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Through recentelectronmicroscopeinvestigationsit is now well establishedthat A-swirl defectsin float-zonegrown silicon
crystalsaredislocationloops of interstitial typewhich are formedby theagglomerationof silicon self-interstitials.In thefirst part
the origin of the silicon self-interstitialsis discussed:the “non-equilibrium interstitial model” invoked by Petroff and Dc Kock
and the “equilibrium interstitial model” proposedby Föll et al. arecontrasted.It is shownthat only the “equilibrium interstitial
model” is compatibleto all the experimentalfactsof swirl defectsknown up to now. In thesecondpart a generalmodel for the
formation of swirl defectsis presented.Thebasic ideaof this model is the assumptionthat A-swirl defectsaregeneratedby the
collapse of B-swirl defects.B-swirl defectsareassumedto be droplet-like agglomeratesof silicon self-interstitialsand someim-
purity atoms,particularly carbon,which governthe growth kinetics andstability of B-swirl defects.Thermodynamicconsidera-
tions are presented,which in the caseof A-swirl defectsare relatively simple and straightforward,whereasthosefor theB-swirl
defectsare more sophisticatedand includeseveralspeculativeassumptions.This model is ableto interpretall swirl dataknown so
far, especiallythedependenceof theoccurrenceof swirl defectson thegrowthrateandthe dependenceof the swirl propertieson
thecarbonconcentration.

Introduction with small impurity contents(0 ~ 1016 cm~3,C ~

1017 cm3, Cu ~ 1012 cm3, Au ~ l0~ cm~3),
During the cooling of as-grown, dislocation-free, becausein other material “swirls” areexpectedto be

high-purity silicon crystals,point defectagglomerates rather precipitates of impurities than point defect
are often formed. Two types of theseagglomerates agglomerates.In analogy to metals, in which vacan-
(usually named“swirl defects”)differing in size, den- ciesare thedominantpoint defectsin thermalequili-
sity andspatialdistribution may occursimultaneously brium (see e.g. ref. [2], in the past it wasgenerally
[11. Following De Kock [11 the larger ones are assumedthat swirl defectsare formedby agglomera-
termed “A-swirl defects” (briefly “A-defects”), the tion of the vacancies[1,3—8] which are presentin
smaller ones “B-swirl defects” (briefly “B-defects”). thermal equilibrium near the melting point, since
In this paperthe name “swirl defect” will be used these are unable to find sinks for annealingduring
exclusively for the defects in float-zonedmaterial cooling.This is so becausethecrystalsneithercontain

dislocationsnor are they thin enoughfor thesurface
to act as an efficientsink for point defects.However,
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lurgy Division, Private Bag X256, Pretoria0001, South specialspecimenpreparationtechnique [9]) that at
Africa. leasttheA-defectsaredislocationloopsor clustersof
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dislocation loops [8,10] (so-called “swirl loops”), strated to be untenableas to all its essentialpoints
which are formedby theagglomerationof silicon self- [4,6,11—17]. In recentpapers[6,14—17]it hasbeen
interstitials [11—17]. A correspondingexperimental assumedthat A-defects(i.e. interstitial-type disloca-
proof of the natureand thetype of the B-defectshas tion loops) result from a collapseof B-defects(i.e.
not yet beenpossible[14,15]. Indirectargumentsled loose, three-dimensionalagglomeratesof interstitials).
to the conclusionthat B-defectsare not (small) dis- We shall briefly call this hypothesisthe “B-collapse
location loopsbut loosely packed,three-dimensional model”. However,so far this model is merelya basic
agglomeratesof silicon self-interstitialsandsomeim- idea and too generalto accountfor all experimental
purity atoms[14]. observations.

In order to understandthenatureand the forma- The aim of the presentpaper is two-fold: Firstly,
tion of swirl defectsin silicon, it is helpful to consider we shall contrast the equilibrium interstitial model
two aspectsof thesubjectmatterseparately: and the non-equilibrium interstitial model and,
(i) The relationship betweenswirls and silicon self- becauseof their importance,discussthis issuein some
interstitials,i.e. the origin of interstitial-type disloca- detail. In the secondandmain part of the paperwe
tion loops, shall discussthegeneralconditionswhich mustbeful-
(ii) The nucleationand formation of the swirls, i.e., filled in order to make the B-collapsemodel work at
how thesensitivedependenceof swirl properties(e.g., all. By considering a large body of experiments
occurrence,density and size) on growth conditions including new ones presentedin this paper— we
andimpurity contentcanbeunderstood. finally arrive at a detailedpicture of swirl formation

Theseitemsare linked by the questionof the on- on the basisof the B-collapsemodel. It shouldbe em-
gin of the self-interstitials,since any model dealing phasized,however,that this modelhas to be regarded
with item (ii) has to start at this point. Two models as a first step in the understandingof the formation
concerning this question are under discussion, the of swirl defects in silicon. Thoughit is sophisticated
“non-equilibrium interstitial model” invoked by enough,natureappearsto be evenmorecomplicated.
Petroff and De Kock [15] (formerly usedby Dc
Kock et al. for vancancies[4,6]) and the “equilibri-
um interstitial model” proposedby Föll et al. [13, 2. Brief summaryof theexperimentalresultson the
14] andSeegeret al. [17]. The first model,which fol- formationof swirl defects
lows the theoriesof Fletcher[18,19] andWebb [20],
suggeststhat silicon self-interstitialsmay be trapped The following items are extractedfrom numerous
during crystal growth at the solid—liquid interface papers[1,4—7,12—17,26]and,in the opinion of the
and finally be incorporatedinto the crystal in non- presentauthors,may be regardedas reliable experi-
equilibrium concentrations. Nevertheless in this mental findings. Togetherwith the observationscon-
model the equilibrium point defectis assumedto be cerning therole of impurities(seesection4) theygive
thevacancy, the framework of facts which a swirl formation

By contrast,the alternativemodelproposesthat in model has to accountfor andsupply the possibility
silicon not the vacanciesbut the self-interstitialsare to exclude one of thecompetetivemodelsfor the on-
the dominatingequilibriumpointdefectsat high tem- gin of thesiliconseif-interstitials.
peratures.This assumptionis basedon theevaluation (i) Observationsat “high” growth ratesv0 (i.e. v0 ~
of self-diffusion, quenching and radiation damage 2 mm/mm): A-defects disappearsuddenly at v0
experimentson silicon [21—25]. 4 mm/mm, B-defects disappearat v0 5 mm/mm

With respectto the formation of swirl defects,the [4,6,14], the actuallimit of v0 slightly dependingon
first general model that includedall observationson the crystaldiameter [4,6,14] and thecarboncontent
swirl defectsknown at that time was given in De (seesection4).
Kock’s fundamentalwork [1]. In the meantimethis (ii) Observationsat “low” growth rates(v0 ~ 2 mm!
model (which was basedon the assumptionof an mm: in crystalswith 23 mm diameterbothA-defects
independentformation of both A- andB-defectsby and B-defectsdisappearat growth ratesbelow v0
vacancy—oxygenagglomeration)has been demon- 0.2mm/mm [26].
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(iii) If a crystal is pulled at a growth rate at which tion ofinterstatialsis2 X 1016cm3 andthe diffusion
swirls are normally not present(present)andcooled coefficient Di(Tm) 4.29X 10_b cm2/s [17]. The
down at a cooling ratecorrespondingto a growth rate high formation andmigration entropyindicatesthat
at which swirls normally are present(not present), the interstitial is “extended”, i.e., a crystal region
swirls are always found to be present(not present) which in the perfectcrystalcontainsabout10 atoms
[6,26]. comprises11 atomsif it hostsan interstitial [21—23]
(iv) B-defects are not observed in vacuum-grown (seealso section6).
crystals [1] or in argon-growncrystalswith a low im- (ii) The non-equilibrium interstitial model. In this
purity content(seesection4). model it is assumedthat during thegrowth of a crys-
(v) With increasingv

0 the distancedB betweenB-dc- tal a certainnumber,ns’ of silicon self-interstitialsare
fects and the rim of the crystal firstly decreases(for trappedat the solid—liquid interface.The theory of

~ 1 mm/mm) and increasesagain with further this process[20] gives the number~n of the excess
increasingv0. The distancedA betweenA-defectsand interstitials (with respectto the equilibrium concen-
the rim shows a similar behaviourasdB, however,dA tration) finally incorporatedin thebulk to be
> d~alwaysholds [6,14,26]. ii n(T )
(vi) The central region of a crystal often shows a L~n= ~ (I)
strongly reduceddensity of B-defects and is often ~ m)11’mic]

completelyB-defectfree, the diameterof this region with Vmjc = microscopic growth ratein growth direc-
decreaseswith increasinggrowth rate [27]. tion (i.e. Vmjc >0), 6 = thicknessof the diffuse inter-

face [20], seealso ref. [6], n(Tm) = equilibrium num-
ber of interstitials at Tm. Because6 andespecially~s

3. Swirl defectsandsiliconseif-interstitials are unknown, a quantitativeevaluationof eq. (1) is
uselessand furthermoreaggravatedby the unknown

Nowadaysit is well establishedthat swirl defects number of excess interstitials recombining with
arise from the condensation of silicon self-intersti- vacancies,which in this model are assumedto be the
tials. Recent counterstatementswhich considered equilibrium defects.
swirls to originate either from different mechanisms We now discusstheconsequencesof thetwo mod-
(e.g., prismatic loop punching) or to be associated els on swirl formation.In the equilibrium interstitial
with impurities [12,28,29], in the opinion of the model the number of interstitials present near the
present writers have been disproved convincingly melting point is independentof the growth condi-
[14—17,30].The origin of the interstitialshas so far tions.All thatneedbe donewasto provewhetherthe
been the only open question.Before discussingthe equilibrium concentrationand the diffusion coeffi-
implicationsof the two modelsmentionedin section cient of the interstitialsestimatedfrom swirl experi-
1, we shall presentthem in moredetail. mentsare in accordwith the theoreticalpredictions.
(i) The equilibrium interstitial model. This model is This is indeedthe case,ashasbeenshownin [13,17].
basedon a good deal of different experiments(see, The situation is completelydifferentregardingthe
e.g., refs. [17,25]) that leadto the conclusionthat at non-equilibrium interstitial model. The number of
high temperaturesself-diffusion is governed by self- interstitials present near the melting point, ~.n,

interstitials and that seif-interstitials are the domi- dependson vmjc; Vmjc in turn is a function of growth
nating point defects in thermalequilibrium near the parametersandapproximatelygivenby
melting point. An evaluationof a numberof experi-

Vmjc = vo(l — a cos 2irRt) , (2)
ments, including swirl investigations,leadto the fol-
lowing propertiesof the high-temperatureconfigura- with
tion of the silicon self-interstitialat the melting tern- — /

F a — 2irR~T1Mv0 (3)
peratureTm [17]: formationenthalpyH1 = 3.04eV,
formation entropyS~= 6.11 k (k = Boltzrnann’scon- (R = crystalrotation rate,t time, i~T= temperature
stant), migration enthalpyH~ 2.0 eV, migration variationof a given point of the interfaceduringone
entropyS~= 6.96 k. Thus at T= Tm the concentra- seedrevolution,M = temperaturegradientin themelt
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adjacentto the interface [31]. For the meanmicro- fimic at v0 4 mm/mm (no-remelt conditionswere
scopic growth rate in growth direction, ~Jmic,which assumedat u0 = 4 mm/mm), whereas~mjc increases
determinesthe meanexcessnumberof silicon inter- monotonically. It is true that

tm5mjc is largerthanv
0 in

stitials, follows from eq.(2) the remelt region (with a maximumvalue of i~mjc/VO

= 2.0 for v0 —*0, but theory gives no convincingrea-
0 -_ / son why swirls should disappearat v0 4 mm/mm

— ~irarccos(lia) and at highergrowth ratesbecauseof a lackof excess

for a> 1, i.e. remeltconditions interstitials. Nevertheless,let us assumethat i

5mic in
Vmic = fact would decreaseremarkably if remelt is sup-

00 pressed,e.g. by a suitable dependenceof M, z~Tor6

for a< 1, i.e. no-remeltconditions. (4) on 00, resulting in the dashed1~mjC curve in fig. 1.
Thus,accordingto refs. [4,6,15], a minimumvalue of
M, and consequentlyof timic, must exist below

For the temporary maximum 0m1c of Vmjc, which which no swirl defects should be observed.From
determinesthe local maximum of z~n,one obtains, fig. 1 it can be seenthat consequentlyswirl defects

— should be absentfor 0 ( v
0 ‘(vp, v~2)<~, ( v~0mic — 00 + 2irR~T/M. (5) . (3)

and that swirl defectsshouldbe presentat V~~

Accordingto eq.(1), L~i.nincreaseswith increasing Neitheris this observednor do swirls re-occurathigh
Vmic Swirl defects,however,vanish with increasing growth rates [4] nor do they vanish at moderatev

0.
v0. This was attributedby De Kock et al. [4,6] and If remelt suppressionwould influence ~.n and
Petroff andDe Kock [15] to a decreaseofi~micwith hencethe swirl densityvia a changein

15mic’ a reduc-
increasingV~ in the v

0 regionwhereremelt processes tion of the crystal rotation rate R should give the
(i.e. a> 1) are suppressed(i.e. a< 1). The depen- same effect as an increaseof v0 (cf. eq. (3)). This is
denceof ~mic and ~~mjcon 00 is shownin fig. I. It can not observed,the swirl density remainsconstantin a
be seen that there is only a very small decreaseof large R interval (3 ‘(R ‘(60 min~)for V~= 3mm!

mm, only at v0 = 4 mm/mm (whereA-defectsjustare
disappearing)the A-defect densityis somewhatinflu-

encedbyR whereasthe B-defectdensityremainscon-
/ // / stant[4].

Altogether the sudden disappearanceof A- and
8 //•~~~~“?caIci/Ioted// B-defectsat high growth rates,which wasregardedas

7 ,/ ~ strong evidencefor thevalidity of the non-equilibri-
E /“P~.~ assumed~ ,“ • urn interstitial model [4,6,15], is by no meansa con-

/,~‘\ i sequenceof this model.
5 . I Sw,r13 ‘i ‘ According to the non-equilibrium interstitial

L / / 3 according
4 ~ (6152 model, very little excessinterstitialsareincorporated

for very low growth rates,(at low but finite growth
~i 3 . ; ,i-’ I I ratesevenz~i.n= 0 shouldhold becauseof the recom-

2 ~/ bination of excessinterstitials with vacancies)swirl

~ ~7 v~y

3/ defects consequentlyshould not be observedat all.
I This indeedwas found by Roksnoeret al. [26]~swirl

E fr—remelt ~~I.—.--————noremell
I I I defects disappearat VO( 0.2 mm/mm (for crystals

1 2 3 4 5 6 7 8 9 10 .with a diameterof 23 mm). However this is not due
macroscopic growth rate fmm/min] . .

to a lack of rnterstitialsbut due to theoutdiffusion of
Fig. 1. Dependenceof ~~micand0mic on u~.Thecalculated interstitials to the surface,as unambiguouslyshown
curvesand one assumedcurve for Cmic are given. No remelt in ref. [26]. The observationthat a crystal grown at
conditions were assumedto be presentat °o~4 mm/mm.
The growth rate regions where swirls should not occur V~= 0.2 mm/mm (hence swirl-free) again contains
accordingto refs. [6,15) areshown. swirls in partswhich arecooleddown rapidly enough
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[26], is an unambiguousdemonstrationthat in prin- crystal sites at which the local maximaof the phos-
ciple sufficient interstitials arepresentto form swirls. phorusconcentrationoccur.Becausephosphoruscan-

Further argumentsagainst the non-equilibrium not act as nucleusin the swirl formation (swirls are

interstitial model are given by de Kock in his earlier observed in undopedas well as in p-type material),
work [1] andhold, although put forward for vacan- the impurity responsiblefor the nucleation of the
cies,in thecase of interstitials,too. swirls like phosphorusmusthavea distributioncoeffi-

In summary, we state that neither theory nor cient k < 1 (for the defInition of k seeref. [34]) and
experiments support the non-equilibrium model. I11USt be presentin all crystals in noticeablequanti-
Although being a possibility, an excesstrapping of ties. Carbonmeetsboth conditions(k~= 0.05 [35]),
interstitials appearsto play no essentialrOle in con- whereasoxygenhasa distribution coefficientcloseto
ventionally grown silicon crystals. We arrive thusat unity [7,36]. Hence, carbon is most likely the im-
the conclusionthat the equilibriuminterstitial model purity which governsthenucleationof swirl defects.
is valid and adopt in the following the datagiven at Ad (ii). It is known that in vacuum-growncrystals,
the beginningof this section. which thuscontain very little amountsof impurities,

no B-defectsare found [1]. This could be also con-
firmed for two vacuum-growncrystalsby the present

- . . . authors. A new observationis the absenceof B-de-
4. The role of impurities in the formation of swirl - -fects in argon-growncrystalswith very low impurity
defects;experimental observationsand discussion

content(crystalsAZ 6 andAZ 7, seetable 1). Obser-
vationsof occurrence,density,size andcomplexity of

We restrictourselvesto therOle of oxygenandcar- A- andB-defectsin a numberof different crystalsare
bon,which usually are the dominatingimpurities in summarized in table 1 - Again, carbon appearsto
float-zonedsilicon. Fast diffusing metals,e.g., Cu or influence the swirl parametersmore than oxygen.
Au, may result in a decorationof A- andB-defectsas Ad (iii). Fig. 2. showssomeswirl loopswhich may be
well [121,but apparentlydo not influencetheforma- consideredtypical for the different classeslisted in
tion of swirl defects.Hydrogen, which has found table 1. It is of particular interestthat the swirl loops
some interestbecauseit canpreventswirl formation in AZ 7 are practically identical with those observed
at lower growth rates asnormally necessaryfor this in vacuum-grownmaterial (see ref. [14]), especially
purpose [1], introduces a numberof other pheno- the “small loops” [14] decorating the large disloca-
mena,quite unclear up to now [1,32], andwill not tions are foundin this crystal, too. It shouldbe em-
beconsideredin this paper. phasized,however, that even in specimensprepared

The experimentalfindings which suggestan influ- from the same crystal, size and complexity of the
ence of oxygenandespeciallyof carbonon swirl for- swirl loopsdiffer considerably.This holdseven for a
mationare: single sample.The typical sizes and the degree of
(i) The inhomogeneousdistribution of the swirl complexity given in table 1 must therefore be
defects (in the “swirl” pattern), which, as shownin regarded as approximatevalues obtainedby evalu-
section 3, cannotbe accountedfor by an inhomoge- ating somehundredswirl loopsandshould only give
neous incorporation of the silicon self-interstitials, an impressionof what is found.
suggestsa heterogeneousnucleationof swirls at inho- In ref. [14] a model waspresentedwhich explains
mogeneouslyincorporatedimpurities, the increasein complexity of the swirl loops with
(ii) The decreasein thedensity of B-defectsandtheir decreasingimpurity contentby a loop multiplication
final disappearancewith decreasingcarbon content processdriven by impurities such as carbon or oxy-
[27]. gen. Our newresults,especiallythe differencein corn-
(iii) The increaseof size andcomplexity of the swirl plexity of the swirl loopsin crystalsAZ 7, AZ 5 and
loopswith decreasingimpurity content(seebelow). AZ 3 (with about the sameoxygen content),suggest

We will consider these items in more detail. an increaseof the temperaturebelowwhich A-defects
Ad (i). Recent experimentsby Kamm and MUller are formed with decreasingcarbon content.Thus in
[33] show that swirls are always formed at those very pure crystals the multiplication processmay
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Fig. 2. Selectedexamplesof swirl loops. Thesemicrographs,togetherwith the micrographsshownin refs. [14,171 maygive an
impressionof thevariety of swirl loops observed:(a) is an examplefor a largeandhighly complicatedswirl loop (classification4),
(b) and (c) showa faulted loop (classification5) anda simpleloop arrangement(classification2); (d) and(f) maygive an impres-
sion of complicatedioop arrangements(classification3); (e) finally is an enlargedpart of (f) showing thesmall loopsof the deco-
ration.

occur more frequently,making the swirl loopsmore hence must not be explainedby the presenceof
complex. 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.

5. Thermodynamic consideration of A-swirl defects A model of the growth of A-defectsafter small
faulted dislocationloopshavebeenformedis given in

All A-defectsexaminedin theelectronmicroscope ref. [14]. Here we are interestedin the formation of
havebeenfoundto be dislocationloopsor clustersof the embryonic loop. In the following we consider
dislocationloopswith diameters>0.3 jim. Defectsof A-defectsthereforeas small faultedsingledislocation
this size are safely detectedby etching or by X-ray loops.
topographyafter decoration.The absenceof, e.g.,the The thermodynamicsituation of a crystalwithout
typical A-defect etch pits after a Sirtl-etch [37,381 sinks for point defectannealingis asfollows: At T =
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Tm an equilibrium concentrationof interstitials is
presentwhich gives (by definition) the lowest free
enthalpy G1(T0~)* possible. In the absenceof dislo- 300

ing at the surface for the timebeing,thetotalnumbercationswhich can act as sinks andneglectinganneal- 2~

remains constant during the cooling of the crystal. ‘50of interstitials (including those in agglomerates) 200 ~
Thus at T< Tm a supersaturationof interstitials is ~

100
present,leadingto a free enthalpyGr(7) that is larger
than Gr(T) at equilibrium conditions.The formation 50

n,o
of an interstitial agglomeratewhich containsna inter- 0 ~
stitials at a certaintemperaturemay resultin a lower- 50 ______________________________________________

ing of the free enthalpyGa(na,T) of the crystaland s 8 10 • 20 30 • 40

may thereforebe thermodynamicallyfavoured. The
quantity of interest is the difference L~Ga(fla,T)= Fig. 3. The changein the free enthalpyof a crystalcontaining
G1(T)— Ga(fla,T) of thefreeenthalpiesof thecrystalif n(Tm) interstitials if a (faulted) dislocation loop containing

n1 interstitialsis formed.
either all interstitials are distributedrandomly (free
enthalpy = Gr(T) or na interstitialsare incorporated
in an agglomerate (free enthalpy= Ga(na,T)), the strateby simplecalculationsthe generalline of reason-
remaininginterstitials being furtheron distributedat ing. The importantconclusionwhich can be drawn
random.If theagglomerateformedis an A-defect,i.e. from fig. 4 is that evenat relativelylow temperatures
a small faulted dislocationloop including a stacking the formation of dislocationloopsrequiresvery large
fault,we approximatelyarrive at nuclei. Thus the “direct” formation of interstitial-

type dislocation1oopsin silicon is unlikely, a certain
_H1(l — T/Tm)ni + kind of ‘forerunners’of considerablesize arerequired

for their formation.
+ ji[b

2r
1/2(1 — ~)][ln(r1/b) + 5/3] + ~ (6) The situationis completelydifferent from whatis

For the derivation of this equationand the meaning known from metals.Generallyn?lm is muchsmaller.
of the symbols see the appendix. This function is Furtheron, vacanciesare the equilibrium defects,
plotted in fig. 3 for various temperaturesT. The quenchingexperimentstherefore result in the forma-
essentialpoint derivable from fig. 3 is that a loop tion of vacancy-typedislocationloopsor voids. The
formed by less than n~”

1atoms(see fig. 3) would nuclei for these dislocationloops are thoughtto be
increasez~G

1while growing andwould thus be not
stablebut shrink. Growth of a ioop is only possibleif

~ or generally, if az~G1/an1‘(0. Fig. 4 ,~,20 100 200
showsnimut~versusT accordingto eq. (6). It is worth-
while to note that for smallersupersaturations(e.g.,
becausea fraction of the interstitials presentat Tm
annealsby outdiffusionto thesurface)at a given tern- I 7400
peraturelarger nrmn valuesresult.More detailedcal- 1200

culations and discussions may be found in refs. ...

[39—41];seealso ref. [1]. Herewe want to demon- ~ 800
500

400

200
* The indices “r” and“a” in this and the following sections ______________________________________________

0
refer to interstitials which are randomly distributed or ‘~ 20 30 40 50 60 70 80 90 100

incorporated into an agglomerate;“1” and“d” refer to spe-
cial forms of agglomerates,namely dislocationloops and Fig. 4. Crital numbernTm of interstitial atoms necessaryfor
droplets (see below), the origination of a dislocation loop able to grow.
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almost stressfree vacancyplateletscf. refs. [39—41] “smearedout”, leadingto thehigh formation entropy
a correspondingnucleusfor interstitial-typeloops of extendedinterstitials aswell asof droplets.

cannotexist. For a thermodynamicdescriptionin the way out-
lined in section 5 we firstly need the free enthalpy
Gd = Hd — TSd of the droplet as a function of the

6. Propertiesof B-swirl defects number of interstitials in the droplet and the tem-
peratureT. We considertwo extremecases:

The nalure of B-defectshas not yet beenestab- (i) The single extendedinterstitialwhich maybe con-
lished experimentally.Electronmicroscopeinvestiga- sideredasa droplet with nd = 1. ThusHd = Hr andSd
lions led to the alternativesthat B-defectsare either = S~holds, leading to Gd(nd = 1, T) = Ht — TSt.
very small dislocationloopsor a kind of agglomerates (ii) Large agglomerates.They may be regardedasreal
without a strong strain field [14,15]. Experimental droplets.Neglectingthe surface(or betterinterface)
and theoreticalfindings strongly support the second energy we have Gd = nd~HHF TSHF), with HHE. =

possibility [14,151.We adopt the conceptthat B-dc- heat of fusion per interstitial atom and 5F1 F = HH F/

fects are almost stress free three-dimensionalagglo- T~
1= entropyof fusion per interstitialatom.

meratesof silicon self-interstitials,but we must give a Inserting numbers(H~= 3 eV, Sr = 6 k, seesee-
more definite idea of theB-defectsin order to be able tion 3; HHF 4.1 eV, SHF 28.1 k [42]) we recog-
to considerthe thermodynamicsandgrowth kinetics nize that aGd/afld must dependon n0 in order to
of thesedefects. accountfor the two extremecases.As in section 5 we

Contraryto A-defects,in this model B-defectsmay are interestedin ~G(n0,fl or in a~Gd/and;consider-
have any small size. One hence must expect that ationssimilar to thosein section5 (seetheappendix)
B-defects below a certain size are not detectedby leadto
etchingor by X-ray topographyafterdecoration.Our
feeling is that the detection limit for etching lies a~Gd/ond aHd/afld — Ht(l — T/Tm)
around 1000 interstitial atomsper B-defect.Thenon- T~S~ 7
occurrenceof B-defects thus doesnot necessarilyim- — dI

11d

ply that no B-defectsare present,but reflectsrather The quantitiesaHd/afld andaSd/afldare the binding
that they are too small to be detected.In particular, enthalpyandthe bindingentropy,respectively,of an
the disappearanceof B-defectswith increasinggrowth (extended)interstitial to a droplet speakingin terms
rate may consequentlybe interpretedby a continu- of agglomerationof single point defects.At present
orms decreaseof their sizes. their theoretical calculation is hardly possible and

The formation of a stress-freeagglomerateof sili- would be furthermore aggravatedby a (unknown)
con sell-interstitialscould be conceivedaccordingto temperaturedependenceof Hd and especially of Sd
the lollowmg recipe: Take out of the crystal ‘°~a which should be takeninto consideration.In orderto
atoms and fill the hole produced with liquid sili. obtain a stabledroplet at all, the growth condition
con. Becauseof the 10% higher density of liquid sili- TaSd/and>aHd/afld (corresponding to a~Gd/afld
con comparedto crystalline silicon, sucha “droplet” ‘( 0) musthold at least for ngnn ‘( fld ‘(

11~1axHere,
inside the crystal lattice would have an interstitial- n~J”

1givesthe critical sizeof thenucleusrequiredfor
agglonieratenature and containsjust na (henceforth a droplet,,

1~1axtheequilibrium size.
lid) interstitial atoms. The “extended interstitial” Fig. 5 may serveto illustrate eq. (7). Firstly, let us
proposedby Seegerandcoworkers [21—25] (see also discussthecurvescorrespondingto theenthalpyand
section 3) may be regardedas a droplet of oneinter- entropyterm of eq. (7) for T = Tm (briefly calledent-
stitial. It is hencesuggestivethat largerdropletscan halpy and entropy curves). Between the extreme
be formed by the agglomerationof extendedintersti- cases for very small and very large droplets these
tials. Such dropletswould be relativelystress-freeand curves are given tentatively. nTm is given by the
indeedhard to detectin theelectronmicroscope. cross-pointof the two curves;,1~axis not definedin

The “interstitial atoms” in a droplet mustnot be theapproximationusedat T Tm. This is dueto the
identified with distinct atoms, they are rather neglecting of an additional entropy term in eq. (7).
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7.

6

~ 5.
‘enthaipy’ curves ôfld!T~

I
- ‘ ! n’’ at r~1~0K fl’ ~t r~7300Kof T~

1! I I I

10 102 ,o3 /0’ j~6 ,~7

Fig. 5. The “enthalpy” and “entropy” componentof eq.(8) for T = Tm andT = 1300 K. A dropletwifi grow in the regionwhere
the entropycomponentis larger than the enthalpycomponent.Theshape of the curvesbetweenthefixed valuesis givententati-
vely. The “droplet” value is assumedto hold atan°dvaluewherethe numberof interstitialsin thesurfacelayerof thedroplet is
about 5% ofthe totalnumbern

0.

See appendix,eq.(A.7). Including this into the above observedso far, a droplet would have its equilibrium
considerations,evenat T = Tm themaximum size of a size at almostany time during thecooling of the crys-
droplet is limited, rapidly decreasingwith decreasing ta.l. This is sobecausethe interstitialsarevery mobile
temperature. Furthermore, the interface energy at high temperatures.Consequently,the size of a
betweendroplet and crystal, neglectedin the above B-defectand in turn thesize of an A-defectwould be
consideration,may influence strongly ~~jmax at T practically independentof the cooling rate— in con-
Tm. From the curves at T Tm in fig. 5 andeq.(7) tradiction to theobservations.
aHd/and Hr(l-T/Tm) andaSd/andat arbitrarytern- The fact that the growth kinetics of a droplet is
peraturescanbe derivedgraphically;the secondset of practically not influencedby the cooling rateis obvi-
curves is shown for T= 1300K. It can be seenthat ously also true for any kind of interstitial agglomer-
n~m tends to increase,and n~°~to decreasewith atesat high temperatures.Thereare two possibilities
decreasingtemperature.Below a certain critical tern- to overcomethesedifficulties:
perature,a droplet of any size is no longer stable. (i) The B-collapsemodel is basicallywrong. However,

To summarize,the conceptof aninterstitial agglo- all attemptsof the presentauthors to establishan
merate in form of a droplet requiresrelatively artifi- alternativemodel leadto seriouscontradictionswith
cial assumptions,as,e.g.,averyhighbinding entropy. the experimentalresults.We thereforepreferthesee-
Hence the identification of B-defectswith droplet- ond possibility:
like clusters of exclusively self-interstitials appears (ii) Impurities — namely carbon — determinegrowth
not to be very satisfactory.There are even further kinetics as well as stability of the B-defect droplets.
difficulties in connectionwith the droplet concept: This assumptionis suggestedby the observedcarbon
As shownby a seriesof computerruns,performedfor dependenceof swirl parametersasoutlinedin section
different assumptionsfor the droplet parameters, 4.
growth (or shrinkage)of a droplet would be so fast As in the case of self-interstitialsthe crystalmay
that evenat the highestcooling ratesexperimentally lower its free enthalpyif a certainfraction of carbon
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is incorporatedinto the droplet. This is so because (iii) The growth kinetics of a droplet is practically
the solubiity of carbonin liquid silicon is higherthan governedby thecarbondiffusion.
in crystalline silicon cf. ref. [43] (this argument, Assimilating all theseitems and the experimental
again,doesnot hold for oxygenwhich hasaboutthe results, we arrive at the “phasediagram” shown in
samesolubility in liquid or solid silicon). If thenum- Fig. 6. It should be emphasizedthat this diagrammay
her of carbonatomsin thedroplet influencesits equi- give an illustration of what might happen,but by no
librium size at a given temperature,asa consequence meansshould be usedto deducenumbers— although
the growth kinetics of a droplet is mainly governed the axeshave scales.The “life line”, i.e. the actual
by the carbon diffusion, which is slow enough to size of a droplet at a certaintemperature,assuminga
result in a cooling-ratedependentgrowth kinetics of monotonic temperaturedecrease,is also tentatively

the droplet (the diffusion coefficient of carbon is given for high, medium andslow cooling rates.It can
about I X l0~ cm2 s—i [44]). The qualitative con- be seen that at high cooling ratesas well as at low

clusions which can be drawn from theprecedingcon- cooling rates, the finally frozen-in B-defect is below
siderationare: thedetectionlimit.
(i) For time formation of a droplet a nucleusis neces-
sary that increasesin size with decreasingtempera-

ture, decreasingcarboncontentanddecreasingsuper- 7. The collapse of B-defects into dislocation loops
saturationratio of theself.interstitials. and the final model
(ii) The equilibrium size ii” of a droplet at a given
temperaturedependson the interstitial supersatura- In sections5 and 6 we discussedthechangeof the
tion and on the carbon content of the crystal. A free enthalpyof a crystal if either a droplet or a dis-

decreaseof anyone of thesequantities leads to a location 1oop is formed. In order to determine
decreaseof theequilibrium size. whethera collapseof a droplet into a dislocationloop

rd[A’I

0 25 50 75

liquid silicon

T \\~\\\\\\\\\\\\\\\\\\\\\\\\\\~~m ~
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lig. 6. “Phasediagram” of B-detects (for a certaincarbonvalue andn (which includes~d) constantall thetime).The “life lines”
give the actual size of a dropletat a certaintemperature.Outsidethe region of stability the dropletsshrink, at low temperature
they are frozen in.
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shows a ~Gd versusnd (z~G1versus n1) plot. The
500 ~G~j—n~jcurves are derived from fig. S and eq. (7);

/‘ the ~G1—n1 curves are obtained from fig. 3 andeq.
400 (6), respectively. The point of intersectionof the

300 AG~andLxG1 curvesfor a given temperaturedefines
4O~ / the critical number n~below which a dislocation

200 loop would be favouredcomparedto a droplet and

hence a droplet-loop collapsemay occur. It canbe
~ .::... seen from fig. 7 that n~ decreaseswith decreasing

.—)300K ‘~ temperatureand that at high temperaturesn~ is

-100 largerthan~ (the point of intersectionis placedat
larger n0 valuesthan theminimum of the z~Gdcurve,

-200 ‘~ -- 1400K which definesfl~SX; cf. the 1400K curves of fig. 7).
At high temperaturesthereforedroplets of any pos-

— 7000 “~‘ 5000 ~ 10000 sible size are stable.From what was said in the pre-
al1300K at /400K

~d. ~ ceding sections it may be derivedthatn~decreases

Fig. 7. Change of the free enthalpy of a crystal containing with decreasingcarbon content and increaseswith
n(Tm) interstitials if either a droplet or a doslication loop is decreasing interstitialsupersaturationat a given tern-
formed at a certain temperature. perature.

It is noticeablethatn~{is larger thannr’~,themm-
takesplaceat all (condition:~Gd(nd,T)> z~G1(n1,fl; imum numberof interstitialsnecessaryto form aloop

n0 = ni), and, if this is the case,what is the critical able to grow, provided thereis no significant loss of
numbern~of interstitialsin a dropletnecessaryfor a interstitialsat the surface(see section 5).This means
collapse, we have to comparez~Gdand z~G1.Fig. 7 that a dislocation loop originatingfrom the collapse

liquid silicon

T \\~\\\\\\\\\\\~~

ct, lile ltnes 0t dr;lets at ate Ii

0510 20 30 50 100
V~V~7

Fig. 8. Complete phasediagram for droplets and dislocation loops. n is kept constantall the time. The life lines correspondto:
(a) cooling rateabove5 mm/mm; small B-defectsbelow the detection limit are frozen in; (b) cooling rate about 4 mm/min; the
droplet remains(meta)stablebecauseT is below T~at the critical point; (c) cooling rateabout3 mm/mm. Thedropletcollapses
into a fast growing dislocation loop, A-defectsare observed.
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of a dropletnormally will grow. foregoing section. The important point is that A-dc-
The lastandmost arbitraryassumptionwe haveto fectsvanish abruptly if thecooling rate exceedsa cer-

makeis that of thermal activation for thecollapseof tam critical value, this is in accordancewith the oh-
a B-defect. This assumptionis justified by theoccur- servations. A further increase of the cooling rate
renceof B-defectsat all, i.e. that their collapsemust reducesthe sizeof theB-defectsbelowthedetection
havebeensuppressed.It is likely that largeB-defects limit: B-defectswill also “vanish”.

(therefore comparatively unstable)need almost no (ii) Disappearanceof swirls at low cooling rates. In
thermal activation, contrary to small (andrelatively this casea considerablefraction of interstitialsis lost
stable)droplets.We may defineacritical temperature duringthecooling by outdiffusion to thesurface.The

T~= TC(nd) below which a collapse of a B-defect supersaturationof interstitialsat a given temperature
(although energeticallyfavoured)is suppressed.One is smaller than at high cooling rates, leading to an
may specualateabout T~(nd).However, the model increase in n~ and to a decreaseof the stability

operateswith a large variety of T~functions, in the regionof droplets.The deviationsof thesequantities
following we give onecurvewithout further justifica- from the normal curves is mostpronouncedat lower
tion. temperatures;we arrive at the diagram shown in

Fig. 8 finally may illustrate the completemodel. It fig. 9. At high temperaturesthe droplet practically

contains: (i) the regionof growth for a B-defecttaken assumesits equilibrium size in anymoment,a life line
from fig. 6; (ii) the critical size for a collapseof a as shownin fig. 9 may berealistic. Accordingly,A-de-
B-defectconstructedaccordingto fig. 7; (iii) thecrit- fects are no longer formed below a certain cooling.
ical temperatureT~for a collapse(seeabove);(iv) the rateandB-defectsare below the detectionlimit.
detectionlimit for B-defects(see section 6) and (v) It must be expected that this process strongly
the life linesfor swirl defectsat different growth rates dependson the crystaldiameter.So far only crystals
or cooling rates, respectively.Normal growth condi- with a diameterof 23 mm havebeeninvestigatedat
tions are assumed; i.e. “medium” carbon content low cooling rates[26]. It is difficult, however,to per-
(say, 1016 cm3) anda minor influenceof thecrystal form similar experimentsin thicker crystals,because
surfaceon thesupersaturationof the interstitials(i.e., then another mechanismmay be operative,namely

moderateor high cooling rates).At high coolingrates the formation of dislocationarrays, starting at A-dc-
the B-defects follow life line(a). They have not fects. This wasobserved,e.g.,in crystalswith adiam-
enoughtime to grow to largesizes,a collapseinto an eter of 33 mm at vo ~ 2 mm/mm [45].
A-defect consequentlydoesnot occur. The frozen-in (iii) Dependenceof the occurrenceof swirls on the
B-defectis even too small to be detected,thecrystal cooling rate. It is evident from theexperimentsmen-
seemsto be swirl free. At somewhatsmaller cooling tioned in item (iii) in section 2 that primarily the
ratesthe B-defectsgrow largeenoughto give rise to, cooling-rate (and not the growth-rate) is the impor-
e.g., the typical B-defect etch-pits. A-defects, how- tant parameterin swirl formation.The cooling rateis
ever,againare not formed(life line(b)). Below a cer- alsothe important parameterin our model,theexper-
tam cooling rate a collapseat first may occur, a rap- imnents mentioned above are therefore intrinsically
idly growing A-defect is formed (life line(c)). Not all comprisedin themodel.
B-defects can be expected to collapse, A- and (iv) Non-appearanceof B-defects in very pure crys-
B-defectsare observedsimultaneously. tals. Tlus observation(togetherwith the non-appear-

ance of B-defects in central parts of crystals, see
below) was hard to explain in a simple B-collapse

8. Discussionof the experimental observations model. This is so becauseA-defectsoriginatingfrom a

collapse of B-defects necessarilydemand the exis-
In this section we will firstly discussthe item of tence of B-defects. The presentmodel, however, is

section 2, in the remainderwe focus on somespecial ableto explain this finding.
observations. A lower carbon content of a crystal results in a
(i) Disappearanceof swirls at high cooling rates.This smaller stability region and in a slower growth of
issueis alreadydiscussedin its essentialpointsin the B-defectsandespeciallyin smallern~fvalues.Further-
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liquid silicon

T ~

0510 20 30 50 100

Fig. 9. Phasediagram for dropletsand dislocationloops for lower supersaturationvaluesof the interstitials.No A-defectsare
formed, B-defectsarebelowthe detectionlimit.

more, the detectionlimit, at leastfor etching,may be carbon content is harder to detect. Already small
somewhatlarger.Sincedropletshavealmostno strain changes in the carbon concentrationmay change
field, etchingis likely to be sensitive to the carbon thesequantitiesconsiderably.Hencewe arrive at the
atomsin a B-defect.Thus a B-defect with a smaller diagramshown in fig. 10. The collapseof the droplet

liquid silicon

T \\\ \\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\~f~: I

0 5 10 20 30 50 100

Fig. 10. Phase diagram for droplets and dislocation loops for low carbon content of the crystal. The collapseoccurs at high tem-
peratures, the freshly formed A-defectsmay influence the fate of the B-defectsand of A-defectsformed lateron.
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occursat small droplet sizesandat high temperatures. vided A-defectsareformedat all.
The result is at first sight a large and complicated We now consideradditional experimentsof special
A-defect becauseit hasmuchtime to grow. B-defects interest.
mustnot be observedfor two reasons,either of which In a crystal grown at 5 mm/nun [46] (conse-
may hold separatelyor simultaneously:(a) The sur- quently containing no A-defects) and in a crystal
viving B-defectsare too small to be detected.(b) A grown at 0.5 mm/mm [26] (consequentlycontaining
freshly formedA-defect grows(if at all) very rapidly A-defects as well as B-defects), no dislocation net-
at high temperaturesandthus strongly decreasesthe works are formed by growth of A-defectsduring a
interstitial supersaturation in its neighbourhood, zero growth period (i.e. v

0 = 0) or I h or 18 mm,
Nearby B-defects,not yet collapsed,therefore have respectivelyas it wasfound at medium growth rates
arm enhancedtendencyto shrink, they areagainbelow after a zero growth periodof 7 mm [46]. This may
thedetectionlimit andno longerobserved, be explained as follows: The incubation time of 7
(v) Dependenceof the distancesdB anddA between mm and the observationthat dislocationgeneration
swirls and the crystal surface on the cooling rate. alwaysstartsin thecrystal centre(where thecooling
Near the surface two processesoccur at a time: (a) rate is at lowest) indicatesthat the swirl loopsmust
The outdiffusion of interstitials, according to item reacha comparativelylargesizebeforethey can act as

(ii), leadsto non-occurrenceof swirls in a surface-near dislocation sourcesand that it requiresa relatively
zone. The width of this zone increases with long time before this sizeis reached.The latter might
decreasing(low) cooling rates.(b) The highercooling be due to a processcompetingwith thegrowth of the
rate of near-rimregionscomparedto the crystalcen- loop; i.e. the loss of interstitials to thesurface.This

tre supressesswirl formation as outlined in item (i) processobviously preventstheappropriategrowth of
This effect is especially operative at high cooling the swirl loops at low growth rates. In the case of
rates; the width of theswirl-free zonethus increases high growth rates, the outdiffusion during the zero
with increasing(high) cooling rates.Consequentlya growth period may even preventthe collapseof the
minimum value of dB anddA should be observedat B-defectsinto A-defects in the way discussedin item
mediumcooling rates— this is indeedfound [14,26]. (ii). Furthergrowth at 5 rnm/min should result in the

It is clear from this considerationthat estimationsof formation of swirl defects in a region of thecrystal
the diffusion coefficient of interstitials basedon dB, close to the locationof the zero-growthinterval.This

dA or similar quantities [6,13,15,17] may only give wasindeedobservedby Dc Kock [47]. The introduc-
an order of magnitudebut cannotbe regardedas pre- tion of dislocations thus can be expectedto depend

ciscvalues, on the crystal diameter,in thicker crystals a lower
(vi) Lower densityof B-defectsin the crystalcentre. incubation time could be expected,As already men-
The central region of a crystal differs in two ways tioned,this wasindeedobservedin someof our crys-
from the outer regions. Firstly, the cooling rate is tals,in whichdislocationgenerationalready startsat

lower and secondly, the supersaturationof intersti- growth rates ~2 mm/mm (without a zero growth
tails is higherbecauseoutdiffusionto thesurfaceis of period), the diameterof thesecrystalswas 33 mm. In
minor importance. Similar to what was said in the any casethe introduction of dislocationsinto a crys-
foregoingitem, a reducedB-defectdensity may arise tal via the growth of A-defectsis still more difficult

from the interactionsbetweentheswirl defectsthem- to explain than the formation of theswirls, it is there-
selves.The first A-defect formed in a crystal region fore hard to predict whetherdislocations are intro-
leadsto a rapid decreaseof the interstitialsupersatu- ducedat all, andif theyare,which incubationtimeis
ration in its neighbourhood.B-defects,or even small necessary.
A-defectsgeneratedlater on, thus havea strongten- Recently, Roksnoerreportedthat small changesin
dency to shrink. This mechanismtendsto stabilizea the carbonconcentrationinfluencesstrongly the dis-
certain A-defect density and tends to remove B-dc- tance betweenB-defectsand the solid—liquid inter-
fects. It may supply an explanationfor theobserva- faceduring a zero growth period [48]. This distance
tion that theA-defect density is normallyfound to be increaseswith decreasingcarbon content,suggesting
rather insensitive to experinmental parameters,pro- therefore that either the growth of the B-defectsis
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slower, that their equilibrium size is smalleror that experimentsperformedso far. The essentialassump-
their formation starts at lower temperatures.In our tions which were necessarywere discussedin detail
opinion all three processesmay occur simultaneously. and, as far as presently possible, basedon general
It thus appearsdifficult to derivethe formation tern- thermodynamicconsiderations.It appearsworthwhile
peratureof B-defectsfrom this observation.This is to summarize the essential points of this model

also true for thevaluesof the formation temperatures briefly.
of A- andB-defectsgivenin ref. [6] ; in themeantime The first and most important assumptionis that
thesevalueshave indeedbeen found to be in error A-defects may be suppressed(this follows because
[46,47]. B-defectsaregeneratedby a collapseof B-defects,the

One further comment should be made on the basicideaof the B-collapsemodel.Fromthis assump-
problem of the formation temperaturesof swirl tion it follows directly that: (i) B-defectsare different
defects.More detailed,the questionis at which tern- in nature from A-defects; (ii) the collapse of the
peraturea nucleuslarge enoughfor the formationof B-defects are observedat room temperatures),i.e.,
a droplet (seesection 6) is available(formationtern- the collapserequiresthermal activationto occur;and
peratureof an B-defect) and at which temperatures (iii) B-defects are less stable than A-defectsat low
the collapseof the dropletsoccurs (formation tern- temperatures. The second important assumption
peratureof an A-defect).The formation temperature involves a slowly diffusing impurity atom(carbon)in
of theB-defectsis clearlymoreimportant becausethe both growth kinetics and stability of the B-defects.
formation temperatureof the A-defectsdependson Without this assumptionswirl defects would have
that.Accordingto our model the formation of B-de- beenindependentof the growthconditions,in serious
fectshasto start at fairly high temperatures.The rea- contradictionto the experimentalfindings. The ther-
son is that B-defectsare not stable at low tempera- modynamic considerationof the A-defects is rela-
tures, that their growth requiressome time at high tively simple and straight forward. For B-defects,
temperaturesand that their formation at lower tern- however,moresophisticatedspeculationsare required.
peraturesis more difficult becauselarger nuclei are The essentialassumptionwhich was madewas the
required (see section 6). It is evident,however,that choiceof the az~Gd/andfunction shownin fig. 5. All

the formation temperatureof B-defectsmay be dif- other diagrams are essentially determinedby this
ferent in different crystalsand certainly differs also function and by thermodynamicrelationships.An-
within one crystal. Becauseonly smallchangesin this other more speculativeelementwas the insertion of
temperaturemay influence strongly the further fate the ‘life lines’, butestimatesof the(carbongoverned)
of a B-defect,the swirls finally observedare foundin growth kinetics of a droplet justify principally the
a wide variety of sizesandof complexity (seesection choice of this life lines.
2). The nuclei for the B-defectformationare thought Many questions,however,remainopen.Little has
to be small associatesof somecarbonatoms,prefer- beensaid aboutthe nucleationof the B-defects.Pro-
entially formed at those crystal sites where the car- vided that thesenuclei are small associatesof carbon
bon concentrationreachesits maximum level. This atoms,directly incorporatedfrom the melt, swirl for-
explains the observedcorrelationbetweenthecarbon mation should be sensitive to all growth parameters
and theswirl distribution, which influencesamplitude andabsolutevalueof the

carbonstriations(see,eg. ref. [49]. The influenceof
the crystal diameterwas only mentionedin special

9. Final remarks and conclusions .

cases,effects like the etching depression [50],
The aim of thepresentpaperwastwofold. Firstly, sometimesobservedin thick crystalsinsteadof swirl

the controversybetweenthenon-equilibriumintersti- defects,was, e.g.,not accountedfor. The rOle of oxy-
tial model and the equilibrium interstitial model was gen andother impuritieswasonly briefly mentioned.
discussedin detail anddecidedin favour of theequili- Thus, irrespectiveof the large body of experiments
brium interstitial model. Secondly,a generalmodel which has been performed in the last years, much
for the formation of the swirl defectswas proposed morework is requiredin orderto arriveat a detailed
which accounts qualitatively for most of the swirl understanding of the swirl phenomena.
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The importantconclusionswhich may be drawn Ga= (no fla)Ht - (n
0

are:
(i) Swirl defects are a typical silicon phenomenon; + kTlri -~-~—-

similar effects in othermaterials(e.g., in germanium (N0 — n0 + na)!(no — na)!
[51]) may requirequite otherexplanations. +Ha(fla)+ TSa(na), (A.l)
(ii) In silicon specialagglomeratesof self-interstitials
and impurity atoms (carbon)may exist, which are whereHa(na.) andSa(na)are theenthalpyandentropy
not simple precipitations.This may shedsomelight of theagglomerate,respectively.
on a numberof observationsdealingwith thegenera- Forthe determinationof growth (aGa/ana< 0) or
tion of crystal lattice defectsduring oxidationor dif- shrinkage(aGa/ana>0) of the agglomerate we need
fusion treatmentsof silicon [52]. the derivativeofeq. (A.l) which forN0 %- 1 andn0~’

(iii) ‘Swirl free’ crystalsmay containsmall B-defects. 1 is obtainedas
During further treatmentsof thesecrystalssuchvir-
tual B-defectsmay give rise to a numberof different a~12a= —HI + TSt - kT ln[(n0 — na)/No]
phenomena.As an example, the generationof large + aHa/ana ~TaSa lana . (A.2)
stackingfaults distributedin a typical swirl patternis
observedafter an oxidationprocedureof ‘swirl free’ Undercertainexperimentalconditionsthenumbern0

crystals. of interstitials decreasesduring the cooling of the
crystal, e.g., due to outdiffusionof interstitialsto the
surfaceof the crystal. In this caseit is convenientto

Acknowledgments rewrite eq.(A.2) in termsof the thermalequilibrium
number neq(F) of interstitials at temperature T,
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ing the variouscrystalsand for commentson thema- aGa/ana= —kT ln(s)+ aHa(na)/ana
nuscript and to Dr.AJ.R. de Kock for making avail-
able experimentalresults prior to publication. The —TaSa(na)/ana, (A.5)
excellent technical assistenceof G. Schuh who pre- originally derivedfor vacancyagglomerationin acrys-
pared the specimensand the careful photographic tal supersaturatedwith vacancies[39—41].If the out-
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fully acknowledged. equilibrium size of the agglomerateas a function of

n0, N0 andT. In connectionwith eq.(A.5) it is worth
mentioning tha? an agglomeratewhich has already

Appendix reachedits final size may shrink againif s is reduced
by outdiffusion to the surfaceor by diffusion to aLet us assume that at a temperatureT< Tm a
nearby agglonuerateof a different type. A B-defect,

finite crystal regionof N0 atomscontainsn0 intersti-
tials, na of which are incorporatedin an interstitial e.g., may get the tendencyto shrink near a rapidly
agglomerate (e.g., dislocation loop or “droplet”) growing dislocation1oop which considerablyreduces

the supersaturationof interstitialsin its surroundings.
whereasthe remainingn0 — na interstitials are ran-

Furtheron we dealwith the caseif negligibleout-
domly distributed.Such a regionmay,e.g.,be identi- diffusion and a constant number of interstitials,
fled with the averagevolume arounda swirl-defectin namelythethermalequilibriumnumberat T’ Tm,
the investigatedSi-crystals.The free enthalpyGaof
suchan arrangementis given by no = neq(Tm)= N0 exp(—HI7kTm — S17k) - (A.6)
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Thuswe arrive insteadof eq. (A.5) at for the calculationsare: b = a/3( 111>,a = 5.4 A, ~y=

aGa/ana= _Hr(l — TITm)+ aHjana 50 erg/cm2,ji = 7.5 X 10i~dyn/cm2andv = 1/3.Theconnectionbetweenr
1 andthenumberof interstitials

— Tasjana kTln(1 — na/no). (A.7) forming the ioop is

Assumingin additionthat the main amountof inter- n1 = irr~A , (A. 11)
stitials is still randomly distributed (12a‘~ n0) we ob- with A = 8 X 1014 atoms/cm

2 for the dislocation
tam

loopsconsideredin silicon. Thenumberof interstitial
aGa/ana _H~(l— TITm) + aHa/ana atomsin a dropletis

— Tasa/ana. (A.8) nd = 4/3irr~B, (A.12)

In neglectingthe term kTln(1 — na/n
0),we run into with B = 4.997X 1021 atoms/cm

3 = 1/10 Xdensityof
difficulties only in the special case of vanishing melt (in atoms/cm3).
H~(1— T/Tm) and (aHJana — ThSa/ana)which may
occur, e.g.,for large droplets at T~Tm as described
in the text. The positive ln-term guaranteesthat the References
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