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1 Sem conductor Wafers of Silicon and Method for their
Production The invention relates to a nmethod for
produci ng sem conductor wafers of silicon, conprising
the pulling of a single crystadl 5 growing on a phase
boundary froma nelt contained in a crucible and the
cutting of sem conductor wafers fromthe pulled single
crystal, wherein heat is delivered to a center of the
phase boundary during the pulling and a radial profile ,
sewmfcandactor\Weterpontt AéléepnepntoMghhedgéost thgd PpRasogduction
boundary is controlled, 10 with G being the tenperature
gradi ent perpendicular to the phase boundary and with
The/ hrevegtibe pelbteat ecad wakbhdt her pragheiepysealicogductor
ulled-fro LN t] o.kela i
wafR ot 1 P LE Sat c SAdBEt of Mot BPse AT TER SE RO ERRAR, grvetal
gr@amdbeonr adphedebpotithdsrpefiou. aSesil tondotbdnedwafers crucible
f silicon.in the context of the_invention e referred.
and P8 GO bE9 PLeoEO PG S5 ORerPhat OBF e P e STHgrD Tingle
crystsd | | whéeéefit Bener i €Belelectd wot b acatze of mbrephase
than 30 nmare _detectable. 20 A nethod in tEe cant ext .
bogtda Ry sAvRvedt FBR PYLfegdr 8BE asra LB hoRTESE § Prfap gatio V/G

fr&@@@hei@eﬁ@é£i§5|éﬁaeaéeﬂBEe§héthQ§éiEb@ndb@ngb'controlled,
single crystals wwth a dianeter of at |east 300 mmfrom

with Fueebn@ BReateapPerahlER P5a2d4anF pPeraenfégstag, 5o the
j 5 I i S+,d - e ' ugko e
phgvgg h%ghﬁ@gﬁg aﬂg dwea v SE?H% freepsem efge@ 3 Fuh‘ﬁ’l%fh f$e

yield, expressed in terns of the tota
singlet dcoyssahi tonpdutied ®upwrshe DELLO3 39 792 A
descri bes a nethod for producing single crystals of
silicon, which are optim zed in respect of their 30
Thalefreeénipt opeal sesreTheebotusdefeatt EnekoReigondnctor wafers

intrinsic oint defects and their | onerates, .as.
of \th et nd %ﬁﬁoﬁﬁgvgengagauﬁﬁgchyagﬁ%ﬁsmS%galCt§gﬁéconduCtor
wa Teear sif ngit heofiot pathencofhtsenchofdehect avehnibhe acaseeferred
of intrinsic point fefects, di.stinc

' ' d .
to Fet videhe ¢ nt B¥SEi EPat O8F| REoRCAt B %%ﬁ?Q%E?Fggasgf Angwirl

deREVaCaHEsi €sp hbrpetptwilefiest sient 6F syper sabur abi am are
when cool i ng
detectable.

A method in the context of this invention is regarded as
economically viable when, in particular, it makes it possible
to pull single crystals with a diameter of at least 300 mm from
a crucible at a rate which is equal to at least 0.5 mm/min and
delivers defect-free semiconductor wafers with a high yield,

expressed in terms of the total yield of semiconductor wafers.

DE 103 39 792 Al describes a method for producing single
crystals of silicon, which are optimized in respect of their
defect properties. The focué of attention lies on intrinsic
point defects and their agglomerates, as well ag the Voronkov
model which allows predictions regarding the formation of such
defects. In the case of intrinsic point defects, distinction is
made between interstitial silicon atoms (interstitials) and

vacancies. If point defects enter supersaturation when cooling
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2 the single crystal, then silicon interstitials wll
form aggl onerates which can be detected in the form of
di sl ocation 1oops (A-swirl defects, LPITs) and snaller
clusters (B-swirl defects). 149 the event of
supersaturation, vacancies form5 vacancy aggl onerates
(voi ds) which, depending on the detection nethod, are
referred to inter alia as COP defects (crystal
originated particles, COPs), FPD (flow pattern
theeferedy, ctystaéloééﬁmz@élup@nt1@@@ﬂﬁéﬁéﬂ§ﬂamwuiyjﬁorm

agg ﬁg%&téﬂr&ﬂ%%hp%bgebed ?%%%%g.mg%%%en S YUY di%1ocation

nsure that the sem conduc ers o si lIi'con have
loppsA{awewlirdeflefestisn @ Tisegiaod smelléeantclfimters (B-swirl

in C one n [ free_as SSj
R S e At e Tt S T
vashhuytagglmmékhSeef(Nbdde@nwhnehtsdepemdnag on the detection

m.conductor. wafers which f S renent
me UG tbh FOTErFE 0 18tEE BlhBersr FOE GF Feoirtrystal
or@geﬁaté@ugartﬁe&ésqrms@@b |EPDIQQIOQG@@t@hEm @@&%@w@s LLS
mal | er COP defects or B-SMAF| defects, or both defect

1@9@%%Zes&cébaaFnaCﬁGtﬁﬁsr\%r 6%k B ORpd &R reCire SULFRGEN §¥d de

dePOLPE) defect st ypecWBheY) k8 ELRGOHBOEALRD thR @XEASHNIUMDY
the crystal lattice when pulling the single crystal 20

wafepends 8sséAaPnahpyeonot Resiatilodsfeche pil Fheatre€n ot
rerﬁbgﬁt Ehe kBahélﬁgy%@' cbﬁpe%h%g féﬂ@ Lhe el tf’re%ndols

e tenpera ure di ent G perpendicular to the phase
POﬁ@Mhberyfbﬁﬁﬁeéﬁfﬁﬁés yhowengisendhiescipstake apaddehef the

nste a g Is
R
wafenpewhiohefgiﬁdﬂénthdseec&qdipempendiambapﬁyeMOreﬁerred to

S ace of the nelt |s a SO _Us calculatl .
as PPEERSE- Phot N8y Bk srRe L aP sl E e B B R o S B TS e
geﬁ%ﬁ&BByO&onsahheOBmamﬂerSCDPIdbﬁestCbeaBeéw1kﬂ tegects, or
ratio i s cseded anc

h
both i Ee i EYbPE .t AEFeT e gy ey Loes V8ol oY afetes fhe

ins s o0& %Bﬁn@rﬁé6@E€CE§pQGWHQCEOEHeﬂndappaﬁéted in excess
essentially on two process paranpeters, nanely the

inie oF eRETORRH FBEF6CY CIaRADTRAIRaT Bhsr SARELR CRaStal
deSé@L €essentially on the ratio of the pull rate V, at which

the single crystal is pulled from the melt, and the temperature
gradient G perpendicular to the phase boundary between the
growing single crystal and the melt. Often, instead of the
temperature gradient perpendicular to the phase boundary, the
axial temperature gradient directed perpendicularly to the
surface of the melt is also used in model calculations. If the
ratio V/G falls below a critical ratio, then an excess of
silicon interstitials is created. If the critical ratio is
exceeded, then the vacancies predominate. If there is an excess
of vacanciesg, the size of the COP defects being formed depends
essentially on two process parameters, namely the
aforementioned ratio V/G and the rate at which the single
crystal is cooled in the range of from approximately 1100°C to
1000°C, the nucleation temperature of voids. The COP defects

are therefore commensurately smaller as the ratio V/G lies
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crystal is cooled in the range of from approxi mately
1100C to 1000C, the nucleation tenperature of voids.
The COP defects 35 are therefore commensurately snaller
as the ratio V/Glies 3 closet to the critical ratio
and the faster the single crystal is cooled in said
tenperature range. In practice, attenpts are therefore
made to control the two process paraneters when
pulling the single crystal, so that the defects created
018§65 §8pEP§aF6ﬂ L6 &@tﬁébéﬁéié§eréﬁ§FﬁISﬁ§q SBiligh crystal

anBOged LAt epfieree W%kﬁakﬁ%ep&%%%%t'Q& %&a%kﬁﬁ&i‘”&ﬂ%empts are
onponents. Since he structuré w dths of the

th@éﬁﬁ@ﬁ@nm§déeépe§9@nm0ﬂht@@cﬁWOg@ﬁ@ﬂgﬁﬁo@anﬂm@uﬁﬁaaﬁhen
u§l§ﬁ m@hghsﬁﬁ%létb&ks%%ltoggrﬂhgq t%%CB%Q%%§s ﬁﬁeated by

acco |ng Yy to corrosion of the cruci
Supsuahtyr@omgnspfnga@ﬁncqaarrzma@myg@nlwIdMQ%mexthéo

infBLEe, ING1OXYORR LORIRSTRM o301 6BLLE0 B SEIRBLALRS | Bince
Si ng crystafF “(‘as ‘grown bu m Cro
thBN@Biutheeewadehéesirahbecbmpaneeteadecembsetwb&&a@seh

9o REmeL Voo  "anc "PhCs “eah BB d2eioPnobrddr o HvELch

de€pBhasknastsranaylf.om the region of the surface into
the interior (bulk) of the sem conductor wafer. 20 I|f

the single crystal is pulled under conditions in which

owihg tbatbpr¥bEohi 88 enkycglicgbtkyuabaveyt benekistiied) of
ratio, then the__interaction of vacancies and oxygen

quatbfs AK¥BCRoYiBlsEBAST thRi BRLEI veRei SEYESNOSPTHEf SREd 1 so-

caiPéﬁdéféQDpiBQHé§d ﬁteaglegngﬁ@ubk§gta1hqaer%%%%&eb%ﬁkamlcro
zone W th 'such seeds (CSF zone) is”25 usually detected

defgclabj BEPF hg Bhseri asRddesdraRhfeE? auretrfonn exgent because
i.n ta X | ep_a
e LIS Rhec B 0rhdath phc, Sl OXUEPRon MR g5s. anc

thiSs ncan tihe suseeéf st orgpe te mokemﬁsehdepntﬁmmnahtSOawhg from

func al -1 gL f. c ni n
en{UBELignohe BLEOELEY o8l SLSCRN S BT T Le) o ene
semxwommmmmpbe byfeeduci ng the concentration of

If the single crystal is pulled under conditions in which the
ratio V/G lies only slightly above the critical ratio, then the
interaction of vacancies and oxygen atomg also forms seeds,
which give rise to OSF defects (oxidation induced stacking
faults). The presence of a zone with such seeds (OSF zone) is
usually detected by subjecting a semiconductor wafer, cut from
the single crystal, to oxidation in wet oxygen at about 1100°C
for a few hours so that OSF defects are formed. Since this
defect type is likewise detrimental to the functional integrity
of electronic components, endeavors are made to suppress the
OSF formation, for example by reducing the concentration of
oxygen in the melt so that less oxygen is incorporated into the
single crystal than would be necessary in order to form OSF
defects. The OSF zone can also be avoided by modifying the
ratio V/G, for example by using higher or lower pull rates. The

formation of OSF seeds can moreover be reduced by higher
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oxygen in the nelt so that | ess oxygen is incorporated
into the single crystal than would be necessary in

order to form OSF defects. The OSF zone can al so be

avoi ded by nodifying the rati® VG for exanple by

usi ng higher or lower pull rates. The 3 5 formation of
OSF seeds can noreover be reduced by higher 4 cooling
rates (in the tenperature range of precipitation at

900C). It is furthernore known that in order to avoid

copgiEngdEréets, (it Ghe FAFRNEedss Taoe v furfl e ihdsten at

90b@CGONERI A A £ 1SR drffHeC ®HA WAL 11012 0fi NHH RGN0 void OSF
Particular difficulties in controlling the ratio V/IG

defestbt ifr ém tlieadagava fote tdien§iaddey straistmsludie yeontain a
sm%%?'%oﬁ%% %%éggoﬁlg% at the center, so that
t

e ratio ecrease fromthe center toward the
edge. Despite corresponding control, 10 this can | ead

.un ept.abl.y, l.ar. fects :bej f - t.he
rab 8 MBSEeR A0S OFP JRLSS e D9 S, W/ i
frdepehdefieytot hGtonHehes imgdiealcryesialli omual 1§ dgolmustaster at

t herefo be .t aken i nto accoun speci al |y
engorage Fian o ear et ot EretolTE Biachs Wk, decreases
fréimzenbl ecdiamet-ens rar € Hanteeld@ed Deephe el T garrediteediing control,
econoniially. In the afggﬁgpﬂtioned DE 103 39 792 Al

thig FanplEREsEq H5aCCHRET PERSPGPE GERELS disidd dprmed at

thbr eanbelowntgwar d -he ricerirel-tef ihhenphasgbaurgany. The
This is intended to achieve two 20 effects. On the one
deRgRASNERe O nEr O8s &hien Ak 2tle RREL AL GFe ¥ /g Cddi)entmust therefore

beCPRREAT t ARL ﬁkk@u&ﬁee%%%ki%ﬁqgsﬂ%%h 38 fletrended tQmiconductor
make it possible to inCrease the pull rate V
wagpreespoRdiAglR, Wikt wdFealdrediameRersr e Baibapded to be

prgggggatggonggigg lggher hand, it is intended to

§ .
onbgenize 1.e. equalize the radial profile 25 of the
ratio V/G so that it varies as little as possible from

Inggﬁ%fggé%rgéﬁt%%egd%% 95t BE 95?5%1?0‘1@.%@’ Ra#%%!éeﬁis to
possibleto the critical ratio. this
indteat egyrantpbgst béadieblte diaepteducectebediow iteavard the
ce%gg}cggdgﬁgoéhgggekgu%%ggya This is intended to achieve two
effects. On the one hand, the increase in the temperature
gradient G concomitant with the heat transport is intended to
make it possible to increase the pull rate V correspondingly,
without defects therefore being generated. On the other hand,
it is intended to homogenize i.e. equalize the radial profile
of the ratio V/G, so that it varies ag little as possible from
the center to the edge of the phase boundary and lies as close
as possible to the critical ratio. With this strategy, it is
feasible to produce defect-free semiconductor wafers with a

diameter of 300 mm, in which case the single crystal can be

pulled at a rate of 0.36 mm/min.

US 6,869,478 B2 describes that a phase boundary curved in the
direction of the single crystal generates a temperature
gradient which is steepest perpendicular to the phase boundary.

Taking into account the Voronkov model, according to which
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di ameter of 300 mm in which case the single crystal
can be 30 pulled at a rate of 0.36 mMmn. US 6,869, 478
B2 describes that a phase boundary curved in the
direction of the single cryst generates a tenperature
gradi ent which is steepest perpendicular to the phase
boundary. 35 Taking into account the Voronkov nodel,
according to which 5 point defects diffuse in the

direction of 1t temperature . gradi ent and according to
DoRRF CHELPIF G0l RSt LS CFRFIeT Phatai tiper Shire
gr¥aceanei esd bbcosditict her mpriendesarideed ithalrddie i dladidd f fuse
di ffusjon of silicon interstitials due to the curvature

fagtgr thenpHasensdGsdarty iic feE$ES8HRe S HFSSHhIRR &t the

ra¥@gangk esusabnt BE GeNtiRbrofinthesphase1Rowdarss tihe curvature
ratio VG at which the concentrations of vacancies

of ahlesPRREBNLPHNERLY QIS ASEST LHSP SR CEH teRH Bt IRfy vacancies

atWht Lherelore RecComBRsSHAbelhyy e58e a%thke WRRS& L which
boundary is curved nore strongly toward the single 10

ther genaentratthasi pfevaerscdfst padpisdddmon AvdRy o tHaes
at _t predicti f I.Str] '
cog 0Bk an e aa bR Ry WAy SheRER e Soeruely Lese
asatbeuphasdi bbendegyners guatveldy mogee stosiolonglopwadrdrmhe single
crtgfagefect distributions found in experinents as the
¥ard at which the single crystal is pulled is faster,
and as the dianeter of the single crystal is greater.

Fig. 1 shows an_extrene exanple of this observation. A
tng; Paren P ot e ot aE SF CBFTLoON OREHoR AOMenar tiaietis the
préfid00on® Y8s pulfeed daktaibughopsl | efahewieeh ahey take the
i.nhompgeneous radi al profile of gég was ag%ysted. I.n
raghal c@het REPREGPEN IPTPGARES UAH] uST&d S F o CRETER S UG HYatmOTe
st+begipr mpbhophef gArswkr hidefrestis ieaul dobedexpeetefddifents as
this region according to_the predictions_of the
the/oFdhRovt nBBerh 55e| Fipgée, ChyRedér 1scoPlderfedsss fristiea and

as L8O £LmOE c POLE LRBNs3Ag1BMWOEEf oyBd gkl the edge
region, the ratio VG waS adjusSted to ge so high that

| arge COP defects should be formed there. In
Fig. 1 shows an extreme example of this observation. A single

crystal of silicon with a nominal diameter of 300 mm was pulled
at a high pull rate and an inhomogeneous radial profile of V/G
was adjusted. In the central region, V/G was adjusted to be so
low that the formation of A-swirl defects could be expected in
this region according to the predictions of the Voronkov model.
In fact, however, COP defects with a diameter of more than 30
nm were found. In the edge region, the ratio V/G was adjusted
to be so high that large COP defects should be formed there. In

fact, however, A-gswirl defects were found.

These results showed that the strategy hitherto followed in the
prior art, of adjusting a ratio V/G whose radial profile
changes as little as possible and which corresponds as far as
possible to the critical ratio, will not be successful when

defect-free semiconductor wafers of silicon are intended to be

produced economically.
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fact, however, A-swirl defects were found. 30 These

results showed that the strategy hitherto followed in

the prior art, of adjusting ratio V/ G whose radi a

profile changes as little as possible and which

corresponds as far as possible to the critical ratio,

wi Il not be successful when defect-free sem conductor

wafers of silicon are intended to be 3 5 produced

economcally. 6 It is therefore an object of the

present invention to renedy this situation by
ItDEQVtHéﬁgfarFEEhOdebbthoWﬁtS&f@@@@@mﬁcahhﬁntﬁcfhﬁo remedy

invention relates to,a.metho r producin .
thigns LbHAbEPEr PYvBF NS SoFTsPl MESROCHRFTS g Hehg conomically

pul ling of a single crystal grow ng on a phase

boundarz.fron1a melt contained in a crucible and the
The ut RVRGC 6P sERLEGREUECOR MaFePs frEnPEREVSHISe & Sdiirgngtuctor
waBEYSt8E, sYerehn E%%brﬁ%iﬂ%'hﬁ%r diteng egntelsielgitherystal

phase 10 boundary during the pulling and a radial, _
grovbRy| @lop BRAEE] BOVREATYr KPIhe @@gﬁepOPéaaWEQHQ@-@fcruClble
anahghghéégt?ﬂnggr¥eh§c8ﬁ@h595ke@afe9%t@r@mb%ﬁﬁgpkHQed single

tenperature adi ent perpendi cular to the phase

crpountaryhandini hrav bei Aglimerpdl kor at ecatewhiodh tiige phase

i r |, f h : Wher e -
boRhdPLF GRYSHET rhE B eRte, SR, BUPaTat pRREAICEE B Bt o /o
frohathée heept éectoon eHgenopfiechanpbakesbpessiafriyelids domtrolled,

.the.sjingle stal . which diqi.n_th hase . ary,
wifBGREIME ChE°t Broeblbile AL BaL B RERA AAIB0EY che
phaoé rboshdappi ahddef ent ¥. b2On4f the pniénsbve studihdsh the

'thﬁ inventois,have idgn%ifieg t he Eonec ani cal .stress dial
SRgLE (ST REC AL poSSPBIACEatEEM DYSWAERR . CRE SREEFiAenta Tadia
prObses vat i ens #ayibeverplai pedtpbaustbky. that the effect of

Ther nonechani cal stress fields can influence the .
thephertratt oal 6Frﬁﬁ€r#ﬁ@hgspapnFﬂaeﬁéee € grystal, which

adiben ef oL ephRder setihdaalsoitheorkpedaheet oMb @Rspedtaof the
surprisingly strong way. According to the inventors'
crefistonerf esNtFhBSSEr BRGER BELERES -t her nomechani ca
stress fields nust be reduced and their effect nust be

conpensated for in the configuration of the radi al
After intensive studies, the inventors have identified

thermomechanical stress fields as a possible cause, by which
the experimental observations may be explained plausibly.
Thermomechanical stress fields can influence the concentration
of intrinsic point defects, and therefore indirectly also the
defect fofmation, in a surprisingly strong way. According to
the inventors' discoveries, the strength of the
thermomechanical stress fields must be reduced and their effect
must be compensated for in the configuration of the radial
profile of V/G, so that in particular single crystals with a
diameter of at least 300 mm, which deliver defect-free

gemiconductor wafers, can be pulled economically.

K.Tanahashi and N.Inoue, Journal of Materials Science:
Materials in Electronics 10 (1999) 359-363, have addressed

thermomechanical stress fields in crystallizing silicon and
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profile of VG so that in particular single crystals
with a 30 dianeter of at |east 300 mm which deliver
defect-free sem conductor mafers can be pulled
econoni cal ly. K. Tanahashi and’ N I noue, Journal of
Materials Science: Mterials in Electronics 10 (1999)
359- 363, have addressed 35 thernonmechani cal stress
fields in crystallizing silicon and 7 their effect on
the diffusivity and solubility of intrinsic point
thHéFe€€§ecﬂlPﬁo&@ﬁ FH@FWﬁ%ﬁ% S0 Fe SR ithatok Hertrinsic

poligemakiraptaf, aitltneRiyH RtRRStHdneaks ithd herdmdynad«<ally
pronoted in the region of tensile stress and the

forppirarrorforid ipasarnaites St tire sr ég dieam
prEhbess. ihhehe madslon ¢l culatinensaleso shewdhattdision of

shoul d not exert "any special effects on the defect
vafenmacpoRl Hbfevegicrheli wpawress ik tegssesddteir model

caiEM?QEHBHﬁhgigod%%%%y%%%Q t%g tgﬁbu%%PnEEf% eragﬁgespec1al

ernmomechani cal stress fields can consi dt
efaadteheni hhentiedrctedoesttibvat. t he strength of the
stress fields nust be |imted. Furthernore, their
effect nust be conpensated for in respect of the
Howeeartonhefihnbnto&gcofpmhatp@eﬁemtsidﬂdm;ﬂan have discovered

expedi ent.| k n 15t ratur I ent
eng PR o EBe e SRR PR o b ar SR eR oY & iaHdh) Chn be
cofigipeesbilge ahdes&eandvaﬁtdbnstaaehe@ramatomaeo%w&@mgth of
ghase bougdaié, reatgr Ehan in a re% on which is undﬁg
theREFPES LEFLES, ™ifforhs LaR1EGFe FEGORTEPEhe tiSi &t fect
muﬁEY§éaboﬂﬁdnsﬁtbﬁnﬁ&rainf@és@&ckhéfphﬁéecﬁééﬁd@hyofTH%trinsic

greater tenperature 20 gradient in the region of the
PO%%Hp@%%%FP% sthés§sés ﬁﬁ?@glﬁntﬂﬁrégpenﬁﬁb e TG [Hhcon

teM?éﬁé@uké'Qkéd@éﬁt'@b|§n @hk6510ﬁ|b@‘@ﬁbesﬁﬁ%lﬁa%%@@ﬂ%i which
SO present oW ng to the conmpressi ve stresses.

isswafleEr CPERpEPaLUPes§F 88FeAndi AJI RENFeG @ﬁnéﬁatlh@one of the
ph£§@Sb$§n§£Eg S§e5§5§stﬁahaﬁﬂe5 9@&@8& Qi MRCARCHESer ten51le

avai l elimnate the Silicon interstitia
sta¢%@,pa@$@hn80anngd9@ refgéovonpr e5si gengtleessystal and

exPé&Juﬁ‘ cgd f%%' Qsoﬁhéaéflﬁgle V\anﬂgarf?' lpRan g abeest ikbh@le$ature

talned as a res
gradlent in the region of the compressive stresses makes a

larger number of silicon interstitials available, which
eliminate the vacancies also present owing to the compressive
stresses. The smaller temperature gradient in the region of the
tensile stresses makes a larger number of vacancies available,
which eliminate the silicon interstitials also present owing to
the compressive stresses. A balanced ratio of vacancies and
silicon interstitials is obtained as a result, which is
desirable because it is a crucial prerequisite for the

production of defect-free semiconductor wafers.

In respect of the ratio V/G, the invention teaches that a
maximally homogeneous radial profile of V/G is not to be
sought, but instead an inhomogeneous radial profile with a V/G
at the phase boundary in the region of the compressive stresses

which is less than the critical ratio, and with a V/G at the
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desirabl e because it is a crucial prerequisite for the
production of defect-free sem conductor wafers. 30 In

respect of the ratio VVG the jnvention teaches that a
maxi mal | y honbgeneous radi al ﬁ#ofile of v/Gis not to

be sought, but instead an i nhonbgeneous radial profile
wth a VG at the phase boundary in the region of the
conpressive stresses 35 which is less than the critica

ratio, and wth V/ G at, the 8 . phase hqundary in the, .
Phrgs; BRUBRATHe e nbF| S0t PBsSEs TR RTINS 1oy Fids s Sehaf ich 18
gréheeer thhgakheatiror ithe etictibcalrheatirq tiigallheadiat i the

\MCSmZich is a,prereguisite iin the case of a fl at phase
rabbanydafyWaeehr dtng PoSEREWS5RK I elCas& ot f4at phase

bodehgel acterming excess 9brpakdt edebeats dics theft a defect-
created. Fig. 2 shows that the ratio VVGin the regions

EoppinfecXFREFPNBREBRARCAPLEEFEsS Sf PEFISTRASEI ffer ever
nore strongly fromthe critical ratio as the strength
of the thernomechanical 10 stress fields increases. The

Figondrebsrgethall thAsrRrEist VéSses the Beddppectdd t&ign be

thgfﬁg%ggﬁgn9¥a§igH&@EEO@%%@Bguhﬁ%%?aﬁﬁgegb@Rﬁ&CH@h%ystrongly

aval e progranms nmay be use cal cul at1on
fréortexgaapieithé FrowoMedukbepebyraatiy ol t8enitdermtgoteshanical

nel R L I'n 1 ' .shows -t I
ot TE80nE| 8o FERERLERzol s Bofkland RO bl gpresees
toobet éepeonpdesashvbespredsesedntyVeGnuhathernr egilomleftions.

the tensile_stresses which is inportant. .The radial
colfert ATy SaVpiRBTE, BPRORRNS BAR: Poi Pegcintrhaiciv ot
calcﬁl&ﬁi@nhsfat éﬂahgasttgéeanew Mbgﬁlé.ﬁrogmeﬁeﬁabhy
reater than_ 1.8 a nor.e refer reater than 2,
sefteouSteh & arrchrALopBnsereRhere TAE n the regton
whi ch is under conpressive stress and (V/Qt is the

~highest ratio VG in the region which is under _tensile ,
Figt résshowssthated) BasbdcBkeFudFveéPytBR EREIQoPSRIEEN V/C in

th 0B BUEHeaSokPeaBevEOLpULated £an e¥amphethe PBgion of
thgigzngifgzsﬁiésses which is important. The radial profile of
V/G is preferably controlled so that (V/G)t / (V/G)c is at
least greater than 1.5, preferably greater than 1.8 and more
preferably greater than 2, where (V/G)c is the lowest ratio V/G
in the region which is under compressive stress and (V/G)t is
the highest ratio V/G in the region which is under tensile
stress. A strategy based exclusively on the Voronkov model,
such as the one formulated for example in DE 103 39 792 Al,
attempts for a radial profile of V/G which is homogeneous and
which differs as little as possible from the critical ratio. A
strategy which furthermore takes into account the radial
diffusivity of silicon interstitials and is formulated for
example in US 6,869,478 B2, discloses a radial profile of V/G
in which the ratio (V/G)t / (V/G)c always lies significantly
below 1.5 and may therefore be referred to as virtually
homogeneous. Although semiconductor wafers of silicon which are
regarded asg defect-free in modern terms can be produced with

the latter strategies, this can only be done by methods which
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attenpts for a radial profile of VIGwhichis
honmogeneous and which differs as little as possible
fromthe critical ratio. A strategy which furthernore
takes into account the radial ¥iffusivity of silicon
interstitials and is fornmulated for 30 exanple in US
6, 869, 478 B2, discloses a radial profile of VIG in
which the ratio (MGt / (VM Gc always |ies
significantly below 1.5 and may therefore be referred
musp ks veEpeydedy asherogendcad 1 YAUVe@adH ose Mo miiraeat

1nW@ @Egnogvékbb%%% Whi;gh %E coﬁgﬁgdgq &> Q%Eg%knﬁ&%?édﬁordlng
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seﬁgégn?Sc£89a&g%%r%SO%C%qaqbg%l%&oHP%H @f% ﬁt eg%e
nven 0]

ron-over Shor't com ng “srnce G
diameoedi of whdchhési aveikeiaen é@@nmmahad|MhmMmsnhi@ukied

P RG-SR AGY ook T RS Tl RE. SCHFngr o oY TURl-ch 1 5. ar

| east 300 nn1and which are puIIed econom cal |y at
rates of at least 0.5 mmi Such S| m _conduc @;
SuGir BPULCRAPEATEFe "BIESE Sau éGPeaég {6 Bt AS

suEé@QH@éngéﬂlF%&d&bl&@”b@@ﬁ@&ﬁb@fs@&ﬁ%bﬁd@@idijwaﬂﬂis and SOI
waf ers, can_also be readily distinguished from

wafeFect CRRedl§enPEoRGaeLoY WAPEREINE SEEr Earmmrieds Correee

se&ﬁeahéuegbg %éfék@'%f Buhliedni pntibe kbewn /iRy, Al le crystals
ecifically by the radial profile of the attitu

Puéggdel@ Bheokigen WAY d8PaAnFPSELLACRARY. théheVGPGH@évprOflle
ofnpﬂslae£§9haesak ab @IBQ'%X9 xataha ngag%f%%EﬂfEﬁ%n%5 The

sem conduct or ers can pri rapid
Vopphkoif modhé péﬁﬁecasutéagraanehﬁ GKV§taﬁ@ré@§e@eﬁ©ﬂ§¢free

Seﬁgcégaﬁ Yay %Qﬁvfépﬁaﬂuh%lkéﬁgagg9fﬁ%”§ﬁ§§%%d QQ?%geonly if

icar Fatlo al ne anme tinme
thentempeedtheatgsaﬂpbytnéams ithatathd .pRady Boumddmsy way can

th?iﬁg ¥%@ % el%&r%F%%. ﬁg %H%Z ?1%? %g”%%%&% V/G

e singlhe crys e ex e curvature
matﬂﬁabﬁeép&tlﬁhedsbmeathabghﬁhh ifthireaksdt heasamepad yt heans
di st ance betmge t.he surface o nelt and the _center
"B

tht "t e SheShabe AR AP o O, hBCC SERDEH 08 foPdtioct Surved
coBt¥8l @l sSowhirehtpeespubliedcrystal. The extent of the curvature

can be specified by a height h. This is the same as the
distance between the surface of the melt and the center of the
phase boundary. In the case of single crystals which are pulled
according to the invention, the curvature of the phase boundary
is considerable. The phase boundary may also be regarded as an
isothermal surface, i.e. as a surface which is formed by points
at which the same temperature prevails. The concentration at
which oxygen and dopants, for example boron, phosphorus,
arsenic or antimony, are absorbed into the single crystal
depends sensitively on the temperature in the region of the
phase boundary. Inevitable temperature variations not only lead
to the axial position of the phase boundary varying by small
amounts in the course of time, but also to a take-up of oxygen
and dopants into the single crystal which varies as a function

of time. The different concentrations of these elements can be
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according to the invention, the curvature of the phase
boundary 25 is considerable. The phase boundary may

al so be regarded as an isothermal surface, i.e. as a
surface which is formed by poilfts at which the sanme
tenperature prevails. The concentration at which

oxygen and dopants, for exanple boron, phosphorus,

arsenic or antinony, are absorbed into the single

crystal 30 depends sensitively on the tenperature in

ref’ﬁ’éllségllan B e (Ha e Woln F&ry- 2GR  agHeh are formed

ackerBehat HEe thal 'p@:tdf‘irl% REt ol YHerd bdlﬂldé’l%/ aX_ﬂ:@'plan view of
position of the phase boundary varying by s

thgnggmt s onAucherc Yigfsa ofthe @& oWl S&Irs'l@ttlé?% ta@é@aafp &ff rings,
an@xggeEurQQQ QQB%%t% b et@%e% g & crystals which, through the

varies as a function 35 of tine. The different
sepdAeaAvcabiromsfelr tresdroieient 3 opgn tielinal spytion through a

- eal-ed,.i.n r ro i 0
pl%%%ngg gg%cgﬁggng Fg&%hggpro 2 gE% ghnghggg!%%ﬁﬁ e angte
© b phaﬁevﬂémeefprbwed@@nu@d@dm@ﬁ@@mmﬂégardﬂnggphmmdurvature

ofSEélatIGMIo%e%%%grasw%% ull%%gbg%hc%gﬁ éi8¥§%éél. Since

Cross sec on f the
singlieconguchas watﬁrsubhtbr@m@mlael@ﬁgkh@dmmwlbudaiangle can

hr ough a ce_of the l e cryst.al raofil e of .
on Ko B4t P PaUE=Enave 75 BFrRGs a°F PRSI 61t 4dE invention, in
soiﬂé@raattaeyragaﬁ@emgdbﬁeccufwabu@emlebnﬁh@tphamafers of

.boundary. when ullln e si n | e cryst Si.nce ngl e
SlEW@PaI hGi PROCULR a%petgﬁ 2 See S20de §dé *arg Srgdivocal

ind9capby berpraducegibyathenmetrhedecaceehdidnedcdridieig to the
invention, in so far as they deliver defect-free

in¥gRtéBRduct or wafers of silicon, the profile of the
attitude angle 0 is an unequivocal i ndi cator for the
application of the nethod according to the invention.

Thesimhent hoenthehefrEcePore aP4BLEREl Peg BeMgCconductor wafer

on%?%QQBHUQBQEh“ﬁggrneQ}héElb%?nd@@bEEshﬁ§rn%!%@q fjaefects

cts nor A-swrl ects nor defects with a
nogzj gePofleferest Ranh3e amirgewpthmareatdhnah 3gr of | @idh a radial

prQEQTQhoﬁt&%8&%8”§t9§a9§gggnogroQQBgHt%riaogghgg 4 which an
attitude angle 6 between a horizontal line and the tangent
applied to the growth striations lies in a value range,
expressed in degrees, which is described by the inequality 6 <
-17 x {(r/rmax) when the attitude angle 6 is determined in a
range of from r/rmax = 0.1 to r/rmax = 0.9, where r is the
radial posgition at which the tangent is applied to the growth
striations and rmax denotes the radius of the semiconductor
wafer. A gsemiconductor wafer is therefore a semiconductor wafer
according to the invention whenever there is at least one
attitude angle 6 in the range of from r/rmax = 0.1 to r/rmax =

0.9, the value of which falls within the value range specified

by the inequality.

It is preferable for the attitude angle 6 in the range of from
r/rmax = 0.1 to r/rmax = 0.9 to remain entirely in said value

range. According to the preferred definition, a semiconductor
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it 20 attitude angle e between a horizontal |ine and
the tangent applied to the gromh striations lies in a
val ue range, expressed in degrees, which is described
by the inequality e < -17 x f#/rmax) when the attitude
angle O is determined in a range of fromr/rmax = 0.1
tor/rmax = 0.9, where r is the 25 radial position at
which the tangent is applied to the growh striations
and rmax denotes the radius of the sem conduct or

wa{Rfets WSBATeBRdEcEEMIGAPERCFSTt KBFeForgECRTAINg to the

iniﬁﬂ%f@ﬁdy§t90ef9f5Eti@ﬁ@@rQh@@et@ thethBveRhbeNof from r/rmax
enever there is at_|east one attitude angle e in the
= @ahgecot/fram r/ Prlix1Eep. int bhe/ Yrare=rgp96. gperidied by the
in%@&gﬁi9§.“hi0h falls within the value range specified
the Tnequality. It is preferable for the attitude
angle 0 in the range of from r/rmax = 0.1 to r/rmax =

0,9 enai t] ' akd.v e - -
e 48 St STRARYRD SO Ve 95, OB o, an cne
radde oafEromsrfhearfere.a sencdéomdyctol . dafer rapedndiemgirely

,_to th invention.if every attityde angle La.the. -
in 8GR TFOMPr PPRER TH 6RaCFoPHl Bt oGy Baet dnepuaticy
—SMakuerf?mgf)speeiéied7bx thérmbrequatitbydibgl toi she
articul ar eferable_for _the attitude angle 6 in.the.

paforgal BT LY TBRPF FFRER 26181 F6OF) aRET6°50Hs PEmiAR et 19
the&rdfsedya s8macyalivetbangeruwhi gbcbsddegcebbetebyntkation if

nodi fied inequality -50 (r/rnax% <,0 <-17 X
eVEFY raak)t %%c%?ﬂ%ﬁgetbntﬁgelﬁaﬁg?t EuﬁﬁPWyrzF@F§rFe8'l to
r/ 888k Nith 08, 1 BesEMHCORAUGE e WREREei Speth€fi@HOBg 8he modified
~ sem conductor wafer according to the invention if
inegerditytitude angle 0 in the range of fromr/rmax =

0.1 to r/rmax = 0.9 lies in the value range specified

“by the nodified inequality. 15 Fig. 4 graphically
Figept esenplicabl iayebne@hnel &bai verdiet hich semiconductor

wafers according to the invention can differ from those of the
prior art. If the attitude angle 6 is plotted against the
radius of the semiconductor wafer, then it is only for
gemiconductor wafers according to the invention that the
resulting line lies in a zone that is described by the
specified inequality. The zone is restricted to radial
positions r/rmax of from 0.1 to 0.9, because the attitude angle
© in the adjoining regions can only be determined inaccurately.
For comparison, Fig. 4 respectively also indicates the profile
of the attitude angle 6 obtained for semiconductor wafers which
are produced according to the method described in US 6,869,478
B2 or DE 103 39 792 Al.

Besides oxygen and at least one dopant, the semiconductor
wafers according to the invention preferably also contain at
least one member of the elements carbon, nitrogen and hydrogen.
If nitrogen is present, then the concentration is preferably
from 2.0x10%? to 1.0x10*® atoms/cm®. The presence of carbon,

nitrogen or both elements assists the formation of BMDs and
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waf ers according to the invention can differ fromthose
of the prior art. If the attitude angle O is plotted
agai nst the radius of the sem conductor wafer, then it
is only for 20 sem conductor Wafers according to the
invention that the resulting line lies in a zone that
is described by the specified inequality. The zone is
restricted to radial positions r/rmax of fromO0.1 to
0.9, because the attitude angle_8 in the, adjoinin
theegtore LBATGHES Béed@FEFﬁFn@BlihazchEtéﬁy.arﬁ%C%&Frly

adCOMPRLLSQ8, £EL9end £8SREeRt L¥BE¥nak8eibAdEeabes chh@aratively
profiTe of the attitude angle S obtajned for
lowenTeo et ercaapEr BYREPERN BiBABESdLEEd faERBEdPRg Atfo OST

de%%%n%??fggi%e§ﬁé£QEQrEnp&%%@cﬁ@grﬂ§8adggn9ég@gu%o%oggghe

esi des oxygen and at | east one dopant, th
oxggen contcenbratafets hBecopubpgatoveh®y RATEAtI on
preferably also contain at |[|east one nmenber of the
el ements carbon, nitrogen and hydrogen. |[If nitrogen is
Fopresentollieg the ctedteht pabfohei efptbeerablip Vi/Fomccording

2. x1013 to.1. Ox1015 at qn® T e f
B R I A
whBMDsi @ngndwn tbehefer eni apfevesohhengebferhabel phyaneters.

.1s particul ar dvant agequs _for_the.oxygen . .
Sl?ﬁﬁuﬁhﬁ?%t?%ni¥gtg% ﬁ%ﬁbng?i€8FyvaFXﬁFng§epP8§%n53t8fOWlng
to hiygls ogen: &i-nder srt hevingmabi ba ab16SEo gefieécks. ebbniomically

therefore particul arl advantag$$us for the

a5 GBrEbHt et Foh T BELCURPAF At FUoY hPaNPOEBLE86nt FOLH AGaowres

ard Neihadi &t paphbt engf theersathd Mibrateobdi Bhe tempbeature
invention, in pr|n0|£le,ané nmeasur e may _be envisa%ed ,
ITafhi E | G KPRWR EOLABYE AR BRFeEeIsAnBnBlofNEhESEPTESSIVe and

teR PRl €F SssdQ ShAcsrihsgerbsthet kpech atbhUdenEObE the

~varying the'pu[l rate owwng to the criterion of having
inventyompl Bni® palbeas eebrewreaPyysuasapb¥srpnéighging and

in§§§%§§g§§a§§%réﬁggé¥ @§c@9§§ybbe,tﬂgsgiﬂgﬁéue%§stane the so-

sting the radial profile of "the
calkaperat urene gradfienecrpangirvul atby br eHétprBdronsastires

fo%E%wé%é%¥$$i%%%%ﬁggoﬂg?hgyﬁghg é£§§§§§5an8089égkggtﬁﬁg heat
from the single crystal. Measures which are already described
in DE 103 39 792 Al for controlling the ratio V/G, for example,
are particularly preferred. By mention of the document, they
are also intended to apply as disclosed elements of the present
invention. An example particularly to be mentioned is the use
of a heat source, by which heat can be transported in a
particular degree to the center of the phase boundary, and
particularly in the configuration of a heater which is arranged
below the crucible center and can be raised and lowered with
the crucible. Such a heater is particularly preferred when it
generates a radial temperature profile at the crucible bottom,
with a pronounced temperature maximum at the center of the
crucible bottom. In addition, the crucible bottom may be heated
with the aid of a heat source which is arranged statically

under the crucible and is therefore not raised together with

the crucible when pulling the single crystal. Together with a
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invention. This is best achieved by suitably
configuring and influencing the closer vicinity of the
single crystal, the so- called hot zone, and,

accor di ngly, al so by suitabl eldeasures for supplying
heat to the single crystal and dissipating heat 20 from
the single crystal. Measures which are already
described in DE 103 39 792 Al for controlling the

ratio V/ for. exanple, are partlcularl¥wfreferred By
CoORERTEAANGE EREcIbeghETt, HER cacd et ededile, heat is

thﬁ@pb¥e§érgb§9|@%QQV%E%@E%EStQT tR8 tPrieSered RS | Ofhe

exanpl e particularly to be nentioned is the use 25
deeﬁ-ra_dhéaﬁts buyroepPory wWhirel tigdat ovar b & her @esyent &f ithey phase
oofARLEGUEAY 9GECBe! 8 IEreeaLel Ohy) 18 ARASE BUUNIANEible and

an artrcularly in th configurati of a ter
thehsthals arvanged inbéhewsthe ceunsiebl eveenttérougid tden iyerease
rai sed red wi.th-. _the_crucibl
o8 ERERRRY I phTarar ad ahe PEodo gsns atis (3 S ichal use
oftﬁa@aeaturélpﬂdblIenapamhecuﬂamlhbelb@mt@ﬁlfumhdszbr CUSP

. nounced tenperature nHXI the center of the
1 ] G BT cEBaY BONTo| RoRUa LFon SLAE cPGS BFe hseroi iy
coheeheatedonWwoEhokhgeai dnotha kBeablsourgetehi ¢ i1Smited, but
arrang [ under the ¢ ible and is

stati cal uc
al?ﬂe?%f%gEGHBtcﬁﬁig@deﬁﬁﬁéﬁﬁeinF%ﬁ Sath&ETRRFEBIte WS, CUSP

fipubki ng phecstnghe efystal cabrgetBemednkh farlFocusing a melt
conventijonal side, heater, which encloses the crucible,

flawavhich tRudiprererabPyadel fouwpsd £Ht RENELt Oftn thier aase

boWBYSry THEq anhggerhgahegean@aegte@Ee%%tqg awaenrd kel
center of the phase boundary may al so be brought about

progovpeedi Wgerheher nerbralardanet RéE §hRgCESEr figeadrd i where the
cué?ef§@ﬂ§ é§ﬁ§€ese¥8nahh9§ggyhﬁétkgefﬁggﬁzoﬂka§ Eﬁ%ﬁ%bylles at
By the a

achi eve €SS pronounced. itional use
a daghente dbevedsthenspafaireubar ther mednt ahifiheligs e@{rual to at

1e%%€ o hg! dg ?§r£58¥ehh99rﬂﬁgﬂ€trégfESE?%asE% Q ey can

concentration of “oxygen I n single crysta
tethpardedre butadents@ anm efteoﬂecanwhécbxeuteduudsth@e single

Tt bt S ot hRaRe FLY FACALPRGSE REF DEPBwiitn: oRTree
crgdst £t eti kpwasd sanwaadlehéoeenbatrrofilihg phaseemperature
gradient G, but also for reducing thermomechanical stresses in
the single crystal, i1s a heat source which heats an edge of the
single crystal adjoining the phase boundary, particularly
preferably in the configuration of an annular heater

gurrounding the single crystal near the surface of the melt.

The annular heater and the cooler are preferably operated in
such a way that the axial temperature profile on the surface of
the single crystal can be described by a curve which has at
least one point of inflexion, i.e. can be approximated by a
polynomial of at least third order, and which therefore differs
from the parabolic temperature profile described in US
6,869,478 B2. The preferred axial temperature profile is
represented in Fig. 5. The single crystal is preferably not

cooled until a distance above the surface of the melt, which is
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boundary and transports heat. This effect is
particularly pronounced when the neutral plane of the
CUSP field, where the 15 CUSP field equates to an

axi symmetric horizontal fieldl4lies at a distance
above the surface of the nelt which is equal to at

|l east 50 mm A further instrunment for increasing the
tenperature gradient Gis a cooler, which surrounds the

single crystal and effectively d|SS|pates heat from
grepécsi fgpa fbechpsalit. N beéWiese $lier isindepprof the phase
boﬁﬂﬁ%&?'Ehﬁgthgesh%@%%%ab%r% r@hadient G but also for

reduci ng thernonmechani cal stresses in the single

crystal, is a heat source which heats an edge of the

i;ngle ghystal i nj hase paund; £ th
ei SRRV BERL S0 O BB LS CaNase BRI puorite of cne
tempamhanrheatedlzﬁts@ra@@ndhﬁgsthengwhgké ¢&#sﬁékﬂm@mmchanlcal

the S rf of . t he |t n I a £

588Fe? a?égprg SpébgérbﬁgFa ﬁ 552&62E% may q%% Q%ﬁgle
crgxtaﬂsteﬂpetBEUb&epmahﬁlehensthat&gyfaeea@bpud&aaﬁ kgleping

| tal d whi ch h 0
KR BACeRB L CoP T Y CeRPORCTEOEMEM B AppFOR rared clooe

tobyha cpeotysam aktab gFibeast)thohd ehdehe atthewhimeihd

therefore differs fro the arabolic_tenp ture
PrRFEPALBIJBSEPFHE S KoUSheg 1856k 38mEA F 1ﬁhe6ﬁ)3ef drfr &fpe radial

préXiak b@np¢GaE§r@oﬁEQ§bE§dlﬁomb%@h@&@@ﬁ%d ichell G ﬂéglon is
The single crystal is preferably not 35 cool ed unti|

foHW@@ahEetQBoﬁénﬂﬁ§ Stvehed W thhétkengl YWRreRGECcps

coﬂ%§§§§£véh§8réggege'QBECB between Eh%e%%Qﬁqrﬁghélﬁi the phase
ase boundary and the surface of a nelt. Figs 6a and

bOBbdéﬁﬁw/an@oﬁpﬁﬁgééﬁ Wi thhetraapadly prerpracst tiemss le
st%%gggéa%ﬂ ShgéaSb§HE gha@gggh e§EmEnQEht9E Lhegie %§ystal and

er nonechani ca stress for the rapl
thepuphbag bbuhdeyy - sﬂhgleonseggﬁabg,Oénthhé dise thautd tiiee ratio

trat d Lt di al fil .
R e e
bothirégabnsafrom(Ehg vBaye ahdcbnwbhédobkeneckasgal® in order

-oPEREERCAnaRCEr GLIGLA, LUBCLOVER! L0 (ELS, Bkl hbhece. 1n
cohbeasa tegthhsi Sthe different spacing of the isothermal lines
in Fig. 6b shows that such a detrimental adjustment of the
ratio V/G does not take place with the method according to the
invention. A high temperature gradient G is adjusted in the
region of the compressive stresses and a lower temperature
gradient G in the region of the tensile stresses, as a result
preventing a defect-forming excess of intrinsic point defects
from being created. Fig. 6b furthermore shows that the strength
of the stress fields is reduced by using the annular heater,
and it is therefore easier to counteract their effect on the
defect formation by adapting the radial profile of V/G

according to the invention. The height h is preferably at least

20 mm.

The oxygen concentration in the single crystal is preferably

likewise controlled, so that no OSF defects are formed even if
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formed in the single crystal with strongly pronounced

conpressive stresses, which adjoins a central zone of

t he phase boundary, and a region with strongly

pronounced tensile 15 stresse$5whi ch adjoins an edge

region of the single crystal and the phase boundary.

The consequence of this is that the ratio V/ G adjusted

to the critical ratio differs significantly in both

regions fromthe val ue which woul d be necessary in
therdéngleéocaystdlaidebudieflorning exvdésionsi whiichsipgomote the

oint _defec I nt pas 0 LS, di-ffere

roBL Bl 5 5F bigh BsfRera Of ket oFAR 55%8s Shoue thar ™
prsfichalalvledt soeheabuddfiusenenbxgfenheo thtitoewoGadoesicleation

not take place with the tho t di t
cePbbehirEn PACRPLR Pelparaptpebgranatroas S48t 24 i n
cohbentregion atcvhdiagnppeasrTMesstndssdsFand-&3l anelthe range
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thd b1 PLREesabl ¥nat oLegst o 28nBThalheno%¥¥9eRese control
concentration in the single crystal is preferably 35
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th@reher all yazost r akl ®d1vi as thpréselidestiengtrhtgematdbedt from

by the nmagnet coils, via the pressure in the pulling
O-%é%t%%w%n 3v@9afﬁéffhgm/rate per unit |

Comparative Example:

An attempt was made to pull a single crystal of silicon at a
rate of 0.64 mm/min, with the aim of obtaining as many defect-
free gemiconductor wafers as possible. In order to achieve this
aim, the radial profile of the ratio V/G was controlled
according to the strategy formulated in DE 103 39 792 Al, i.e.
to obtain a maximally homogeneous radial profile lying at the
critical ratio. The maximum difference from the critical ratio
was actually no more than 9%. With this strategy, however, no

defect-free semiconductor wafers could be obtained.

Example:
In order to produce semiconductor wafers according to the

invention, the same device was used as in the comparative

example.
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10 time with which an inert gas, for exanple argon, is
fed through the pulling system or by a conbination of
these control instruments. The oxygen content in the
single crystal is dependent ®h the melt flows. Wth
rotation of the single crystal and the crucible in the
sane sense, for exanple, 15 increased crucible rotation
| eads to a higher oxygen content. Field strengths of
at least 10 nT (7960 A/m) to 80 nmT (63700 A/m in the
nelt are particularly preferred in the region of the
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16 The device represented in Fig. 7 conprised a

cru0|ble 8 containing the nelt and a side heater 6

r(%HEQﬁgréogalgrHEéPﬁ@me@ﬁaM@&éla§t§eB§aE1§mH§|anthe
thernore two nutual ¥ posite magnetic field

sinol¢ scByskRkEh YeRerared adcﬂsp HaghehPe zpne| Withnghg aid of
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ransporting heat to the center of the phase boundary
profrdhe W@ﬂ@hﬂh@OSdM@EBSE©¥@1éY 9alcouharesehhar edagticthe
st eéées £§g§ﬁﬁetr1cally and isotropically, was used as the
simulation program. The calculations were based on a Young's
modulus of gilicon, E = 150 GPa, the Poisson ratio v = 0.25 and
the linear expansion coefficient o = 2.6x107°/K. As shown by
Fig. 8, thermomechanical stresses of up to -26 MPa were found
in the region of the compressive stresses, and up to 7.53 MPa
in the region of the tensile stresses. In order to take account
of this observation, the radial profile of V/G was modified and
adjusted according to the representation in Fig. 3, with a
ratio (V/G)t / (V/G)c of approximately 1.93 and (V/G)c /
(V/G)crit of 0.7 and (V/G)t / (V/G)crit of 1.35 and with

(V/G)crit being the critical ratio.

From the single crystal pulled under these conditions at a rate
of 0.6 mm/min, defect-free semiconductor wafers of gsilicon with
a diameter of 300 mm could be obtained with high yield. Neither
A-gwirl defects nor FPD nor OSF defects could be detected on

the gilicon wafers. The examination for COP defects was carried

out with a scattered laser light meter of the MO-4 type from
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were a stationary bottom heater 7, a cooler 1
surroundi ng the 10 single crystal and cooled with water
and bl ackened on the inner surface, as well as an
annul ar heater 3. A map, which’reveal s thernonechanica
stress fields in the single crystal, was conpiled for
this hot zone with the aid of 15 sinulation

cal cul ations. The aforenenti oned Fl ow Modul e program

whi ch two-di nensionally calculates the elastic
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in the reglon of the conpressive stresses, and up to
5 r egLo hget SS h
ridy S35 P, 40 G PRECRSBi £ L ENahLe SLLR SRy whion che
pr@fnieI@fothéﬂdbpastnadrﬁaédoaadwas adyasﬂed ad@ot@ﬁﬁgmethod,

cnt ity cebt L far Ok Prirery 3 og Bh oG Jiphe o delktsee
el@cﬂrﬁ@ﬁlIyQC§ig/ 0¥/ Ehowst theé 4136 adeMDEha @Vhéﬁcehaped

the. critical 30 Fromthe singl.e cr
1ongiPlatiencreehidn EBbaRopone a0 ToBb Bh Estethnihe, pulled
siflgfecérysegl sermigondycteprwpénts ohesivhiycan whibkh ahe radial
di aneter of 300 mm coul d be obtalned th hi_g g g
Praft taert BhewRFF1HEfeCRRINGr OFPD REF2 PsBéﬁe vyeaa pgting

thbes et egi o 9p at heoskl beepivaf ersoudherRraBRatbaAuLebr
COP defects was carried 35 out with a scattered | aser
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4. Vbl.43, No. 4A, 2004, pp.1247-1253. No COP defects with
a dianmeter of nore than 30 nmwere found. 5 Figs 9a
and 9b show the result of a photoscan, by which the
As profaleeofat hee dopanh sddiniponsowaber eveahadionnotfhidepant

st?fgggéks, the radial profile of the attitude angle 6 may also
be established by a similar evaluation of oxygen striations.
The oxygen striations are revealed by etching the fracture edge
after the precipitation of oxygen by a heat treatment, and

assessing it by oblique exposure to UV light.
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charge carriers are stinulated by |aser |ight and
detected electrically. Fig. 9a shows the side view of
a panel -shaped 10 | ongi tudi nal section through an 80 nm
| ong piece of the pulled single crystal. Fig. 9b
represents the way in whichl8he radial profile of the
attitude angle 8 is established by evaluating the side
view of a cross section through the sem conductor
crpamer. The radial profile established for the attitude
angle 8 15 in the exanple corresponded to the profile
represented in Fig. 4. As an alternative or in
1.addi ficdhdo tbe eyabaating oferdepartuctsdd i atifers, bthe silicon,
-radial profile of the attitude angle 8 may al so, 20 be
cogREabinghédehP W Sind | af avaragitorfstedygerowing on a phase

boshihali epsm IhReOXYdentStinkat ions arechievealLt Bhe cutting of
etching the fracture edge after_the precipitation of _
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produci ng sem conductor wafers o I'i con,
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cutting of” sem con r wafers fromthe
tempagheuce ystraldiaentter penpehéatularddid vehed gltase centirdary and
. of e, phase houndary during .the li a r adj :
g L
pul bed pfase bowndary ti,s zwdt whklredn viihd Gabékdg gihwefile of the

t enper.ature gradi ent perpendicular to_.the phas .
rabhangAPy TGO 1 Del o iR pOFI SPAEE Al i echanical
stséagl Eienyst alni shepukiedlér apydw el ¥hiand adiesei Nthe phase

the radial profile of the ratio V/Gis controlled so
POYRARTY he 6 f SRFPERSEHEANDhREhdm chFSPSEFesyt fidSdsCFRation of
intRen i 89l Gl stielfe My, chaadj otine t heyphase pdogundar yr  v/c  is

is conpensated for in respect, of the creation of _
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conpressive stresses, and higher in the region of the
thamnaj |c§i§ti|cé1§8é”§qtlo V/G. which is a prerequisite in the case

of a flat phase boundary so that a defect-forming excess of

point defects is not created.

2. A method for producing semiconductor wafers of silicon,
comprising the pulling of a single crystal growing on a phase
boundary from a melt contained in a crucible and the cutting of
semiconductor wafers from the pulled single crystal, wherein
heat is delivered to a center of the phase boundary during the
pulling and a radial profile of a ratio V/G from the center to
an edge of the phase boundary is controlled, with G being the
temperature gradient perpendicular to the phase boundary and
with V being the pull rate at which the single crystal 1is
pulled from the melt, and wherein the radial profile of the
ratio V/G is controlled so that the effect of thermomechanical
stress fields in the single crystal, which adjoin the phase

boundary, is compensated for in respect of the creation of



than a critical ratio VVGwhich is a prerequisite in
the case of a flat phase boundary so that a
defect-form ng excess of point defects is not created.
2. A nethod for produci ng sem conductor wafers of
silicon, conprising the pullPing of a single crystal
grow ng on a phase boundary froma nelt contained in a

._crucible and . th utting o em conductor wafers from
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5. The method as claimed in one of claims 1 to 3, wherein the
single crystal is pulled with a diameter of 300 mm or more at

an average pull rate of at least 0.5 mm/min.

6. The method as claimed in one of claims 1 to 3, wherein the
single crystal is cooled at a distance above the surface of the
melt, which is greater than a height h between the center of

the phase boundary and the surface of the melt.

7. The method as claimed in one of claims 1 to 3, wherein a
region of the single crystal adjoining the melt is heated and
an axial temperature profile at the edge of the single crystal

results, which has at least one point of inflexion.



e i A

hi ghest ratio VVGin the region which is under tensile
stress. 5. The nethod as clained in one of clains 1 to
3, wherein the single crystal is pulled with a
di aneter of 300 mmor nore at an-average pull rate of
at least 0.5 minin. 6. Th& nethod as clainmed in one
of clains 1 to 3, wherein the single crystal is cool ed
at _a di stance above, the surface o% t!tge. melt, whichis |
9. gFaSt BF AN 35 hol GHECH BBtEn TheCLanRer loftotfle Wherein a
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sem conductor wafer as clained in claim10, wherein the
to athpt @Oy toiphiohe Racger®I X f FeRPELENEX S Fagipg of the

sediddmX oL #d:£S Wi thout exception in the val ue range
of 0 <-17 x =

11. The semiconductor wafer as claimed in claim 10, wherein the
attitude angle & in the range of from r/rmax = 0.1 to r/rmax =
0.9 lies without exception in the value range of 6 < -17 x

(r/rmax) .

12. The semiconductor wafer as claimed in claim 10 or claim 11,
wherein the attitude angle © in the range of from r/rmax = 0.1
to r/rmax = 0.9 lies without exception in a subrange of the
value range, the subrange being described by the inequality -50

x (r/rmax) < 6 < -17 x (r/rmax).

13. The semiconductor wafer as claimed in claim 10 or claim 11,
comprising the addition of at least one element from the group -
of elements which is formed by the elements carbqn, nitrogen

and hydrogen.



(r/rmax). 12. The sem conductor wafer as clained in

claim10 or claim1ll, wherein the attitude angle 0 in

the range of fromr/rmax = 0.1 to r/rmax = 0.9 lies

wi t hout exception in a subrange of the value range,

t he subrange being describedlby the inequality -50 x

(r/rmax) < 0 < -17 x (r/rmax). 13. The sem conduct or

wafer as clainmed in claim1l0 or claim1l, conprising

the addition of at |east one elenment fromthe group of

el nts which.is forned by the el ements carbon .
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niasogkai pedcentekaipnlds Haviing .ax10tt riagen 0x10*° atoms/cm®.
concentration of from2.0x1013 to 1.0x!0'5 atons/cnB.
15. The sem conductor wafer as clainmed in claim10 or

15¢| @h® 3imichavulRg oan wkrgen scncamdatinefid romor claim 11,

51017 atons/cnB to 6.5x1017 atons/cnB. o1

having an oxygen concentration of from bO5x1 atoms/cm® to

6.5%x10Y atoms/cm’.





