Semiconductor wafer composed of monocrystalline silicon and method for producing it The invention
relates to a semiconductor wafer composed of monocrystalline silicon, and to a method for producing
it. The semiconductor wafer has a zone DZ, for short DI, which is free of END defects and extends
from a front side of the semiconductor wafer into the bulk of the semiconductor wafer, and a region 10
having END defects which extends from the DZ further into the bulk of the semiconductor wafer.
Producing the semiconductor wafer involves firstly sTI]rcirTg a substrate wafer from a single crystal pulled
15 according to the Czochralski method. The Czochralski method comprises melting silicon in a

crucible compose§ S HRRRENGIERS, YRRy SHBABER sPAIiMeRReHFE TR AR the mER™nd continued
lifting of the seed enydtaleenirayi fiom thessiufaicegofithe melt. In the course of 20 this movement, the
single crystal grows at a phase boundary that has formed between the melt and the lower end of the

seed crystal during.the process, of dipping {he seed crystal. The subsirate wafer sliceg.from the single

crystal is processed to foll": a polished 25 monocrystalline substrate ngertcompose ofdsilicon and is

subsequently SubjetfRPESE te AITPEMEHE By Mears of fifé mefdd, a3efmiconductor wafer
composed of monéerystititesitiedn iSilicofrsingleTerySafwiTer) finaflf becdes ad@s3ible which has
a zone DZ extending), frams thesttont side intovthebulk ©f theesemicongltictoswiter, svhigdzone is
designated as denuded,zane-ang is.cre of END: defectss(bulkemista defects) dp:theRiedefects such as
COP defects 35 (crystal griginated particles) havin ize.0 e-than a .density of not
less than 2.5 x 10'}c¥r§ﬁ?ang(gL %F%ug'g}egt% ?Farfj)e Seetic l%ﬁn(?é‘%(t:é c%;ar‘lﬁ%t@be%qg%gk&e%%e%%r{j The term
front side ustlly deNdRE BYfe SHTACEOf ¥ SMicontuctorwarer Whidkis Péauifed f8F Constructing
electronic devicesiThe semiconductdr Watersfeirtherridee s #3égion having BMD defects which
extends into the bulk of semiconductor wafer and 5 which adjoins the DZ.. COP defects and LPit

defects belong to defests which asjse duing.thespraductiop.fa silican single crystak emaccount of the
supersaturation ofgi%ricnsrilc point 10 defects anc% are gerefore alsg Eglled g%vgr%-in dﬂ%cés. Intrinsic

point defects are vacahcies and si i%qﬁaiﬁfergt?tla s. 6%“d§fe8%sngre defetts w ic%uarlse, as a result of
accumulatioR$ of EREHIES%ant L Pt defdcts GR& Hef&cts WhidParise™as a FESUtofatEdmulations of
15 silicon interstitialst BMD defectssarseflSupersaturatezhoxyyen clustarsle fopmrsddié precipitates.
They form centers{geliesing: bigh-densitypf BMQ defectsindbe tulkof the semicendiictor wafer,

which permanentl;%ggn&%lcgé’mptgj{@sc%\%yLIQ% t'i“:‘LPZL-nEh%PY%%%%ﬂ@?;V@EQ@CieS promotes
the foLmation of nuclei which can 25 give ise to END defectil. EP } 975,990 Al describ%s a method by

. . h ol h T
which a semicondG&¥ waFE composad 6FonSerystaming silicon can be produced, which wafer has
aDZand a ré@ionthis movement, the single crystal grows at a phase

boundary that has formed between the melt and the lower
end of the seed crystal during the process of dipping
the seed crystal. The substrate wafer sliced from the
single crystal 1is ©processed to form a polished
25 monocrystalline substrate wafer composed of silicon and

is subseguently subjected to a thermal treatment.

By means of the method, a semiconductor wafer composed
of monocrystalline silicon (silicon single crystal
30 wafer) finally becomes accessible which has a zone DZ
extending from the front side into the bulk of the
semiconductor wafer, which =zone is designated as
denuded zone and is free of BMD defects (bulk micro
defects). In the Dz, defects such as COP defects
35 (crystal originated particles) having a size of more
than 20 nm and a density of not less than 2.5 x 10°/cm’
and LPit defects (large etch pit defects) cannot be

detected either. The term front side usually denotes



30 outside the DZ in which the average density of BMD defects is, for example 7 x 109/cm. In order to
ensure that no grown-in defects are present, in accordance with the teaching of the cited document,
during the production of the silicon single crystal, consideration 35 is given to ensuring that the single
crystal has an N region extending from the center as far as the circumference of the single crystal. N
region is the designation of a region in the single crystal where the concentrations of vacancies and
silicon interstitials are virtually balanced; such that COP defects having a size of more than 20 nm and
LPit 5 defects cannot be detected there. The detection of COP defects having a size of more than 20

nm is accomplishédSfoF ekatisie By theSSEHEEIYOF Y 148 THoht AL BOP Jef&® Hitfthe detection
of the scattered light(IR {asertoniégraphyr Oresiitablevi® areastiring YRvicewhiehavas also used in
the examples desgtibed here:issthe-MO44d fromMitsui, Japang Ther Riaser temegtaphy carried out

therewith along a fracture edge. af the substrate yaferis desianated herginatjgras MO:441

measurement. 15 FurtheLulore, the N region is also free of OSF defects (oxidation induced stacking
faults). OSF d?efec‘f@r%ﬁr&@n?ﬁ?flo%%ﬁon%Oops. They arise if silicon interstitials are produced on
account of oxidation and 20 nucleate at nuclei of oxygen precipitates. An N region in which the number
of silicon interstitiats Excedgds the rurhberetvabahemssis balleddNi regicts vt an Wegion in which

this concentration JatieOfdntinsic paint defectsds sxastly the oppesiie is salled Ny,28aegion_ The
ratio VIG of the pulling fale v gnd the JEPRIRILLS gradignt J crioaonally it respectlo the phase

boundary of the growing single crystal determines as a 30 key parameter whether and to what extent
gd e{

one ct the sthfed BEETFInGISIEPGInt FefEARTE presentTd excesin tHe 14tice Gt th& grown single
crystal. By control Bft\wGnshereforesitis [dsiblesto FrotlucE st §ihgl 8y stdls witieR, for example,
have over 35 theiriaxiat-length completaly o partly regiongdn avhish whe &h regioasextends from the
center as far as the cirgumference.of the single crystalzenregions Wich are eharacterized by a region

having COP defects -4, which. extends qutward flom the gerter.and by, g agiainig lsegion exten
as far as the circumiference of the single crystal. What can furthermore be achieved by means of the

control of thé-Fadi& Profifof YIETE that e N region is completely an Nv region or completely an Ni
region or a sequence of radially adjoining Nv and Ni regions. 10  semiconductor wafer which is sliced
from such a singlesgirystad aanskprogessed 1@ fosopapalishedrsubstratgavafer aseerdingly has from its

center as far as itsfggge @Qi’girggmeg‘ri@I@g@%ha\&ﬂgg%%f%gﬁters (gettering
sites) which can bind, in particular, metallic

20 dimpurities. It is therefore desirable for there to be a

high density of BMD defects in the bulk of the

semiconductor wafer, which permanently keeps such

impurities away from the DZ. The presence of free

vacancies promotes the formation of nuclei which can

25 give rise to BMD defects.

EP 1 975 990 Al describes a method by which a
semiconductor wafer composed of monocrystalline silicon
can be produced, which wafer has a DZ and a region
30 outside the DZ in which the average density of BMD
defects 1is, for example 7 x 10°/cm’®. In order to ensure
that no grown-in defects are present, 1in accordance
with the teaching of the cited document, during the
production of the silicon single crystal, consideration
35 is given to ensuring that the single crystal has an N
region extending from the center as far as the

circumference of the single crystal.



15 which extends outward from the center of the substrate wafer, and an adjoining N region extending
as far as the edge of the substrate wafer. However, such a substrate wafer still has no DZ and no
adjacent region having END defects in the bulk of the substrate wafer. A method also described in EP
1 975 990 Al uses an RTP (rapid thermal processing) thermal treatment of the substrate wafer for
producing the DZ. In this case, the substrate wafer is heated to a temperature of around vacancies
can be eliminated either by recombination 30 with sifican interstitials or by diffusion to the surface of
the substrate wafer. The latter possibility can only occur, however, if the diffusion length suffices to

reach the surfaceNORBISHsetfieREE of fifis PRECHAMsMTs That B aXiay inhiom jus 35
concentration profifeysf-edcandies s prasent afterthé tharmalstreatimenta withca deplétioh of vacancies
in a region which adjoinsthe front side- anddherear sideuof the substrateiwafer;if theaear side was

also exposed to the yadancy-injegting atmasphere. The region epleacancigs forms the DZ (denuded
zone). In the region gdjoinin% it, injecte \éactagncéegtotgrﬁethgr nggox%ggngggmncocpgpl%%s which can be
nucleated by Ssubggdﬁgﬁts thePMaT reatments and deve orpéd into END defects. ,
InaccordancewithfifeifigitfoddB3&iB&din EP 15975 990 A, tRestibstfatdwafeis"Subjected to a
post-RTP thermaldreatnpéntata temperatereaincthe, rarige 0£ 860 £t60060 over & peridd of not more

than two hours. legéig_teciip@&f the d@@op@fgg@ defegts ib-comprses afurgdrer thermal treatment
at a temperature of 9000Q with a,treatment.duration of é&@%&faﬁgﬁﬁ 188£4d1Quitap1e

AIdescribestheproductlonoefa semiconductor wafer composed o mon,ocrysgalline silicon 20 from a
single crystat WhidFRS45pad with Tiittogel and is Bified it 8n Atmdsphers tontaing fydrogen_ The
presence of nitrog&¥Firrthecserhiephductdr Water'&lsd prorhstds Hefdrhatioi vt huclefffom which
END defects can arselRsdling thersingtetrystakinrdrdtmosphetéepatdining bydrageresimplifies the

control of the quotient.V/G.Thedangeis extended within which the guotientyaystremain in order that
there arises in theh]sein le crystal an Nw@-%%# vmigg Ugzxtend%from the center as far as the circumference
al.

of the single cryst e so-c%ﬁle%sgetter efficiency GE indicates how effectively END defects in the

bulk of a serhitonductor wafer can keep metallic impurities away from the 35 surface of the
semiconductor wafer thaxspaciic dqiantiy okq nsatallie imperityfsigeh & c6fperdsdifilised into the
bulk of the semiconsiiciar wafer viathe-eear sidesandithe quantitysof.the impuritydhatean detected on

theﬂontgdeOfﬂ%%g%&&ﬁﬂqwﬁgglocation loops. They arise 1f silicon
interstitials are produced on account of oxidation and

20 nucleate at nuclei of oxygen precipitates. An N region

in which the number of silicon interstitials exceeds

the number of wvacancies 1s called Ni region, and an N

region in which this concentration ratio of intrinsic

point defects 1is exactly the opposite 1is called Nv

25  region.

The ratio V/G of the pulling rate V and the temperature
gradient G orthogonally with respect to the phase
boundary of the growing single crystal determines as a
30 key parameter whether and to what extent one of the
stated types of intrinsic point defects is present to
excess in the lattice of the grown single crystal. By
control of V/G, therefore, it is possible to produce
silicon single crystals which, for example, have over
35 their axial Ilength completely or partly regions in
which the N region extends from the center as far as
the circumference of the single crystal, or regions

which are characterized by a region having COP defects



In order to drive the impurity into the bulk of the 10 semiconductor wafer, the semiconductor wafer is
usually heated. Kim et al. (Journal of the Electrochemical Society, 155 (11) H912-H917 (2008)) have
shown that this drive-in step can take place under specific conditions also at room temperature: In
order to drive the impurity out of the bulk of the semiconductor wafer to the front side of the
semiconductor wafer, a thermal semiconductorwaferiscalledlow-temperature out-diffusion (LTOD) by
Kim Shabani et al. (2. Electrochem. Soc., Vol. 143, No.60 June 1996) have shown that copper can
outdiffuse from 25 the bulk of a p-doped semiconductor wafer composed of silicon virtually completely
to the surface of th&semicerdaedy wafek iR adbericPdf afew daysesen ardonPiémFetature if there
are not enough ENBdetects having a-getterreffect-indhe budk of ke semaicondastor 3Ghwafer. The

object is to ensure-that a, high-getter, efficiancy; ot a.semiconductor wafer composed of silicon is
maintained even after a relatively long storage time of 38 the semiconductor wafer. -7 in order to

achieve the object, and that it does not sufficetorestrictoneselftoproducing semiconductor wafer

comprisingDi &ind B minEFRcichATRGTEMD dRfecE*FE Ohjdtt is Behisvedby Mid&ns of a method
for Producing a sernicorductof wafer composed Bf pidAscrystalliné silicon Haaingtdgon®, DZ, which is
free of BMD defectsgand havingaanfegionhaving RC lb=defectsswhicthmadjetnstheadi, samprising
pulling a silicon single; crystal inaccordance with the.Gzoehralski methody wv ang N1
regions.
10
A semiconductor wafer which is sliced £from such a
single crystal and processed to form a polished
substrate wafer accordingly has from its center as far
as its edge an N region or a region having COP defects
15 which extends outward from the center of the substrate
wafer, and an adjoining N region extending as far as
the edge of the substrate wafer. However, such a
substrate wafer still has no DZ and no adjacent region
having BMD defects in the bulk of the substrate wafer.
20
A method also described in EP 1 975 990 Al uses an RTP
(rapid thermal processing) thermal treatment of the
substrate wafer for producing the DZ. In this case, the
substrate wafer 1s heated to a temperature of around
25 1180°C in a short time, left in this temperature range
for a short time and cooled in a short time. The RTP
thermal treatment takes place in a gas atmosphere which
injects vacancies into the substrate wafer. Said
vacancies can be eliminated either by recombination

30 with silicon interstitials or by diffusion to th

M

surface of the substrate wafer. The latter possibility
can only occur, however, 1f the diffusion Ilength
suffices to reach the surface. One consequence of this
mechanism is that an axially inhomogeneous
35 concentration profile of vacancies is present after the
thermal treatment, with a depletion of wvacancies in a

region which adjoins the front side and the rear side



processing the single crystal to form a polished monocrystalline substrate wafer composed of silicon
15 which, from a center as far as an edge, consists of an N region or has COP defects, the size of
which is more than 20 rim and the average density of which is less than 2.5 x 105/cm.3, and which has
a nitrogen concentration of not more than 1 x 1012 atoms/cm1 and an 20 oxygen concentration of not
less than 5.2 x 1027 atoms/cm and not more than 6.0 x 1017 aroms/cm3; rapidly heating and cooling
the substrate wafer in an atmosphere which substanfialty consists of NH3 and argon in a volume ratio
of not less than 1:25 and not more 25 than 1:5 to a temperature of not less than 1165C and not more
than 1180C and with a Heatirkykaerand a vediig rate of Hot le$$#an SOPR/s wAE nétfere than 50
K/s; slowly heating:the-eapidiycheated-and copled: sabstrate 30mwatendrom a temperature of not less
than 500C and not more than 550C to a temperature of not less than 930C and not more than 1000C
with a heating rate _of not less than 0.5 K/min and not mare than 1.5 K/min; and ing the substrate
wafer at the tempzzr%?urg%?ln%rf 3 “@%2 Tﬁgn %%O%agﬁg %%G%Smo%%%san?(tﬁ(;eoo%%gv(eér% gl%g%%d of not less
than 7 hours @nd fStiRore than TFEhGFEL SPhefMethad B2 cording o e nventior preféfably
comprises, over andaboverthewwa therrial ¢reatirent, meptiphetds Ao additidnal themeEtreatments
the substrate waferdhatsulject the substiate siafar to temperatures of saaresthan 10@0QE. The average
density of the COR;defgcts dengtes adensity of COP defects averaged over the radius of the
substrate wafer. 10 The object is also achieved by means of the product of the method, namely a

semiconductor wafer composed of monocrystalline silicon, when subjected to defect delineation/optical

microscopy édmprising: &£6RESBZEwhick exfendsHiEm a RBhESile oftRBSeritOnductor wafer right
into the bulk of thezsemicorduticr wWafertard which issfree of END defettd andtsas & averaged

thickness of not legs thar bepms :aneha regien yich adjeips the Bnand extends further20 into the bulk
of the semiconductar wafer and END defggts-haying asize.qfinof Iess thap SQ.fm, wherein a depth

profile of the END defécts in said region has a local maximum Whi(ih is %t a distagmfe of not less than
@) ere

20 pm and not mof&’thanc236 pn fronm theSfFERPE dE of tHe seticonductor water. and wherein the

density of thé BM> eepacts it thie fouat pRaXifMAATS o33 TRER2 R102/chEIPETRE W /Rraged
thickness of the DZ bf 3he semitondactors3@ meatfer dorresponds fo Bothickness of the DZ averaged
over the radius of the semiconductor wafer. The density of the END defects can likewise be

determined with th}gpaig cgégap %C&%,}l meggg&iggb%%vice 35.along a fracture edge of the semiconductor
t racture e

wafer. As an alternative thereto, the ge can be etched by means of a Secco or Wright etch

and the etched-freBENEPIERTES Talibe CoGBiideran BRHEAFMTddscops. R g CoRtrast to the
measuremerivithftheraid of NG44 1S septiebndlictor wefetRasto BéctedoaiPadditiendl thermal
treatment over a. periogwf 16&shours atrl 080&siswastied outheforethe etghingzand The

presence of nitrogen in the semiconductor wafer also
promotes the formation of nuclei from which BMD defects
can arise. Pulling the single crystal in an atmosphere
25 containing hydrogen simplifies the contrel of the
quotient V/G. The range is extended within which the
guotient must remain in order that there arises in the
single crystal an N region which extends from the
center as far as the circumference of the single

30 crystal.

The so-called getter efficiency GE 1indicates how
effectively BMD defects in the bulk of a semiconductor
wafer can keep metallic impurities away from the
35 surface of the semiconductor wafer. If a specific
gquantity of a metallic impurity such as copper 1is
diffused into the bulk of the semiconductor wafer via

the rear side and the guantity of the impurity that can



5 is a growth step for END defects. The additional thermal treatment is not a step for producing the
semiconductor wafer according to the invention, but rather a step for detecting specific properties of
the depth profile of the END density. The alternative 10 measurement of the END density described,
consisting of the additional thermal treatment, the etch of the fracture edge and assessment under an
optical microscope, is designated here as defect delineation/optical microscopy. 15 Measured with
MC-441, the density of the BMD defects at the local taximum is not less than 6 x 109/cm. The
semiconductor wafer composed of silicon exhibits a 20 getter efficiency of not less than 905;5 not only
directly after prod&@€tioRShEEARD afr & TélativeRFfongd stitadetinteAcEErUgH HE gétter capability
of the semiconductef waferiis marraimeeperntarentlys td-be prefisécevarrwhenahe seeiconductor
wafer is subjected-to tempetaiures thatqremete theroutdiffusion ofimpyritiestathe surface of the
semiconductor wafer. A semicandugtor wafer produced ageording to.the inventiopZeguires no further
thermal treatments for optimizinb%thewsjze agd/or thﬂevden,sét% of BMD defects. '('J ét IS tprgferably
processed further i otder to p}? (ice’ &fectrbhic evices, Wherein fhermar fréatments in the course of
this further proces&iig areapartiCuldry preferdbRAwithgut @Xcéption IMPE Hrote s’ (lowfthermal
budget). The lattedare taken to méan fhrermak35¢reatmemts stthesemiconduetaf svafer which take
place at temperatures of not more than 1000C. -10 - The method comprises producing a silicon single

crystal according @nthgr ze(_)ﬁchg%islg .g@ogh@/hﬂﬁg@é@_g}gu%gggdit&%@s \gm]{c.%rdggéhe formation

intrinsic point defects and with regard to the uptake of nitrogen 5 and oﬂxggen into the single crystal
1

have to be fdifilled® Bt the §iHGIe dis Earféd ott withtlorira Bt the ratis oFtheShdifing rate V and the
10 temperature gragiést0 ortiggordlly dith respsaeits the Phadébouhtiafy 6P EREBIGRING single
crystal in such a waytthat,at least one regiareadses whichas fiee of hiedefectsrand imwhich an N
region extends from the ceptes-as far as the cikgumfergnce of thesinglg Lrystalar-atdeast one region
arises in which th%g§g§g¥§£ C%E’Sdefggsr%%vin%gmsié% otf:@ore tggnOZlQ nm, ggiddq_,el@séty being
averaged from the center-as far 3is the cwcumfrgrenceg,) i fess than 2.5 X 105/cm3. 20 The region has

an axial length whidit correepdhdsH theterigth Sithe SEttibhcoriRB SHgREyRtal WHIER has the
nominal diameter of thésinteerystalloret frabtors of iivisidngtic Theadsminal didmetérlis preferably
not less than 300 suspardiculady 2bHeretesably-4%0 At Bywtefeaining frome indgrftianadly .doping the

melt with nitrogengthis furthgrmore contralg the fact thatthe regiop.ofithe, singlecrystalhaving the point
defect 30 distribut(ii)&@en,tioned as nitr.q&)en c%nceggat@eof got more t%an 1O X 1017 atoms/ce. The

10T ront . .
method furthermore mvoives cortrol m% theé Tact that the region o the smaf”e 8rysta| hav?ng the point 35

defect districiftion TRBAfIGREY Hasra cortterftration of interStidlfokygent Of ot TS frian'5.2 atomsicm3
and not more tharr5:0-% 10 Fsatoms/CAyP [AST M Frl2t, $983). Process parameters for setting the
oxygen concentration are, for example, the rotational speed of the crucible and of the seed crystal,

messunaandﬂowggg%g£ghgt al. (J. Electrochem. 8Soc., Vol. 143, HNo. 6,
June 1996} have shown that copper can outdiffuse from

25 the bulk of a p-doped semiconductor wafer composed of

silicon wvirtually completely to the surface of the

semiconductor wafer in a period of a few days even at

room temperature if there are not enough BMD defects

having a getter effect in the bulk of the semiconductor

30 wafer.

The object is to ensure that a high getter efficiency
of a semiconductor wafer composed of silicon is
maintained even after a relatively long storage time of

35 the semiconductor wafer.

Specifically, the inventors of the claimed method have

discovered that certain conditions have to be fulfilled



inert gas conducted through the pulling chamber, and e and strength of a magnetic fieldssed on the
5melt. The region of the single crystal having the reguired properties with regard to the point defect
distribution and the concentrations of nitrogen and oxygen is processed to form polished substrate
wafers composed of monocrystalline silicon. Such a substrate wafer has a polished front side and a
rear side, which can likewise be polished. The 15 substrate wafer has the point defect distribution
predefined by the single crystal. It is free of LPit defetts and, from the center as far as the edge,
consists of N region or of a region in which the average density of COP defects having a size of more
20 than 20 nm, froth t1& eefitet as 3aPa8 the E08e OPUIRE Substidte Witer, iS1eS8tRari’25 x 105/cm3. In
the same way as astibstrate wafer whiehthas N regiore froht the center asddrasibe edge, preference
is also given to a substratesvafer-which bas adegion having COP defects;25 having.a:size of more
than 20 nm which %%%ggs }%{;\zy%d from the center of the substrate wafer and is adjoined by an N
region which extends as far as the edge of the substrate wafer, provided that the density of the COP
defects averaaed from the center as far as the edge of 30 the substrate wafer is less than 2.5 x
107cm2. This regiBhchaviRgeCOP defectsICORHisOprefébiy has a faditis B13dt mbie than 30% of
the radius of := substrate wafer. The N regiongréferably comprises at leastoedv 35rfegion and at
least one Ni éEgLO&#%WQ@Q@JNV g@gipﬁb%nd@q,g%boin%g Njtegionor aaﬂ\éfpgm,han acli)joining
Ni region and a further Ny regign adjoining the latter., 12 - The_nitro oncentration,in the substrate
wafer is not more than 1 aﬁo%ﬁ%h %Jgr%n %C:egasléhig\?egfi had%f)lgns?ng%/vi %Qt)k(lﬂ\e %geﬁﬁgf]%%twi%%trogen during

the productior? of thef&iRgRe ERSTR. Bispemsing itk This YBIAg Ta&the advantage that BMD
nucleation induce@®byliinogensddds Adt 6¢0Wrand Assdeted difficgitiésnie avdidledBoping with
nitrogen could have:the:effegkthatsc BZshaving a sufficient depth cannot arise on 10 account of the

formation of BMDlglpcf)ggbssE@nogggst@ﬁy@fgrcg@pggggof monogrystallige siliconsis-subjected to an
RTP thermal treatment in ar;cgﬁosphere @Sact in'éects vggggcies into 15 éheosgbsg')[rjz_altgz-cvg)%fer. The RTP

thermal treatment'ls %Oﬁr§¥ﬁ1ermé1ri?eat?ﬁlent gﬁ1 T roHuces a ISEm\ﬁﬁﬁ:% extends on average not less

than 5- um iftd th&'BiMe of fEBUBStFB WFafet andhis tRéreidre SifficieRty ThitkS TRE RTP thermal
treatment also producegiregion waHEc20 atjdimstthe DRandwhichf exteids fusthepirito the bulk of
the substrate wafefrand inovhigh a-kigh-density-af-=BMDduicleids peesent iidie BMD nuglei are

subsequently develgped into BMD-defects by means of a further, second thermal tregtment of the
substrate wafer, said 23 BMD defects imparting the Eg:%iredxgetéﬁg ca abili}x to thedsemiconductor
. more .than..l 1 elﬁg

wafer. The depth pr3iiie of thé BEMD densiythe region adjoining _after deféct délineation/optical
3.0 microscopy, corpFRes alBearmaxihtfthafing afénsity of BMD HeTects of rbt1éss than 2 x
101G/cm3. The loeabmakimurarst preferablyeattaaistanee:of Hot lessthanc®0,;pm and not more than

200 pm from the fragyt side ofthe-semiconductos wafer knthehulk of the 3hsemicanductor wafer. The
developed 3M3 defegts nave 2 size of natless than RO, nm andprefarably; of.nof Igss than 76 nm,

The RTP thetinal treatment has to be carried out gnddl%r sépetcific conplzitsions.clit has to take place in an
atmosphere which'Sulfstartiaily cohaists of NH3And &gon - ThB voluime Fafio SPRMI&%gon is not less

than 1:25 anéPnot Beie thah 155, With arsimaferFatic> the Aimbes f vaganciés Tjec@@nto the
substrate wafer antbthemurabertof:END aoelei theteuporiforming ate insufficient. dfitheaatio is greater,

the region having BMB nuclei.extends close tadbe front side 8f s and not more than
50 K/s;
slowly heating the rapidly heated and cooled substrate
30 wafer from a temperature of not less than 500°C and not
more than 550°C to a temperature of not less than 830°C
and not more than 1000°C with a heating rate of not
less than 0.5 K/min and not more than 1.5 K/min; and
keeping the substrate wafer at the temperature of not
35 less than 930°C and not more than 1000°C over a period

of not less than 7 hours and not more than 10 hours.



10 the substrate wafer, and the DI is not sufficiently thick. The substrate wafer is heated intime to a
temperature in the range of not less than 1165C and 15 not more than 1180C, left in this temperature
range for a short time and cooled in a short time. The residence duration in said temperature range is
preferably 10 to 25 s. If the temperature is lower than the lower limit value, the number of vacancies
injected 20 into the substrate wafer and the number Eg)f FWD nuclei thereupon forming are insufficient.
If the temperature is higher than the upper limit value, the region having BMD nuclei extends close to
the front side of the substrate wafer, and the DZ is not sufficiently thick. 25 The rapid heating and
cooling of the subStéte Waférpref@aThy taKES plate withfidentiddHediihg aHE Esgﬁﬁ)&}’ates. The rate
(ramp rate) duringcheating ed thegateahtingooting Bfe riotdessarc30 KSS&ES05T0t more than
50 K/s. n eating rate:thabislowerthan:the: speeified lawerdimit valtesasaresultdfas theseffect that the
density and size of the END_defegts.after.complete; development.of dhe BMD defets indhe region
adjoining the DI does not suffice to pobtain the S%rqt(?%%ig% getter effect. A cooling rate that is greater
than the spec?fiedtueﬁnﬁveer’lﬁ%ﬁ‘veaﬁug as'a LFeesutlﬁ?ias e effect that the DI does not become sufficiently
a4 - thick because the region having EdvID nuclei extends close to the front side of the substrate
wafer. For the cormplete devsigpmetiof the EMD natlei irtoEEMS:defetts, afterothesRTR thermal
treatment a furthegsecand thermad treatment (past-REBa pestRTEhanngal)of the suhstrate wafer is
carried out. For thig pulLpose, the-substrate wafer is brought from a specific starting temperature to a
specific target temperature 10 at a specific heating rate and is cooled again after a specific time. The
conditions of the further thermal treatment likewise have to be chosen carefully. The starting
temperature is thefempedriare isthe B> flitRaéE TR WHich &Rt théfmaMréamteritis carried out,
to be precise whenihbe firnace,is charged withshe Subsirate svafera Tde stantipgstemperature is not
less than 50000 apd-not-mere 1hanos50¢€; Ifitherstartingte mpearatieds beloyy thesloweerdimit value, the

method is not very.economic. If th st%rti g temperature is %‘%‘{L%El?l upper limit value, as a result that
has the effect thaﬁﬁ%lélee%%fgéags%e of the FIND dg ectsoafter corf? lete %gvelo ment of the EMS

defects in the%regibn &8j5ining the BRAGhofEUMEESS 16 Bbtain theFeauifed getter efféct. The MD

defects are then ispakticuldnshraler Hrit50 nhi,dRkich Fdkes tHem |84 dffectife asg@tter center
The heating rate is et dessithan0.54/mein andnovBOanoresthamdeb KimiaMif thizheatimg rate is lower

than the lower limit yalue, the;method isJess econpmmic.df the heating 4ate is greater than the upper

limit value, as a result that has the effect that the.density and size of the EMS defects after complete
development of 35 fﬁ%a ENﬁeaéf)e%tsW?{lwlt%é r?ﬁ]o%lgaj;%lxﬁgr%e B2 do not“s%%ce to obtain the required

getter effect>Phe ERMS detdéts QieHtherPin paticuld-Shanartifamrso ma s whick itaked them less

effective as getter&ehterss having a size of not less than 50 nm, wherein a
depth profile of the BMD defects in said region has a
local maximum which i1s at a distance of not less than
20 um and not more than 200 um from the front side of

25  the semiconductor wafer, and wherein the density of the
BMD defects at the local maximum is not less than

2 x 10*%/cn’.

The averaged thickness of the DZ of the semiconductor
30 wafer corresponds to a thickness of the DZ averaged

over the radius of the semiconductor wafer.

The density of the BMD defects can likewise Dbe
determined with the aid of an MO-441 measuring device
35 along a fracture edge of the semiconductor wafer. As an
alternative thereto, the fracture edge can be etched by
means of a Secco or Wright etch and the etched-free BMD

defects can be counted under an optical microscope. In



The target temperature is in the range of not less than 930C and not more than 1000C. If the target
temperature is below the lower limit value, as a result 5 that has the effect that the density and size of
the BMD defects after complete development of the END defects in the region adjoining the DI do not
suffice to obtain the required getter effect. The END defects are then in particular smaller than 50 nm,
which makes 10 them, less effective as getter centers. In this case, the temperature and oxygen
concentration in the substrate wafer do not suffice tb9dévelop the END defects in the desired way_ If
the target temperature is above the upper limit value, END nuclei are 15 decomposed. As a result that
likewise has the ef@REHTR eSS EAT SFEGRhe"END G8fects dfief cimptéte: dévifopment of the
END defects in thesegiomeédjoining the Bi:do fetsuffice to bbtairsthel retjuired getter éffect. The END
defects are then pasticular 20 smallerthan:-5Q armawbich-makes them desseffeativeas-getter centers.

The duration of the furfher, thermg| treatment of the substratg wafer at g.target,femperature in the
temperature range of not less’than 930C and not more th?aerLlOOOC is&oet Ie%}% é[hgn 7 h(iurs and not
v It tha

more 10 hours. If tHe p8riodi& SHortét than thelower limit valtie, as a Tesult Hiat has the effect that the
density and size of B§STEND defertgaftier comphis dévelSpRnt30 of Bie ENDHefeEtEin the region
adjoining the DI de«ot suiffice toobtaitthe requiredigetier effecthEhelENEndefacts drethen in

particular smaller than,50 nin,awhichapakes them:less effestive asgeaitascentersoff thageriod is longer
than the upper Iimge\éatlge, the §§1rget%%d i%(?gt vg%ec%ggl@iccy-. lower in the semicanductor wafer

. P . .
than in the substrate"wafer. ﬁ'%e previously described method makes no use of advantages which arise
from the sindle cry&tafieiry doped Wnﬁ@eﬁeﬁﬁbﬁllgﬁ fit AnAtiosphara Containing hydrogen.
Moreover, it is nott@ptimixédiforahathekrri frehtment dF 8abStrate Wafe i €dntafting GRterstitial oxygen
whose concentratipraistl-eomparadivelydow. Ansakermative method,whichlikewise aeliieves the

abovementioned qbject.f the.invention and js-hetter-suited to such subsiate waferseeemprises
pulling the single (ggital in an aggosc%%rle %grg:traci)rlqjgggrg/drogen and doping the single crystal with

nitrogen. The alterna Ve method a1so requirés a procedure during the further thermal treatment of the

substrate wafér which deviates from that already described, 20 The objecalso achieved by means of a
method for produdirg susemicordudtor whier Rosedofaidnocystaiiihee¥licers hawiy aZone, DC,
which is free of BMB=defgets, anrd: having a region baving-BMDs 26 defectaivhich adjoins the DZ.,
comprising pulling a silicon single crystal in accordance with the Czochralski method, wherein the

growing single crystal is doped with nitrogg?ea}:nd 5puIIed in conﬁt}aini,rﬂfgiQggro&%iggt%rogessing the

. q-OEe :
single monocryhtdlittie 3TPSTAtS Water composed ofsilicon Which, ffom a canter as far as region or of

a region in wHich COP-8Efes el §260f WWhich™SBless fifdh 2 8'RA05/&h1 =°t  °only

directly after production, but also after a relatively
long storage time. Accordingly, the getter capability
of the semiconductor wafer is maintained permanently,
to be precise even when the semiconductor wafer is
25 subjected to temperatures that promote the outdiffusion
of impurities to the surface of the semiconductor
wafer. A semiconductor wafer produced according to the
invention reguires no further thermal treatments for
optimizing the size and/or the density of BMD defects.
30 It is preferably processed further in order to produce
electronic devices, wherein thermal treatments in the
course of this further processing are particularly
preferably without exception LTB processes (low thermal
budget). The latter are taken to mean thermal
35 treatments of the semiconductor wafer which take place

at temperatures of not more than 1000°C.



an edge, consists of N the average density of is more than 20 me, is edge of the substrate wafer, and
which has a nitrogen concentration of not less than 3 x I0and not more than 3 x 1014 atoms/cm3 and
an oxygen - concentration of not less than 5.0 xatoms/cm3 and not more than 3.6 x 1017 atoms/c
rapidly hea.t:ing and cooling the subst.rate wafer in ah atmosphere which substantially consists of NH3
and 5 in a volume ratio of not less than 1525 and not more than 1:5 to a temperature of not less than
1165C and not more than 1180C and with a heatind‘Pat‘e and a cooling rate of not less than 30 K/s and
not more than 50 K/s; 10 slowly heating the rapidly heated and cooled substrate wafer from a
temperature of nof S ERPSOTC R ABE NretRARBHOT o & tERTpetaitfesofTiotIess than 900C
and not more thare 000G with teoheating fatecofrrdtsless than®&/mimband ot mere then 7 K/min; and

15 keeping the substrate wafer atithg teraperaiure-of pgt less than 999Cand natmeks; than 1000C
over a period of nggllegg, tg§9 ~.houts and nat r’g%eag@nt% hggés.ugggggegqa@/&qgég%d utilizes the

advantage of the 20 extended range available for controlling the quatient V/G if the single crystal is
pulled in an afmosiere TohTaRing Aydtogsh it afso Gtilizes ThE etfect of Riffogehas & promoter of the
formation of END figiefeils&€h that a higher number of END defects can be 25 developed. On account
of their higher number, the END defects can also be smaller, without the getter effect being reduced

on account of thispblpy\i%\éer, the alternativggmethoed-also.avoids thesproduction.ef nifragen-induced
defegts the requir%%I rI%Z. Jrevent hee froérplaéiog glge @{grr%gﬁri artial pressure during the pulling of
the single crggtal |§e|cr)nre¥grag?¥ﬁnot esg_thag 1{30 at%nd not 13-ore th g% 80QPa. “t to th
perature gradien orthogonally wi respect to e
phase boundary of the growing single crystal in such a
way that at least one region arises which is free of
LPit defects and in which an N region extends from the
center as far as the circumference of the single
15 crystal, or at least one region arises in which the
density of COP defects having a size of more than
20 nm, said density being averaged from the center as

far as the circumference, is less than 2.5 x 10°/cm’.

20 The region has an axial length which corresponds to the
length of the section of the single crystal which has
the nominal diameter of the single c¢rystal, or a
fraction of this 1length. The nominal diameter is
preferably not less than 300 nm, particularly
25 preferably 450 nm.

By refraining from intentionally doping the melt with
nitrogen, this furthermore controls the fact that the
region of the single crystal having the point defect
30 distribution mentioned has a nitrogen concentration of

not more than 1 x 10* atoms/cm’.

The method furthermore involves controlling the fact
that the region of the single crystal having the point
35 defect distribution mentioned has a concentration of
interstitial oxygen of not less than 5.2 atoms/cm’ and
not more than 6.0 x 10Y atoms/cm® (ASTM F 121, 1983).

Process parameters for setting the oxygen concentration



35 The pulling of the single crystal is carried out with control of the fact that the region of the single
crystal having the stated distribution of intrinsic 18 - point defects has a concentration of interstitial
oxygen of not less than 5.0 x i0" and not more than 5.8 x 101 atoms/cm3 (ASTM 12 121, 19813 5 The
growing singledoped with nitrogen by a nitrogen-containing compound being dissolved in the melt. By
way of example., a silicon semiconductor wafer coated with silicon nitride is melted together with
polycrystalline silicon in the crucible. 10 The conceritration of nitrogen in the substrate wafer is not less
than 3 x 1013 atoms/cm; and not more 3 x 1014 atoms/cma3. If the concentration of nitrogen is lower
than the specified3&®er fifit, @*SHR&®Nt AHfMbEP & A5°BR/D ABERT caANSt e fomedofing to the low
oxygen concentratiod. b thecensertiatiory of aitrogereisshighe etirantthewspeciied GppéElimit, it is
difficult to obtain a;DZ-having a sufficienidepth.despite the comparativelrlovwexygea-concentration.

The substrate wafer has g, golished, fropt side ang.a rear side, which can likewise be polished. The

substrate wafer has the point defect distribution prédefined by the single crystal. It is free of LPit 25
defects and, from fi%e tenter as far as the edge, consists of N region or of a region in which the
average density of COP defects haying a size of more than 20 nm, from the center as far as the edge
of the substrate water, isdgssthant2.5xd05¢ng 1n thersamel30hwayras & sabstrate ivafér which has N

region from the cepter.asfacas the edgegpreferenceis ase.given te asubsirate waferwhich has a
region having COP dcffeg?ehavigg a si§§ ocfirggge than 2Q nm %@igh e&g%nd%gygggrd fram the center
5 by an N reqgi

of the substrate wafer and is agjomceecil an N region which’extends as far as the ed%e of the

substrate wafer, pFévideathat e dendinPorthe EOP tRfece Belagéd o ThE Tehtét as far as the
edge of the substrateewafes islessthaniZ. 530205/cm3. This

Such a substrate wafer has a polished front side and a
rear side, which can likewise be ©polished. The
15 substrate wafer has the point defect distribution
predefined by the single crystal. It is free of LPit
defects and, from the center as far as the edge,
consists of N region or of a region in which the
average density of COP defects having a size of more
20 than 20 nm, rom the center as far as the edge of the
substrate wafer, is less than 2.5 x 10°/cm’. In the same
way as a substrate wafer which has N region from the
center as far as the edge, preference is also given to
a substrate wafer which has a region having COP defects
25 having a size of more than 20 nm which extends outward
from the center of the substrate wafer and is adjoined
by an N region which extends as far as the edge of the
substrate wafer, provided that the density of the COP
defects averaged from the center as far as the edge of
30 the substrate wafer is less than 2.5 x 10°/cm®. This
region having COP defects (COP disk) preferably has a
radius of not mwore than 20% of the radius of the
substrate wafer.
The N region preferably comprises at least one Nv
35  region and at least one Ni region, for example an Nv
region and an adjoining Ni region or an Nv region, an
adjoining Ni region and a further Nv region adjoining
the latter.



43 - region having COP defects (COP disk) preferably has a radius of not more than 30% of the radius
of the substrate wafe- The N region preferably comprises at least one Nv region and at least one Ni
region, for example an Nv region and an adjoining Ni region or an Nv region, an adjoining Ni region
and a further Nv region adjoining the latter. With regard to carrying out the RTP thermal treatment
The heating rate is not less than 3 Kimin and not more than 7 Kimin. If the heating rate is lower than
the lower limit value, the method is less economic. It thé heating rate is greater than the upper limit
value, as a result that has the effect that the density and size of the END defects after complete
development of the 25 BND defects in the region adjoining the DZ do not suffice to obtain the required
getter effect. The END defectgare thendarparticular saralletthas @25syme whickerfraikes them less
effective as getter.centers- 30<Fae duratiom of theduetherthermaltreatmentof the:substrate wafer in

the temperature range.of oot less than.900G, and not more.than 1300¢ s, nat lessdhan,5 hours and not

more than 8 hours.’If the g_eriod IS shorter than the lower IiEnit \I/Da_,luebas a result that @lq.s the effect that
the density ard siZé 3 the BVMD defscts aitdiTompiate davelopmant of the END' defects in the region
adjoining the DI d6Pit BEffiasSto BBt tRE FeGEiré i ettBl B ffBRE Iffie pBric@ I8 /5 erY-20 - than the
upper limit value, thecmethod dsdesseconomic: Taedobjestof e ivénfidncislafsesachieved by means
of the product of the alternativedpethpd,The inventiopdherefarealspretatesto a-semigonductor wafer

composed of monogr staAIingzs.il'gg\rflh\{vhicQ issggg§gi ith niyogen apd hydrogen, whep subjected to

10 defect delineation/optical microscopy comprising: a zone, DZ, which extends from a front side of
the semiconbBictoP @78 iftto bR BFtheTE fride BYENIS efééts of not less than 5 um, DZ and

extends further into the bulk of the semiconductor wafer having END defects having a size of not less
than 25 nm, whereinsa depgivptefiledf the &£Bwdefeets in saideegion hasvadistilocal maximum, which

is at a distance 0fM$%§§,§94b@@r%0 Wi and.not masgthanJ00 po from the front side of the
n

semiconductor Wager W@eeéegigt%ge dgnsit¥> oﬁf3 yé?\l %%Q defects a th\fealcoaggé {@%xi@g@is not less

than 1.0 x 1Ome/cmr§é.,aar{1r§1fh pr%ﬁréog the efects has a second local maximum, which is

at a 25 distahte of A6t IE8SH&7300 BAT 8hd noPmofe thah BO0 am fronf @ %runt dide 8f the
semiconductor wafer; sind-whereih thesddnrsitytofahé BEXDAdefeets aPtheseécdndioeaiAfaximum is not
less than 2 x 161/em3.s08accountef desseasigdetectian sensitivityavithunereasing-measurement

depth and the lack gf ap,additiopal thermaktreatment, an-MQ-441, measurement, in coptrast to the

measurement by means of defect dellineation/o tlca_ll microscgg : @gicatersea.o%vegqgg_ no 35 second
local maximum of the END d%%%@? 2t rane'%l?r& A distance’of néﬁess fhan 300 pm’and not more
20 adjoins the DZ and which extends further into the bulk
of the substrate wafer and in which a high density of
BMD nuclei is present. The BMD nuclei are subseguently
developed into BMD defects by means of a further,
second thermal treatment of the substrate wafer, said
25 BMD defects imparting the reguired getter capability to

the semiconductor wafer.

The depth profile of the BMD density in the region
adjoining the DZ, after defect delineation/optical
30 microscopy, comprises a local maximum having a density
of BMD defects of not less than 2 x 10"°/cm’. The local
maximum 1is preferably at a distance of not less than
20 um and not more than 200 pm from the front side of
the semiconductor wafer in the bulk of the
35 semiconductor wafer. The developed BMD defects have a
size of not less than 50 nm and preferably of not less

than 75 nm.



than 500 p. an 2 x 109/cm3. he front side of the semiconductor BMD density is not less than 5
Although the BMD defects in the bulk of the semiconductor wafer according to the invention produced
by the alternative method are smaller, they are present in a greater number in deeper regions (starting
from 10 approximately 50 pm from the front side of the semiconductor wafer which is sufficient for the
reauired getter effect. The BMD defects have a size of not less than 25 nm and preferably not more
than 100 nm. A depth profile of the region having BKD 15 defects which adjoins the DS has a first and
a second local maximum after defect delineation/optical microscopy. The density of the BMD defects is

not less than 1.0 X' 261 A3 BE THE FrtISEAMRakinmiFA ard ot 1S thar2 K161 078RF4t the second
local maximum. The<20ifirst localmaximus. is ata distancefronttieefropt sicle ofithe semiconductor
wafer of not less thanz28-par-andpotdnore than 100:pm; anddbesecond local maximium is at a

distance from the gg%)gi.deﬁjethggﬁmi‘gogg%tgr w@fqg}g)f/ggtglggs than 300 and not more 5 than 500

pm. Irrespective of whether or not the alternative method.is employed, a silicon semiconductor wafer
produced accdrding fo the fvaftio 8xhibite H gétier efficisncy 366 ot Tess than’ 95% ot only
directly after prod @&t butdlsd afier fértively 166§ 2toragé timerThegatierséfficisié s not less than
95% directly after #hel prodectionmbdithe sémigwhducterlwafer I3 ExampleSicompgratireexamples: Qc

_ therefrom, and aragterized and checked-wih regardyo their gettar-capabilite Sipgleierystals were
pulled and proces%eg fo forg&golishcelde ube E?étg Cxl%af%r:'r:b%%mg%segh%f r@g(?%%ry%t%g@.e Shlicon, which

had N region from the center as far as the e ge or a region having COP defects having a size of more
than 20 nm aAd af AverdgRedeasity of3éss thai™s's X105/2M3-10 B pdrtion Of the Stibstrate wafers

originated from siriglé®tystals doped with nitrogen and hydrogen_ The other portion had not been
doped with hydrogen and nitrogen. All the substrate wafers were first subjected to an RTP thermal

treatment in accordgpcewith-the requirementsof the present.inyentign.-Afteryward, the substrate
wafers were separtaé%d ir%g)%ti]lg)ese j\,’%hi %{\éveg:% gugieg d loa f%tger tti}(laartrrll”laﬁ%groe@tngg%t in
accordance with the reduirements of the inventron éexamples) lané those which were subjected to a

further thernial treBfthedsviatiiftheréfom: (comparative EXampiedyPThe Serficordidor wafers
produced in this wagrweze cHaratterizew armhtéstedwitit regard 2o thbirgettéricgpabiliye For this
purpose, the semigepductoravafarsrweredivided into:square saraples.30 Catewlating the BM size: The
SMD size was calgylated ysingsimpulagionsmodet deseribed by Schmolke; et al.,, (Electrgchemical
Society Proc. VoI._ %geo -ngggﬁ 16{?1.1‘? lhfuczalc@ggogl\l/vﬁabse% %%te\ga%salpl _ng fgLI10W|n e%arameters:
surface energy (s@mai(ﬁ and preC|p|tatae volume per precipitated oxygen atom 232 X 10-23 cm3.
20 into the sgubstrate wafer and the number of BMD nuclei
thereupon forming are insufficient. If the temperature
is higher than the upper limit wvalue, the region having
BMD nuclei extends close to the front side of the
substrate wafer, and the DZ is not sufficiently thick.
25
The rapid heating and cooling of the substrate wafer
preferably takes place with identical heating and
cooling rates. The rate (ramp rate) during heating and
the rate during cooling are not less than 30 K/s and
30 not more than 50 K/s. A heating rate that is lower than
the specified lower limit wvalue as a result has the
effect that the density and size of the BMD defects
after complete development of the BMD defects in the
region adjoining the DZ does not suffice to obtain the
35 reguired getter effect. A cooling rate that is greater
than the specified upper limit wvalue as a result has

the effect that the DZ does not become sufficiently



-23 Measuring&MD size: A portion of the samples was additionally measured with regard to their size
by means of M0-441. The detection for this Purpose were: laser power 100 mW, measurement time
per data point = 1 ms, intensity filter settings of both filters (50 and respectively 100%). Deteinining the
depth profile of the EMD defects by means of defect delineation/optical microscopy: 10 The respective
sample was subjected to thermal treatment for 16 hours at 1000C under nitrogen and subsequently
broken into two parts. Afterward, the fracture area Wés etched and the density of the BIC, defects
depending on the distance from the front side 15 of the semiconductor wafer was determined with the

aid of an optical nfitic8cofs WerFmihitty e THicknel8 b ife BFPThEYesPectivE Sdible was
subjected to thermalk2e treattient forté houre atfl000C swder mitFGgen 5d-subseduently broken into
two parts. Afterward, the fracture area was etched and the depth of the first END defect on a

measurement path having a Jgngth of 5 mm.along the fracture egge was faeasured with the aid of an
25 optical microscope. Afterward, the depth of a further 7 EN%D dae{%ctston theflﬁr]gg?urement path was

F~ R

determined and tH& é\elgFasge VAIUE bf the 8 ﬁ%%h r%%%%ﬁ?emenﬁ% pen?or?me(gj1 was calculated and
specified as the aveRRJE thickeESa bof e asnaaed 28R& tDRTETmIMAG thE YettePBRGENCY: a)
Contaminating thessamypie with.bopper: T hevrsspective sarapleiwds dipped irtoran &gdeous solution of
hydrogen fluoride £50%, by weight K der 36denaninites apdsupseqeesilycosnamirrated with copper
ions on the rear side, For I’ggis tp&éﬁg?gt@leere@gsige g&%ﬁ@pl@é@@g@%&%@@@mct with an

agueous solution containing Cu (NO3)2 at room temperature over.a d2g -i)elgiodfgf 5 minutes, as a

result of which thefedt sTle Was Contarinated with °°101°c s of Soppar-ons. Afterward, the
sample was dippegbints aicaatieds seittioR Fidyeiegen fiorideg56-% ByAkeiGREFSFAD minutes and
rinsed with water. fvyedrine=tir tHerkreat ireatment: ol he respectivecsarmple Wwas subjected to thermal
treatment at a temperature of 1000C and over a period 10 of 10 minutes under a nitrogen atmosphere.

c) Storage: The refggctiélgasatmgle W@esmgtgggg At room, te@pgraglér&?%\éeartqlpgriognof Zdays. 15 d)
rions: |

Measuring the concentration Q% c%p e 5: The gopger concentra onon the front side of the
respective samplefaRifRastifed Bhigitaréfof Turther thermal treatment 1s

carried out, to be precise when the furnace is charged
with the substrate wafer. The starting temperature is
not less than 500°C and not more than 550°C. If the
starting temperature is below the lower limit wvalue,
20 the method is not very economic. If the starting
temperature is above the upper limit value, as a result
that has the effect that the density and size of the
BMD defects after complete development of the BMD
defects in the region adjoining the DZ do not suffice
25 to obtain the reguired getter effect. The BMD defects
are then in particular smaller than 50 nm, which makes

them less effective as getter centers.

The heating rate is not less than 0.5 K/min and not
30 more than 1.5 K/min. If the heating rate is lower than
the lower limit wvalue, the method is less economic. If
the heating rate is greater than the upper limit value,
as a result that has the effect that the density and
size of the BMD defects after complete development of
35 the BMD defects in the region adjoining the DZ do not
suffice to obtain the reguired getter effect. The BMD
defects are then in particular smaller than 50 nm,

which makes them less effective as getter centers.



500 x 500 um2 by means of time of flight secondary ion 20 mass spectrometry (TDF-SIMS). e)
Calculating the getter efficiency: The getter efficiency (GE) was calculated in accordance with the
formula GE = (1-00detc.") x 100%, where Ctc, is 25 the concentration of copper ions with which the
rear side of the sample was contaminated, and is the concentration of copper ions which was detected
on the front side of the sample by means of TOF-SI_{\{;}SL 30 Figures; 1 to S show; Figure 1: SMD
density (BMD-D) vs. depth (d) with respect to the front side of the semiconductor wafer after defect
delineation/optical microscopy: Substrate 35 wafer having a concentration of interstitial oxygen [0i] of
5.4 x 1017/cm3; first thermal treatment: RTA, Ar/NH3, 0:1, at 1175C wit 20s holding time; second
thermal treatmentTBO05GE twitle LKt vampland 4 28e hofdiag inthe & ot 8HFolird2additional
thermal treat me contextofdefectdetineatienf/opticalamicrascopy: .1000C forid6 houwrsgEigure 2: BMD

density (BMD-D) vs. depth.(d) with.respect te the fropt side; of the,semiconductorwafer-after defect
delineation/optical @i%rogcopyék%ubsy@te wa, Zﬂ: rg:avgin%%z; g%ggggtraté%r&of interstitial oxygen [Ci] of 5.9

x 1017/cm3: first thermal freatment. RTA. 10 ArN1: at 1175C with 20s hoIdini\%F?econd
ermal

thermal treatmentB8B0-956€kith BGRfR raffiyBhd Holdiy Gmee8rs hours; additiond
treatment in the comtext of defect delinsationfopticat inicrascopy: PEOCE farcls Kadist 45 Figure 3:
BMD density (BMPD)-¥s-depthHd) withuespactdetthefront side of thessemnipordifetor wafer after

defect delineation/qptical, micrascppy:- Substrate waferhaving a concentrafian of interstisial or/Gen
20[Qil of 5.3 x 10/cm5 and a conc /Ptration of nitrogen_of 8 x 10;3/cm3;1|?1art'al pressure of hydrogen
during the 9% 500:880C Wiith Tk/m

micriltrja‘fﬁp &hd Aolc n?grtirﬁ%no“feéc ﬁburs; a é%ﬁcs)naciatﬁeer'mal treatment
in the context of defect EMREARGHIBPLCAicro§copyy E600CfR F8* hbars. Figutd 4:BRD density
(BMD-vs. depth (Buwith 30-respectdo thédronpsidesoffthecsemicondgoter wafet ndeasiffed with
MO-4-11: Substratg-wafershauing-aconeentration.al/interstitial oxygens {0i] ekddeX10%74cm3; first
thermal treatment;, RTA, A/NH?, 20:1, af 1175C, with,20s helding timer, secand thermale
15 decomposed. As a result that likewise has the effect
that the density and size of the BMD defects after
complete development of the BMD defects in the region
adjoining the DZ do not suffice to obtain the reqguired
getter effect. The BMD defects are then in particular
20 smaller than 50 nm, which makes them less effective as

getter centers.

The duration of the further thermal treatment of the
substrate wafer at a target temperature 1in the
25 temperature range of not less than 930°C and not more
than 1000°C is not less than 7 hours and not more 10
hours. If the period is shorter than the lower limit
value, as a result that has the effect that the density
and size of the BMD defects after complete development
30 of the BMD defects in the region adjoining the DZ do
not suffice to obtain the required getter effect. The
BMD defects are then in particular smaller than 50 nm,
which makes them less effective as getter centers. If
the period is longer than the upper limit value, the

35 method is not very economic.

Owing to the thermal treatments and the conseguences

thereof, the concentrations of nitrogen and oxygen are



- Figure 5: SMD density (BMD-D) vs. deoth (d) with respect to the front side of the semiconductor
wafer measured with MO-411:Substrate wafer having a. concentration of interstitial oxygen [Oi] of 5.9
x 103-7/cm3, first thermal treatment: PTA, Ar/NH3, 20:1, at 11.75C with 20s holding time; second
thermal treatment: 500-950C with 1K/min ramp and holding time of 10 hours. 10 Figure 6: BMD
density (BMD-D) vs. depth (d) with respect to the front side of the semiconductor wafer measured with
MO-411: Substrate wafer having a concentration offiterstitial oxygen [0i] of 3.3 x 1017cm3 and a
concentration of nitrogen of 15 8 x 1013/cm3; partial pressure of hydrogen during the pulling of the
single crystal: 15.5PEH0.155 MBarfe " DPRGUrE T BIRD JenSity tDNVs “0&pth-&f With fespect to the
front side of the semiconductor wafer measured with MO-411: Substrate wafer having a
concentrationofinterstitialoxygenof 25 5.3 x 1013/cm3 and a concentration of nitrogen of 8 x 1013/cm3;

partial pressure ofjkg;édr%’ggg\gg&g e pulling.qf the single crystal:,15.5 Pa(0.135 mbay); first thermal
treatment.: RTA; Ar/NH3, 20:7, at 1175C with 20? hoIdin%gme;,s%iond therma tr%atment: 30

500-950C with 1KFARTH: ?ﬁ‘l%%sanw ho dinagrt%rﬁg of 8Hours. Fi %%8 “TOP HensitiesOvs. fadius (R) of a
substrate wafer méas@fed WAtFMO 481 SFRA dedied se?cﬁgl@%oo%ﬁw fOF MEIRATRYETP defects
having a size 35 of snorel thiarg20nimoFhe aviéraged €OP density 55 X d@4em3=T hésolid line shows
the moving average,everih data paints (Galcidated tasting from Posvaka0-mmemdivsh 127 - In an

experiment, the g%trtﬁr&giﬂ%'l% was dg}r{g&'&@ed after starage of sample.for at room temperature.

Results of the experiments are compiled in'tables 1 and 2. In the tables: INT-di and -: denote
production of the ﬁﬁ@%aﬁﬁfsié(ﬁkﬁhg% respectively without the doping of the single crystal with
nitrogen and hydrogen; [Oil: Denotes concentration of interstitial oxygen in the substrate wafer; 15
post-RIP: denoteszfurther : seecandtheimaliiedtmentatter thel RSP trermaltieatarentche

abovementioned object of the invention and is better
suited to such substrate wafers, comprises pulling the

15 single crystal in an atmosphere containing hydrogen and
doping the single crystal with nitrogen. The
alternative method also reguires a procedure during the
further thermal treatment of the substrate wafer which
deviates from that already described.

20
The object is also achieved by means of a method for
producing a semiconductor wafer composed of
monocrystalline silicon having a zone, DZ, which is
free of BMD defects, and having a region having BMD

25 defects which adjoins the DZ, comprising
pulling a silicon single crystal in accordance with the
Czochralski method, wherein the growing single crystal
is doped with nitrogen and pulled in an atmosphere
containing hydrogen;

30 processing the single crystal to form a polished
monocrystalline substrate wafer composed of silicon
which, from a center as far as an edge, consists of N
region or of a region in which the average density of
CoP defects, the gize of which is more than 20 nm, is

35 less than 2.5 x 10°/cm® from the center as far as the
edge of the substrate wafer, and which has a nitrogen
concentration of not less than 3 x 10" atoms/cm® and

not more than 3 x 10** atoms/cm’® and an oxygen
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concentration of not less than 5.0 x 10" atoms/cm’ and
not more than 5.8 x 10 atoms/cm’;
rapidly heating and cooling the substrate wafer in an
atmosphere which substantially consists of NH; and argon
5 in a volume ratio of not less than 1:25 and not more
than 1:5 to a temperature of not less than 1165°C and
not more than 1180°¢C and with a heating rate and a
cooling rate of not less than 30 K/s and not more than
50 K/s;

10 slowly heating the rapidly heated and cooled substrate
wafer from a temperature of not less than 500°C and not
more than 550°C to a temperature of not less than 900°C
and not more than 1000°C with a heating rate of not
less than 3 K/min and not more than 7 K/min; and

15  keeping the substrate wafer at the temperature of not
less than 900°C and not more than 1000°C over a period

of not less than 5 hours and not more than 8 hours.

The alternative method utilizes the advantage of the
20 extended range available for controlling the guotient
Vv/G 1if the single crystal is pulled in an atmosphere
containing hyvdrogen. It also utilizes the effect of
nitrogen as a promoter of the formation of BMD nuclei,
such that a higher number of BMD defects can be
25 developed. On account of their higher number, the BMD
defects can also be smaller, without the getter effect
being reduced on account of this. However, the
alternative method also avoids the production of
nitrogen-induced defects that prevent the formation of

30 the required DZ.

The hydrogen partial pressure during the pulling of the
single crystal is preferably not less than 10 Pa and

not more than 80 Pa.

The pulling of the single crystal is carried out with
control of the fact that the region of the single

crystal having the stated distribution of intrinsic
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point defects has a concentration of interstitial
oxygen of not less than 5.0 x 107 atoms/cm’® and not

more than 5.8 x 10 atoms/cm’® (ASTM F 121, 1983).

5 The growing single crystal is doped with nitrogen by a
nitrogen-containing compound being dissolved in the
melt. By way of example, a silicon semiconductor wafer
coated with silicon nitride is melted together with
polycrystalline silicon in the crucible.

10
The concentration of nitrogen in the substrate wafer 1is
not less than 3 x 10 atoms/cm® and not more 3 x 10%*
atoms/cm®. If the concentration of nitrogen is lower
than the specified lower limit, a sufficient number of

15 BMD nuclei cannot be formed owing to the low oxygen
concentration. If the concentration of nitrogen 1is
higher than the specified upper limit, it is difficult
to obtain a DZ having a sufficient depth, despite the
comparatively low oxygen concentration.

20
The substrate wafer has a polished front side and a
rear side, which can 1likewise ©be polished. The
substrate wafer has the point defect distribution
predefined by the single crystal. It is free of LPit

25 defects and, from the center as far as the edge,
consists of N region or of a region in which the
average density of COP defects having a size of more
than 20 nm, from the center as far as the edge of the
substrate wafer, 1s less than 2.5 X 10%/cm®. In the same

30 way as a substrate wafer which has N region from the
center as far as the edge, preference i1s also given to
a substrate wafer which has a region having COP defects
having a size of more than 20 nm which extends outward
from the center of the substrate wafer and is adjoined

35 by an N region which extends as far as the edge of the
substrate wafer, provided that the density of the COP
defects averaged from the center as far as the edge of

the substrate wafer is less than 2.5 x 10°/cm®. This
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region having COP defects (COP disk) preferably has a
radius of not more than 30% of the radius of the

substrate wafer.

The N region preferably comprises at least one Nv
region and at least one Ni region, for example an Nv
region and an adjoining Ni region or an Nv region, an
adjoining Ni region and a further Nv region adjoining

the latter.

With regard to carrying out the RTP thermal treatment
of the substrate wafer, the alternative method does not
differ from the method already described. With regard
to the further thermal treatment (post-RTP thermal
treatment) of the substrate wafer, there are
differences which make the alternative method more

economic.

The heating rate is not less than 3 K/min and not more
than 7 ¥/min. If the heating rate 1is lower than the
lower limit value, the method is less economic. If the
heating rate is greater than the upper limit value, as
a result that has the effect that the density and size
of the BMD defects after complete development of the
BMD defects in the region adjoining the DZ do not
suffice to obtain the reguired getter effect. The BMD
defects are then in particular smaller than 25 nm,

which makes them legss effective as getter centers.

The duration of the further thermal treatment of the
substrate wafer in the temperature range of not less
than 900°C and not more than 1000°C is not less than 5
hours and not more than 8 hours. If the period is
shorter than the lower limit value, as a result that
has the effect that the density and size of the BMD
defects after complete development of the BMD defects
in the region adjoining the DZ do not suffice to obtain

the required getter effect. If the period is longer
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than the upper limit wvalue, the wmethod is less

economic.

The object of the invention is also achieved by means

of the product of the alternative method.

The invention therefore also relates to a semiconductor
wafer composed of monocrystalline silicon, which 1is
doped with nitrogen and hydrogen, when subjected to
defect delineation/optical microscopy comprising:

a zone, DZ, which extends from a front side of the
semiconductor wafer right into the bulk of the
semiconductor wafer and which is free of BMD defects
and has an averaged thickness of not less than 5 um,
and a region which adjoins the DZ and extends further
into the bulk of the semiconductor wafer having BMD
defects having a size of not less than 25 nm, wherein a
depth profile of the BMD defects in said region has a
first local maximum, which is at a distance of not less
than 20 um and not more than 100 um from the front side
of the semiconductor wafer, and wherein the density of
the BMD defects at the first local maximum is not less
than 1.0 x 10°%/cm®, and the depth profile of the BMD
defects has a second local maximum, which is at a
distance of not less than 300 uym and not more than
500 um from the front side of the semiconductor wafer,
and wherein the density of the BMD defects at the

second local maximum is not less than 2 x 10°°/cm’.

on account of decreasing detection sensitivity with
increasing measurement depth and the lack of an
additional thermal treatment, an MO-441 measurement, in
contrast to the measurement by means of defect
delineation/optical microscopy, indicates a lower or no

second local maximum of the BMD density.

Measured with MO-441, the density of the BMD defects at

the first local maximum is not less than 6 x 10°/cm’
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and, at a distance of not less than 300 um and not more
than 500 um from the front side of the semiconductor
wafer, an averaged BMD density 1s mnot less than
3 x 10°/cm’.

Although the BMD defects in the bulk of the
semiconductor wafer according to the invention produced
by the alternative method are smaller, they are present
in a greater number in deeper regions (starting from
10 approximately 50 pm from the front side of the
semiconductor wafer), which i1s sufficient for the
required getter effect. The BMD defects have a size of
not less than 25 nm and preferably not more than
100 nm. A depth profile of the region having BMD
15 defects which adjoins the DZ has a first and a second
local maximum after defect delineation/optical
microscopy. The density of the BMD defects is not less
than 1.0 x 10*°/cm® at the first local maximum and not
less than 2 x 10°°/cm® at the second local maximum. The
20 first local maximum is at a distance from the front
side of the semiconductor wafer of not less than 20 um
and not more than 100 um, and the second local maximum
is at a distance from the £front side of the
semiconductor wafer of not less than 300 and not more
25 than 500 um.

Irrespective of whether or not the alternative method
is employed, a silicon semiconductor wafer produced
according to the invention exhibits a getter efficiency
30 of not less than 95% not only directly after production
but also after a relatively long storage time. The
getter efficiency is not less than 95% directly after

the production of the semiconductor wafer.
35 Examples/comparative examples:

Silicon semiconductor wafers were produced in a mannexr

according to the invention and in a manner deviating
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therefrom, and characterized and checked with regard to

their getter capability.

Single c¢rystals were pulled and processed to form
polished substrate wafers composed of monocrystalline
silicon, which had N region from the center as far as
the edge or a region having COP defects having a size
of more than 20 nm and an average density of less than
2.5 x 10°/cm’.

One portion of the substrate wafers originated from
single crystals doped with nitrogen and hydrogen. The
other portion had not been doped with hydrogen and
nitrogen. All the substrate wafers were first subjected
to an RTP thermal treatment in accordance with the

requirements of the present invention.

Afterward, the substrate wafers were separated into
these which were subjected to a further thermal
treatment in accordance with the reguirements of the
invention {(examples) and those which were subjected to
a further thermal treatment deviating therefrom

(comparative examples).

The semiconductor wafers produced in this way were
characterized and tested with regard to their getter
capability. For this purpose, the semiconductor wafers

were divided into square samples.

Calculating the BMD size:

The BMD size was calculated using a simulation model
described by Schmolke et al., (Electrochemical Socilety
Proc. Vol. 2002-2, page 658). The calculation was
effected using the following parameters:

surface energy (sigma=0) and precipitate volume pexr

precipitated oxygen atom = 3.45 x 107°° cm’.
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Measuring the BMD size: A portion of the samples was
additionally measured with regard to thelr size by
means of M0-441. The detection settings for this
purpose were: laser power 100 mW, measurement time per
data point = 1 ms, intensity filter settings of both

filters (50 and regpectively 100%).

Determining the depth profile of the BMD defects by
means of defect delineation/optical microscopy:

The respective sample was subjected to thermal
treatment for 16 hours at 1000°C under nitrogen and
subsequently broken into two parts. Afterward, the
fracture area was etched and the density of the BMD
defects depending on the distance from the front side
of the semiconductor wafer was determined with the aid

of an optical microscope.

Determining the thickness of the DZ:

The respective sample was subjected to thermal
treatment for 16 hours at 1000°C under nitrogen and
subsequently broken into twe parts. Afterward, the
fracture area was etched and the depth of the first BMD
defect on a measurement path having a length of 5 mm
along the fracture edge was measured with the aid of an
optical microscope. Afterward, the depth of a further 7
BMD defects on the measurement path was determined and
the average value of the 8 depth measurements performed
was calculated and specified as the average thickness

of the denuded zone.

Determining the getter efficiency:

a) Contaminating the sample with copper:

The respective sample was dipped into an agueous
solution of hydrogen fluoride (50% by weight HF) for
ten minutes and subsequently contaminated with copper
ions on the rear side. For this purpose, the rear side
of the sample was brought into contact with an agueous

solution containing Cu (NO;), at room temperature over a
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period of 5 minutes, as a result of which the rear side

was contaminated with 1 x 10*° cm™

of copper ions.
Afterward, the sample was dipped into an agueous
solution of hydrogen fluoride (50% by weight HF)} for 10

minutes and rinsed with water.

b) drive-in thermal treatment:
The respective sample was subjected to thermal
treatment at a temperature of 1000°C and over a period

of 10 minutes under a nitrogen atmosphere.

¢} Storage:
The respective sample was stored at room temperature

over a period of 7 days.

d) Measuring the concentration of copper ions:

The copper concentration on the front side of the
respective sample was measured on an  area of
500 x 500 pm® by means of time of flight secondary ion
mass gpectrometry (TOF-SIMS).

e) Calculating the getter efficiency:

The getter efficiency (GE) was calculated in accordance
with the formula GE = (1-Ce/Cteu) x 100%, where Cte is
the concentration of copper ions with which the rear
side of the sample was contaminated, and Cg 1is the
concentration of copper ions which was detected on the

front side of the sample by means of TOF-3IMS.
Figures 1 to 8 show:

Figure 1: BMD density (BMD-D) vs. depth (d) with
respect to the front side of the semiconductor wafer
after defect delineation/optical microscopy: Substrate
wafer having a concentration of interstitial oxygen
[0i] of 5.4 x 10*/cm®; first thermal treatment: RTA,
Ar/NH;, 20:1, at 1175°C with 20s holding time; second

thermal treatment: 500-950°C with 1¥X/min ramp and
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holding time of 8 hours; additional thermal treatment
in the context of defect delineation/optical

microscopy: 1000°C for 16 hours.

Figure 2: BMD density (BMD-D) vs. depth (d) with
respect to the front side of the semiconductor wafer
after defect delineation/optical microscopy: Substrate
wafer having a concentration of interstitial oxygen
[0i] of 5.9 x 10*7/cm®; first thermal treatment: RTA,
Ar/NH,, 20:1, at 1175°C with 20s holding time; second
thermal treatment: 500-950°C with 1K/min ramp and
holding time of 6 hours; additional thermal treatment
in the context of defect delineation/optical

microscopy: 1000°C for 16 hours.

Figure 3: BMD density (BMD-D) wvs. depth (d) with
respect to the front side of the semiconductor wafer
after defect delineation/optical microscopy: Substrate
wafer having a concentration of interstitial oxygen
[0i] of 5.3 x 10Y/cm’ and a concentration of nitrogen of
8 x 107/cm®; partial pressure of hydrogen during the
pulling of the single crystal: 15.5 Pa (0.155 mbar);
first thermal treatment: RTA, Ar/NH;, 20:1, at 1175°C
with 20s holding time; second thermal treatment:
500-950°C with 1K/min ramp and holding time of 6 hours;
additional thermal treatment in the context of defect

delineation/optical microscopy: 1000°C for 16 hours.

Figure 4: BMD density (BMD-D) vs. depth (d4) with
respect to the front side of the semiconductor wafer
measured with  MO-411: Substrate wafer Thaving a
concentration of interstitial oxygen [01] of
5.4 x 10 /cm®; first thermal treatment: RTA, Ar/NH,,
20:1, at 1175°C with 20s holding time; second thermal
treatment: 500-950°C with 1¥/min ramp and holding time

of 10 hours.
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Figure 5: BMD density (BMD-D) vs. depth (d) with
respect to the front side of the semiconductor wafer
measured with MO-411: Substrate wafer having a
concentration of interstitial oxygen [0i] of
5 5.9 x 10*"/cm®; first thermal treatment: RTA, Ar/NHs,
20:1, at 1175°C with 20s holding time; second thermal
treatment: 500-950°C with 1K/min ramp and holding time

of 10 hours.

10 Figure 6: BMD density (BMD-D) vs. depth (d) with
respect to the front side of the semiconductor wafer
measured with MO-411: Substrate wafer Thaving a
concentration of interstitial oxygen [0i] of
5.3 x 10*7/cm® and a concentration of nitrogen of

15 8 x 10**/cm®; partial pressure of hydrogen during the
pulling of the single crystal: 15.5 Pa (0.155 mbar);
first thermal treatment: RTA, Ar/NH;, 20:1, at 1175°C
with 20s holding time; second thermal treatment:
500-950°C with 1K/min ramp and holding time of 6 hours.

20
Figure 7: BMD density (BMD-D) vs. depth (d) with
respect to the front side of the semiconductor wafer
measured with  MO-411: Substrate wafer Thaving a
concentration of interstitial oxygen [oi] of

25 5.3 % 10*"/em® and a concentration of nitrogen of
g8 x 10%*/em®; partial pressure of hydrogen during the
pulling of the single crystal: 15.5 Pa (0.155 mbar);
first thermal treatment: RTA, Ar/NH,, 20:1, at 1175°C
with 20s holding time; second thermal treatment:

30 500-950°C with 1K/min ramp and holding time of 8 hours.

Figure 8: COP densities (COP-D) vs. radius (R) of a
substrate wafer measured with MO-441 with device
setting 1000 mW for measuring COP defects having a size
35 of more than 20 nm. The averaged COP density is
5 x 10°/cm®. The solid 1line shows the moving average
over 5 data points (calculated starting from pos.

150 mm radius).
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In an experiment, the getter efficiency was determined
after storage of the sample for 7 days at room

temperature.

Results of the experiments are compiled in tables 1 and
2.

In the tables:

N+H and -: denote production of the single crystal with
and respectively without the doping of the single
crystal with nitrogen and hydrogen;

[0i]: Denotes concentration of interstitial oxygen in
the substrate wafer;

post-RTP: denotes further, second thermal treatment

after the RTP thermal treatment.
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Patent Claims

1. A method for producing a semiconductor wafer

5 composed of monocrystalline silicon having a zone, DZ,
which is free of BMD defects, and having a region
having BMD defects which adjoins the DZ, comprising
pulling a silicon single crystal in accordance with the
Czochralski method;

10 ©processing the single crystal to form a polished
monocrystalline substrate wafer composed of silicon
which, from a center as far as an edge, consists of N
region or has COP defects, the size of which is more
than 20 nm and the average density of which is less

15 than 2.5 x 10°/cm’, and which has a nitrogen
concentration of not more than 1 x 10*° atoms/cm’ and an
oxygen concentration of not less than 5.2 x 10"
atoms/cm’® and not more than 6.0 x 10Y7 atoms/cm’;
rapidly heating and cooling the substrate wafer in an

20 atmosphere which substantially consists of NH; and argon
in a volume ratio of not less than 1:25 and not more
than 1:5 to a temperature of not less than 1165°C and
not more than 1180°C and with a heating rate and a
cooling rate of not less than 30 K/s and not more than

25 50 K/s;
slowly heating the rapidly heated and cooled substrate
wafer from a temperature of not less than 500°C and not
more than 550°C to a temperature of not less than 930°C
and not more than 1000°C with a heating rate of not

30 less than 0.5 K/min and not more than 1.5 K/min; and
keeping the substrate wafer at the temperature of not
less than 930°C and not more than 1000°C over a period

of not less than 7 hours and not more than 10 hours.

35 2. A method for producing a semiconductor wafer
composed of monocrystalline silicon having a zone, DZ,
which 1is free of BMD defects, and having a region

having BMD defects which adjoins the DZ, comprising



1 ,1'i111'X ,-,4-.=+Z - 33 - Patent Claims 1.A. method for producing a semiconductor
wafer 9 composed of monacrystalline silicon having a zone, DZ., which is free of BMD defects, and
having a region having BMD defects which adjoins the pz, comprising pulling a silicon single crystal in
accordance with the Czochralski method;

- 234 -

pulling a silicon single crystal in accordance with the
Czochralski method, wherein the growing single crystal
is doped with nitrogen and pulled in an atmosphere
containing hydrogen;

5 processing the single crystal to form a polished
monocrystalline substrate wafer composed of silicon
which, from a center as far as an edge, consists of N
region or has COP defects, the size of which is more
than 20 nm and the average density of which is less

10 than 2.5 x 10°/cm?, and which has a nitrogen
concentration of not less than 3 x 10 atoms/cm’® and
not more than 3 x 10** atoms/cm® and an oxygen
concentration of not less than 5.0 x 10* atoms/cm’ and
not more than 5.8 x 10*7 atoms/cm’;

15 rapidly heating and cooling the substrate wafer in an
atmosphere which substantially consists of NH; and argon
in a volume ratio of not less than 1:25 and not more
than 1:5 to a temperature of not less than 1165°C and
not more than 1180°C and with a heating rate and a

20 cooling rate of not less than 30 K/s and not more than
50 K/s;
glowly heating the rapidly heated and cooled substrate
wafer from a temperature of not less than 500°C and not
more than 550°C to a temperature of not less than 900°C

25 and not more than 1000°C with a heating rate of not
less than 3 K/min and not more than 7 K/min; and
keeping the substrate wafer at the temperature of not
less than 900°C and not more than 1000°C over a period

of not less than 5 hours and not more than 8 hours.

30
3. The method as claimed in claim 1 or claim 2,
wherein the method comprises no additional thermal
treatments of the substrate wafer which subject the
substrate wafer to temperatures of more than 1000°C.

35

4. The method as claimed in claim 2 or claim 3,
wherein the growing single crystal is pulled in an

atmosphere containing  hydrogen  having a partial



10 processing the single crystal to form a polished manocrystalline substrate wafer composed oC
silicon which, from a center as far as an edge, consists of N region or has COP defects, the size of
which is more oxygen concentration of not less than 5.2 x 1017 atoms/cm3 and not more than 6.0 x
1017 atoms/cm3; rabidly heating and cooling the substrate wafer in an 20 atmosphere which
substantially consists of NH3 and argon in a volume ratio of not less than 1:25 and not more than 1:5
to a temperature of not less than 1165C and not morethan 1180C and with a heating rate and a
cooling rate of not less than 30 K/s and not more than 2550 K/s; slowly heatingrthe rapidly heated and
cooled substrate WARS G atémpératuté of ndt1ess thdn BD0GHhd Hot m8ie tharr 588C to a
temperature of nogéfessthan 930C and not more than 1000C with a heating rate of not 30 less than 0.5
K/min and not more than 1.5 K/min; and keeping the substrate wafer at the temperature of not less

than 930C and noj more,han.000G QYELA RETIGELOLAAIESS 1t  iousS:2)dunnlinae than 10
hours. 25 2.A method for groducin a semiconductor wafer comggg(e)d ofo@onocgyst%lirée silicon

having a zones, DZ, Which'ls fré& 3() ND defectd” and ﬁg\%%%ng' }Eeglon aving ND defects which

2

adjoins the DZ, comipfitsing Hullifig a s"H'f&S{i’?éFﬁbjle ciRedl in SEBeRRTE withthe ¥76¢Hraiski method,
wherein the growidg singletcrystaiis dopkdréontaiting hycrogenss processing the single and pulled
crystal to  an atrgosphere fasm a pelishedernenasrystaliine substrate wafeewhich, fkom a center as

far as an region or.has COR defects, e fhan 20 pup and the avegage dens, 104panz. 5
107C|f3,andwhlchhasanltrogen concentration of not less than 3 x 1013 toggg{crggtaenQnot more than 3

x 1014 atomsfemFERAGTORGGER Bhcentrafion 8FAGtlesSthan B0 Q}?O and not more than 5.8 x 101°

atoms/cm3; 15 rapitfy Heetingrand"eoatFRthe stbstate wafer 7 an sTdspHére which substantially
consists of NH3 aadargon-isa aolurhe catizof notkessitkah 2: 25na@nceroembse fhart1s5to a

temperature of not less than 11656 and netymoredhanckBRE and with-a heating gateand a 20 cooling
rate of not less thayy 30 Kis and, gt more than 50 Kis; slowly heaing ihe apigiyheated.and cooled

substrate , , . .
depth profile of the BMD defects in said region has a

local maximum which is at a distance of not less than

20 um and not more than 200 um from the front side of

the semiconductor wafer, and wherein the density of the

BMD defects at the local maximum 1s not less than
20 2 x 10"%/cm’.

6. A semiconductor wafer composed of monocrystalline
gsilicon, which is doped with nitrogen and hydrogen,
when subjected to defect delineation/optical microscopy
25 comprising:
a zone, DZ, which extends from a front side of the
semiconductor wafer zright into the Dbulk of the
semiconductor wafer and which is free of BMD defects
and has an averaged thickness of not less than 5 um,
30 and a region which adjoins the DZ and extends further
into the bulk of the semiconductor wafer having BMD
defects having a size of not less than 25 nm, wherein a
depth profile of the BMD defects in said region has a
first local maximum, which is at a distance of not less
35 than 20 um and not more than 100 um from the front side
of the semiconductor wafer, and wherein the density of
the BMD defects at the first local maximum is not less
than 1.0 x 10°°/cm®, and the depth profile of the BMD



wafer from a temperature of not less than 500C and not more than 550C to a temperature of not less
than 900C 28 and not more than 1000C with a heating rate of not less than 3 K/min and not more than
7 K/min, and keeping the substrate wafer at the temperature of not less than 900C and not more than
1000C over a period of not less than 5 hours and not more than 8 hours. 30 substrate wafer to
temperatures of more than 1000C. 4.The method as claimed in claim 2 or claim 3, wherein the growing
single crystal is pulled in an atmosphere containing ﬁ?drbgen having a partial - 35 - pressure of not
less than 1.0 Pa and not more than SO Pa. 5. A semiconductor wafer composed of monocrystalline
silicon having a nRfoger Eontatratiors BF ALt mofs tan 1% 18%&tomfe3, wifen%ubjécted to defect
delineation/opticaf ifierascopy Eompiising & zone D Z 2 ithichH ex@défAdsTrom BFFént Siderof the
semiconductor wafeo right interthe bl obthe 10 semiconductaranafterand-whichvistfeee of END
defects and has ap.avejaged thickngss efnatless than Sium, and agegqion-which adjeins the DZ and
extends further into the bulk of the semiconductor wafer having END defeets having a size of not less
than 50 nm, v%hergfncgri cgioc Tprrnc?ﬁ%%%hésEﬁBtdaéLf%%?s }lflhégghldgie%igr%e ha/LSSC % local maximum which
is at a distance of not less than 20 pm and not more than 200 pm from the front side of the
semiconductor wafer, and wherein the density of the END defects at the local maximum is not less
than 2 x 1017 6. A semiconductor wafer composed of monocrystalline silicon, which is doped with
nitrogen and hydrogen, when subjected to defect delineation/optical microscopy 25 comprising: a
zone, DZ, which extends from a front side of semiconductor wafer right into the bulk of semiconductor
wafer and which is free of END defects and has an averaged thickness, of not less than S um, 10 and
a region which adjoins the DZ and extends further into the bulk of the semiconductor wafer having
END defects having a size of not less than 25 nm, wherein a depth profile of the BMD defects in said
region has a first local maximum, which is at a distance of not less 25 than 20 pm and not more than
100 pm from the front side of the semiconductor wafer, and wherein the density of the BMD defects at
the first local maximum is not less than 1.0 x 10-D/c:M', and the depth profile of the BMD defects has
a second local maximum, which i.s at a distance of not less than 300 pm and not more than 500 em
from the front side of the semiconductor and wherein the density of the BMD defects at the 5 second
local maximum is not less than 2 x



