicated arrangements". as shown in Fig. 1
The individual loops can in general 00 longer be
dislinguished from each other. In \·acuum-gro.... n
malerial (cryslal VZ I) up 10 00..... only this type has
been obser\'ed. In cryswi AZ I 1.:ompliLOl.ted arrange
ments ure pn:dominlllll; only few loop clusters :md
no single loops were fouod. In the crystals AZ2 and
AZ 3 single loops :md loop clusters prcdominatc.
complicaloo arrangements an: found in a small
t1umbcr.
iv) "Faulted loops". In the spccimcn with the highcSI
oxygen und carbon contenl (AZ 3) faulte<! toops werc
observed (Fig. 4). These loops can Ol.:cur 115 single
loops or as loops in a loop cluster. In the other cryslals.
apart from olle case OUI of 70. 110 faulla! loops were
obscrved.

12. ClHllI,1011 Femur",s o!Sl'I"ir/ Loops

Thc following features ure common 10 nearl) 0111
swirlloops:
i) Mosl single loops 3re c1ong3tcd paraBel to a
(110)-direction.

ii) Long and narrow dis]()Cation dipoles lscc.e.g.. Fig.3)
are alwa)'s or pure edge charactcr.
iii) Thc tips of e10ngated single loops. as weil as or
loops in loop clUSlers. are orten bowed away rrom the
main direclion in such a m:mner that they an: or pure
cdgc ch:m...;tcr (see. e,g.. Fig, Ib, whcrc a loop is secn
edge'on),
iv) Swirlloops always exhibit an anornalous contrast.
which indic.l1es thalthey are dccorat<;d (nOi ncccssarily
with impuritics), In thc Cilse or vacuum-grown material
(crystal Vl 1) this dccoralion eould frcquently bc
rcsol\'cd inlO small dislocation loops, In the ~'ase or
argon-grown cr)'stals the decorlllion eould not bc
rcsol\'OO, (Since the sampies used were relati\'e!y
thick, lhe resolution power was not \'el)' high and
sm:11l loops wilh diameters below 200 A \\ould 3t
!>esl appcar as a blurred black dol.) Thc distOC"dtion
thcn appcars in a hemlike contrast or allended by
black dots. depending on the diffl1lc1ion conditions
(Fig. 5). 11 is "cry likcly that lhe decomtion in Ihis
casc also consiSIS or small dislOC:ltion loops, In no
case the decordtion of the s\O,lrl loops oouk! bc at
tribute<! to preapitales of impumies.
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l)p,c,,1 for ,'ac""", gro"n mater;allVZ I~ (<11 an<! (eI repre",nt
th.. '",""eIC.' '" AZ I AZ J



 

•

,

H, Föll and B. O. Kol~n

•

/.
t--l
021' ......

fiJ. 4a-d. Typteal eumpkt: of-faultcd Ioops" obsened a1mos1 exdusi.-dy in Al3 (.Hf;~ (d) bdonl!S to f;l)"Stal Al2(lhis "'U tM ooly rauJled
loop whic:h ,,-ti nGl lOund in Al 3)

13. lnjluf'ncr ojGrO'lflh Ralf' on the 51\';rl Loops
In ordtT to study lhc innuence of growth rate a crystal
(AZ 3) was pulled l increasing the growth rate p from
p=lmm/min to v-Smm/min in Stcps of .111=
0.5 mm/min. The swirl distribution was rC\'ealed by
etching lcchniques (6). Using an oplical microscope
A- and B-swirls appcare<! as U sirialed p,lllcm of
elch.pilS or hilloeks, AI higher magnilications lhe

, The .uthon .rc ualerul 10 D•. W, Kelle. of Siemens AG. Werk
Halbleiter. Silizium-Enl"'ICUung. Milnc:hcn. rOl' preparinl thi,
cryuaL

elch-slruetures Or lhe two Iypes of swirls may bc weH
dislinguished (Fig. 6). A-swirls show reluli\'el)' large
etch-hiI1ocks. whcreas ß.swirls a~ar as small
shallow etch-pilS. Wilh increasing growlh rale .he
distance bctwccn lhe rim and lhe first A-swirls in
creases from I mm (al 1I=2mm/minJ 10 6mm (al
11= 3.5 mm/min), At growth rales of 4 mm/min or
hlrger, Ihe A-swirls disappenred, whcreas ß-swirls lire
presenl up tO growth ralts oF 1'=4,5 mm/min, in
agreement with thc observalions of dc Kock ("( a1. (5).
The TEM ill\'tsligalions of Ihc cry'stal AZ 3 yielde<!
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Fig. 5a-c. F.lampl"S of ~,,-irl.loopdel;oration. (a) ~how~ ~maliloop< a< found in VZ L (Th. rdatM di~location.a", nal in conmm: th. ,i,iblc
di,lOCl1tion i, nQI thc del;oratcd onc~ (b)and (cl ,how. respecti,-cly. "dot.- and "hemlike conl ra.t- of tl>e same loop. depending On the diffraetion
conditions, Those comraSlS a,." obso:rvM in AZ I-AZ J. Th~ diffraction "e<:1or in (c) i~ or {lll}lype

• b

FiS. 6a and b. ElCh pal1em, of ,wir!, obta;ncd bl' modi~cd Sirll etch treatmcnt.(a) shows a s",-irl band containing A· and B·swirIS. A·s",·iris
show larg~ hilloc~,: ß·,wi,l. appea, as small sl1allow etcl1·pils. (b) show. a ß·.wir] band (di.tance from tl1e tim", 1mm~ No A·swirl. are
pre""nt in 111i. region
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the result that the SilO of the swirlloops is only weakly
innuenced by the growth rate. With increasing growth
rate the mean size decreases from - I 11m (v=
2 mm/min) to 0.5 11m (v= 3.5 mm/min). Single loops
are dominating, but loop clusters, complicated ar
rangements and especially faulted loops are also
observed.
Even in specimens prepared from a dense Il'-swirl
band no observable defects could be detected in the
HVEM although the shallow etch-pits, indicating
the B-swirl band, were easily found.

3. Analysis of Ihe Loop Type

3./. Gu/line ofthe Method

The analysis of the type (interstitial or vacancy) of a
dislocation loop is commonly performed by applica
tion of the "inside-outside contrast" method [21,22].
In the case of loops with a perfect Burgers vector (and
therefore often not of pure edge-character) the rules
derived for pure edge loops should not be applied
indiscriminately [23,24]. Föll and Wilkens [15]
could recently show that the analysis of faulted and
unfaulted loops is best performed using the sign
convention for the Burgers vector introduced by
Kröner [25] and Kroupa [26]. The analysis involves
the following steps:
i) Determine the axis of the normal n of the loop
plane'.
ii) Determine the axis of the Burgers vector b by
conventional contrast experiments.
iii) Determine the direction of b by inside-outside
contrast experiments using the (g' b)' s-rules (s=
excitation error)

inside contrast => (g . b)' s> 0

outside contra~t => (g' b)' s<O.

iv) Deduce sign (n' b) from i) to iii) and obtain loop
type from the relations

n . b > 0 => vacancy-type

n' b <0 => interstitial-type.

3.2. Analysis ofSingle Loops and Loops in Loop Clusters

The method outlined in Section 3.1 was applied to
single loops and loops in loop clusters. The loop
normal n may be determined by stereo micrographs

) 11 pointing upwards and loop viewed rrom above. In this paper
all micrographs are printed emulsion side up.

and/or by large-angle tilting experiments - provided
the loop or the main part of the loop is planar. An
analysis was only carried out if the loop normal n
could be deduced unambiguously from stereo micro
graphs and large angle tilting experiments.
The Burgers vector of large loops may be determined
by conventional contrast experiments, provided one
takes into account that because of the decoration
with small loops the contrast may not vanish com
pletely at 9 . b = 0 conditions (cf. Fig. 7a).
The inside-outside change of the contrast may be
most clearly seen using a high-indexed renexion
(422}-type); inside-outside experiments were also
performed with {220}-renexions and found to be
consistent with the 9 = {422} results. A typical
example of an analysed loop together with a schematic
drawing of the contrast at different renexions is shown
in Fig.?'. One recognizes that n' b<O; the loop is
therefore of interstitial type. This result was obtained
without exception for about 20 loops analysed.

3.3. Analysis of the Small Loops

The type of the small loops that could be resolved
was determined. By performing large-angle tilting
experiments it was found that the loop planes are
near {11I}. This is expected because loops in this size
range are commonly located on or near {Ill }
planes - presumably because they originate from
point-defect agglomeration on these planes.
With all diffraction vectors except that used in Fig. 8,
the decorated dislocation is in contrast, and its image
masks that of the small loops. Therefore contrast
experiments could not be performed and it was not
possible to determine unambiguously the Burgers
vector of these loops. In the following we take into
account that the loops may be faulted or unfaulted.
That means, we have to consider all possible Burgers
vectors. If we assurne that the loops were created by
point-defect agglomeration on a-as an example-( 11 T)
plane we have four possibilities for the Burgers vector

b;mpur. = ±a/3 [I 11]

{

[lOT]

bpnr. = ±a/2 [II~]

[Oll]

The <IIO)-type Burgers vectors may result from a
shearing process, removing the stacking fault of the

• All micrographs shown are taken with excitation errar s>O.
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Fia. 1a d. Exampl~ of an analYOIf'd loop in a loop dusler.
I:') Deltrminalion of [he Hurg"r~ "<.'CIO' "f lhe I<.>..'''' loop by
......>nlrasl e~linclion expl:rimenl 1,./,"'0), [b) aud (c) Inside
1l".»O] resp. outside [(,,")<0] contrut upc:rimenl wilh a
l422HYI'" diffl"llclion .'cctor. tdJ (I I lI-pole diagram ilillslratins
ehe loop conliguraliorl 11 Clln b; secn thaI only /l. -11/2[110]
5lI!o§TOCS thc (, . • )s condilions. hcn~ • 11 <0; [he loop ;s 01
,nlcrsl;liallype

(originally) faulled loop. Figurc 8. logether with a
schematical outlinc of Ihc polediagram. may illustrdtc:
Ihis. 1I can bc seen Ihat wc: ha\'c ". b<O for all four
Burgers "ectors; lhe loops arc lherefore of interstilial
t)'pe. AS already mentioned in [11]. Ihis contradiets
earlier results [10]. but Oßt of thc presenl aUihors
(IJ.O.K.) faund the earlicr analysis 10 be incorrect.

1.4. Alla/j'sis o( Faulled Loops
loops induding a stad:ing faull can be analysed
applying the method describcd in Section 3.1. Ifa part
of thc loop is etchcd away (see Fig. 4a). lhe staddng
fault ends at the surface and standard mcthods (see,
e.g.. (27]) may be applied. In all cases faullcd loops
were found (0 be of imerstitial type.
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4. Discussion

4.1. Camparisan \V;th Earlier Resulls

The interstitial nature of swirl loops found in this
paper is in contrast to the assumptions made by other
authors [28,2J who considered swirls to be vacancy
clusters. This assumption was made in analogy 10

Cc.c. metals. To our knowledge, valid experimental
evidence far the vacancy nature of swirls was never
published.
In swirl-rich regions a-cristobalite, i.e. a modification
of SiO" has been found by Ravi and Varker [8].
Since a small dislocation loop may act as a trap for
oxygen, oxygen atoms as weil as self-interstitials may
be Irapped by the loop. If the oxygen concentration
is high enough, the amount of oxygen trapped at the
loop may be comparable with the number of self-

Fig. 8a-c. Example of analysed small Joops. (a) and (bI Inside
outside contras! experiment for small loops: thc decoraled
disloc3tion is out of contrast. Loops on IwO different planes
can be seen; some of them are marked with ··t~ (kind I) and ~r

(kind 2). (c) (I I I)·pole diagram of the possible loop configuration
Allowed combinations of n and bare marked with dashed
lincs. Thc (g. b)s conditions for all combinalions are ooly
s3lisfied for interstitial type loops

interstitials, thus allowing SiO, prec,pllation. Dala
on the oxygen content were not given, bUI it seerns
likely that it was higher than in our specimens,
because the oxygen precipitation indicates Ihat its
solubility (e.g. 4'10" cm- J at 1240°C [29J) was
exceeded.
In another paper Ravi and Varker [30J reported that in
swirl-rich regions of a crystal extrinsic stacking faults
Qceur after an oxidation treatment, arranged in a
striated pattern similar to swirls. The authors de
monstra ted thaI these faults do not arise from disloca
tion reactions but by agglomeration of self- or foreign
interstitials. Assuming that vacancies are thc point
defects present at high temperatures, the authors
had to make non-convincing assumplions in order lo
explain the origin of Ihese interstitial type faults. In
our opinion these faults may be created byaccumula-
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tion ol oX)"gen and sc:lf-intcrstitials during the OX)'<I:.
tion prOC'CSi- The stacking fault mu)' be ahle to grow
10 a considerable size bccause 11 is st<lbilized b)' lhe
precipilaled ox)'gen (see below).

4.1. SQmt> Relltllrks 011111/' V/Turr/'nee oi Ftwllt,tl Loo/l.\·

Fauhed loops were onl)' obscrvt-d in the erystal with
IM highcst impuril)' eontenl (Al 3). As will !Je outlincd
helow. faultcd loops of those large diameters should
not be stable but should remo\'e their stacking f,lUlt
by a shearing proccss. according to. C,g..

hr+bs:b"F

u 3[111]+0 6[112]:u 2(110].

"'bere h,. and bu are lhe Burgers \'ecIors of the
faulh~d .. nd unfauhe<! loops.. rcspective1y. and bJl the
Burgers \'ector of the Shodley partial. The reason ror
thc unfaulting is that wilh increasing diameier d Ihe
energ)' or :. rlluhed loop incn::ast.'S quadratically, bUI
that of ,In unflluhed loop about linearly. The eritical
diameter rJ, of whieh shearing should start is ap
proximalely proportional to (Iburll-Ihrll), GIY; where
7 is the staekillg fault energy lind G the shear modulus,
As it is kno\\n from met,lls with comparabk G i·
\'alues. d, is orthe order ofmagnitude of a few hundrcd
A [31). hcnce tM same can be eXpC<:too for silicon.
h is wellimown that large staeking faults (sc\'eral ~m
in Icnglh) ma)' be formed in silicon when impurilies
such as O:\)gl'Tl [30.32] or carbon (33) are in\'oh'ed
in the formation process. Our rcsults also suggesI
that these impurilies are responsible for the stabili7.a
lion of the fauhe<! loops obsen'cd in crystal Al3.
This implies thaI carbon ,md or oxygen are in
corporated into the staeking faults.

4.3. B-SII'irls {/Ild Ehe NlII'II'lltioll oiS\\'irls

The nudc,llion modcl proposcd in the past [2] was
eoneeil'ed for \'lIeancy condensatiou <lud has to be
revised to apply to inlerslili,ll type clusters. A diffieull)'
in estabJishing a gencral model for the formation or
swirts lies in the fat1 that dir«t e\"idcnce on Ihe nalure
of B-swirls is slill missing. Recent im'csligations of
de Kock et al. [5] appear 10 indicale thaI H-swlTls
an: for-runners of A-sWlTls. In principle lhe fact Ihal
no H-swirlscould be obsencd 1I1 the I~VEM ma)' han::
two rCaMlns: Eilher that the) are dislocalion loops
"'-üh diameters ;S200A' or Ihal the) consist of loosc

I ThlS OO«l'on limil (... hidt is ...·c11 abolc lhe resollll;,;", lim;l ollhc
m,crOSCtlfK"I mal' bc I:SlimalW liklR@ mlO ~crounl ,ht- 1<>..' dCnSIl)'
of lhc K.~""I, and lhc larj,'l: Ihlckn(l;5 oflhe 'p<."Clmcn.

agglomerates ofsclf-j nIersI ilials and{Of impuri ty atoms
without a strong strain ficld, Ihus giving no detettable
contrasl in the HVEM. In the first casc B-swirls
simpl)' should be identified with small A-swirls (swirl
1001'S). If this were the ease. iI would Ix: unelear why
lhe majori1Y of 1hcm do not bceomc I:Hge, Further·
more there cXiSIS direet evidcncc Ihat B-swirls are
quite different in eharacter from A-swirJs. This may
be concluded from the obser\'ations:
i) B-swirls difTer (rom A-swirls with regard 10 dcrora
lion with Cu or Li (2).
ii) The sp3tial distribution of ß-swirls is different
from thaI of A-swirls (e.g.. B-s"irls Ottur n<:arer to
the rim).
iii) Thc innuena: of growth rate \'arialions Oll Ihe
densit)' and spatial distribution ol ß-swirls differ from
those of A-swirls [2. 5).
Hence the remaining exp1<mation is that B-swirls are
agglomeratcs of sclf-inlerstitials and impurilY atoms
and can be eonsidcrcd as an cmbryollie stage of
A-swirls.
The experimental observations providc strong indiea
lions that the nuc1e::l.tion of A-swirl.... and Ihereforc
also of IJ-swirls, is heterogeneous:
i) The density of A-swirls increascs with increasing
impurity content. Crystal VZ 1 with an impurity
content (ox)'gcn and carbon) one or two orders of
magnitude below that of Cf)'stal Al I shows a swirl
densil)' whieh is aboul a faClor of 10 Slnaller than of
crystal AZ I.
ii) The swirl p.."Iltem exhibits pronounced striations
of the swirl density whieh is corrclaloo to thc striated
ineorporation of impurities wilh segregation co
efficiellls k< 1 (e.g" P. C~
The nuelcatiol1 site muy be an associatiou or self·
inteTSlitials and oxygen IInd/or carbon sintx: oxygen
and carbon an~ cffcctil'e tmps for sel(·interstilials (34)
and constitute thc domin'lling impurltics in silicon
<lpart from intentionally incorpor,lted elements (35).
Espccially the p:lrticipation of carbon might gi\'e a
rcasonable explanation for the striate<1 distribution
or swirls. since because or its dislribution coefficienl
k:::::.O.05 (36) carbon is alwa)'s distributed inhomo
geneously (37). By contras!. according to reeent
imcsligatlons of Vicweg·Gutberh:t (7) oX)'gen is
incorporatl-d more uniformly.
The reduc1ion of Ihc mcan diffusion distanee of the
sclf·interstitials resulting from an increase of lhe
growth rate (rom 3.5 to 4 mm/min is only about 15%
and can therefore not account for the total disappca
rallee of A·swirls in this growth mte range. The
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disappearance might rather be due to an impeding
of the eollapse of the B-swirls at higher growth rates.
Provided that B-swirls are three-dimensional clusters
of interstitial atoms they act as centers of compression
whieh, eompared to disloeation loops, interaet weakly
with interstitials. Sinee, due to the deerease of tem
perature, the time available for the growth of B-swirls
is restricted, they remain smalI. An increase of thc
growth rate (whieh eorresponds to a faster rate of
temperature deerease) may sumee to reduee their
SilO below the limit required for a eonversion to a dis
loeation loop. If thermal aetivation favours this eon
version, higher growth rates will suppress it even more.

4.4. A mode/for Formalioll ofSlI'irl-Loops

This model starts with the formation of smalI, faulted
disloeation loops on {III }-planes. This ean be
aehieved by a eonversion of B-swirls (see above). The
formation of the observed swirl loops eonsists of the
following steps:
a) By assoeiation of self-interstitials the small faulted
loops grow up to the eritieal diameter d" where the
shearing proeess oeeurs. Depending on the impurity
content of the crystal, a certain amaunt of impurilies
is also trapped by the loop. As outlined in Seetion 4.2,
the impurity eoneentration in the fault determines d,.
At fairly high impurity eontents (at least 10" em - "
ef. Seetion 4.1) the number of impurity atoms joining
the disloeation loops at a given time may be eom
parable with the number of self-interstitials. As a
result a preeipitate is formed.
b) The elimination ofthe staeking fault by the shearing
process leads to an undisturbed lallice within the loop.
The impurities whieh were trapped in the fault beeome
mobile again. Thus eaeh shearing proeess results in
an "ejeetion" of an "impurity c1oud" whieh surrounds
the (perfeet) disloeation loop. Henee the probability
of forming new nuclei in the neighbourhood of the
loop is strongly inereased. New loops are formed,
grow and undergo shearing proeesses whieh lead to
new nuclei again. The resulting loop multiplieation
proeess may oeeur several times depending on the
eritieal sile at whieh the shearing proeess starts. As a
eonsequence staeking faults should exist only as
single loops or in eonneelion with several perfeet
loops and not as a cluster of faulted loops. This is in
aeeordance with our observations (see Fig. 4). If the
impurity content is low, the shearing process occurs
at small diameters of the loop. Thus in very pure
erystals (VZ I) loop multiplication ean take plaee

more frequently than in erystals with higher impurity
content..According to our results, we expecl therefore
an inerease of the eomplexity of the swirl loops with
deereasing impurity eonten!. On the other hand, at
fairly high impurity eontents the faul ted loops ean
grow to a eonsiderable sile and the shearing proeess
may even sometimes be suppressed. Single loops and
faulted loops will be the dominating speeies in sueh
erystals. It should be kept in mind that with deereasing
temperature of the erystal the eoneentration and
mobility of the point defeets deereases and the dif
ferent proeesses (nucleation, shearing, ete.) are stopped.
Therefore different stages of swirlloops are "quenehed
in", including faulted loops as in erystal AZ 3.
e) During the growth of the loops different meeha
nisms may inOuence their shape. Due to temperature
and stress gradients and due to the lower energy of a
disloeation along <110), the loops get an elongated
shape with the main parts of the disloeation parallel
to <110). With inereasing sile of the loop it beeomes
energetieally more favourable to lower the angle
between 11 and b (whieh is '" 350 after shearing). The
eorresponding reorientation proeess [24,38] ean only
start atthe tips of the loop, therefore the tips are often
near a pure edge eonfiguration (ef. Seetion 2.2).
Furthermore, plastic processes duc {O internat stresses
may oceur, ehanging the shape of the swirl loops by
eonservative glide and espeeially by c1imb of the
disloeations.
d) Due to the repeated shearing processes whieh
set free the impurities bound in the staeking fault
and due to additional trapping of impurities along
the dislocation line the probability for the formation
of new nuclei rises during the final stage of swirl loop
formation. The loops formed at these nuclei remain
small beeause mobility and eoneentration of self
interstitials have deereased (the deerease in eoneentra
tion is due to the ineorporation of the self-interstitials
into the swirl loops) and moreover the number of
nuclei is high beeause of the inereased impurity
concentration. Thus even precipitation might take
plaee. The stress field of the large dislocation loop
favours the growth of those loops located on the
outer side of the large loops (i.e. in the dilatation
areal. This may be an explanation for the observation
that the small loops are almost exclusively found on
the outer side of the large loops (ef., e.g., Fig. Sb). In
accordance with our observation faulted Joops should
exhibit a lower degree of decoration with small loops,
beeause the main part of the impurities is still trapped
in the staeking fault.
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cl Aparl from Oll.ygcn amI carbon. Olher impuri"ties.
m panicular fasl diffusing mctals Iilr;c Cu or Au may
bc tTapp«! by lhe s.....irl loops. For cxample. Au
contents or aboul IO IJ cm -) are sufficicnt 10 rcsull
in a prefercntial prcctpilation of Au al Ihe S\l',rls.,
IIihich can be rC"caJed b)' aUloradiography tt(:hniques
[39]. In aceord .....ith Ihe low conleni of he3\'Y melals
no decoration of lhe loops with precipilatcs <:ould be
delected in our cr)·stals.
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