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| DEAL OXYGEN.PREC! Pl TATI NG SI LI CON WAFERS AND OXY!

OUT- DI FFUSlW?_@gg)PROCESS THEREFOR BACKGROUND OF THE %@ﬁﬁ’ms
The present invention generally relates to the 5 preparation of

sem conductor material substrates, - especially silicon wafers, which
are used in the manuf acture of el ectronic conponents. Mre

particul arly, the present invention relates to a process for the

reatrn oyl s SR SIARLES biER ) uhrid ! 00, "o
manuf acturing process 1o torm an |geal, non-unrtorm depth distribution
of oxygen pr eci pi t at es. Single crystal silicon, which is the
starting 15 BAGK D 1 s for the fabrication of

sen conduct or el e@hE Op}EsEMPARAHIS on Her@WFERN Y rB18P85 o the Wi th the
so-cal l ed Czochr al ski gro ess wherein seed crystal is
I

a single
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nplten s!liceépésigDMYash;ibdﬁ)waﬁersa q&&chareyuébaeinithés cont am nat ed
Wi th Varlousm?ngﬁabga#é'$fe§l é¥¥HK1€My&H%ohéng§[nlMo?éﬁggptiéﬁléﬁfy,
t enperature 0O e sifrcon nolfen rass, OXygen comes Imto the' crystal
| attice unti Ehet Pregenkesiavedpt@htiedEtes to a peeeeddnEerbyhehe sol ubility

of oxygen incgkht@eAt abrt §£1 28on waFEIY whikd ehabhesnohé eparass, and by the
on, coefficient of o en_in sol ed silicon.
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Such co&@ent%Hgﬁﬁasté?eh%?%a§¥ﬁaﬁﬁﬁﬂ¥ FH§§§gI85iFF?9ngfaiiy aB¥%ygen in solid
silicon at theblierpeyaeleesronis clvifcer manufatherpngcpssess$otot fisrm
fabrication ronLs-GsVESSs - al £k romthe nolten
mass and coo?é,ggggi’tﬁerégg%e, tﬁ%ﬁggﬁﬁgfkgg$ﬁg¥ggxégen e%t decr eases
rapi dly, wheP&B$iPAt&R8Sresulting slices or wafers, oxygen i s present

i n supersaturat edsgagtenttpét&NSsilicon, whichhesnBhet s€ate®Ay cycl es which
are typ&%all%a%griafn?égyﬁggérbéggégéggwf%%t%gg ggbgkgg EgglgfdeVIces can

semiconductor electronic components, is commonly prepared

with the so-called Czochralski process wherein a single
seed crystai is immersed into molten siliéon and then
grown by slow extraction. As molten silicon is contained
20 in a quartz crucible, it is contaminated with various
impurities, among which is mainly oxygen. At the
temperature of the silicon molten mass, oxygen comes into
the crystal lattice until it reaches a concentration
determined by the solubility of oxygen in silicon at the
25 temperature of the molten mass and by the actual
segregation coefficient of oxygen in solidified silicon.
Such concentrations are greater than the solubility of
oxygen in solid silicon at the temperatures typical for
the processes for the fabrication of electronic devices.
30 As the crystal grows from the molten mass and cools,
therefore, the solubility of oxygen in it decreases
rapidly, whereby in the resulting slices or wafers,
oxygen is present in supersaturated concentrations.
Thermal treatment cycles which are typically

35 employed in the fabrication of electronic devices can



2 .. cause the precipitation of oxygen in silicon wafers mhich are

super sat ur af,gdghagsroxygen. Dependi ng upon their | ocat i opcipRishilgsqy@f er .
the precipitates can be harnful or beneficial. Oxygen preC|p| at es

| ocated in the active 5 device region of the wafer can inpair the
operation of t he device. Oxygen precipitates |located in the bul k of
the wafer, however, are capable of trapping undesired metal inpurities
that may come into contact with the waf er. .The use of oxygen

preci pi t at es da@eat eﬁel prebepifat Dok ko of ot iaiels 11Q cbhaRa FEL 2l §h5.éh
commonly referred as i.nternal or |ntr|n5|c gettering, ("1G").
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or regi on nedlerlieclay SHLBEE Slodie JRISY WGy 3. LeE oL oxyoen

precipi tates 0 as a denu
"precipithat e dfet"ééez§ﬁ€1anxpﬁ hthﬁéﬂéb@%rﬂ?él ofmpaie whkepperation. ef, the

waf er bulk, comt @eRiing.a éﬂf{@éﬁ'Z%fﬁcﬁ&!m&res‘)flocatedoﬁigéﬂepﬁﬁfkpbfat es for
| G pur poses. nuded zo es can for exanple, 1n a

hi gh- | ow hi giFeh¥PHEF - °We¥%ﬁuéﬁ8% %%‘Xafréﬁyééﬁ BhfeaiFedsi on heat
t r eat ment metafl dmbughtieapehat wisy (e rter kbakakd ﬁﬂthnerlé anbi ent for

a period of ast o] o) plt nuclei
formation at%%fe? Tﬁg HL? Hof #%%ﬁﬂggél%ﬁ¥§%gfesrf8§ag Shd ? romﬁh of
oxygen (& O &uf) <>|§r éb?pW@ﬁ?ést%tt@P metaisgli st copacaivr vefa006d 1460
[err] Q). Seease1ﬁterﬁalsbfnyﬁ@rlns1c é%ﬁﬂé%l uqtv@gn$i | i con Crystal

Technol ogy, Acadepm.c _Pre 0 Ilfornla (1989) at pages
361- 367 and gh8t95+8?£%¥ese%ﬁéhﬁfﬁ%ﬁJ35 &c% abricatiqre recently,
however, advaroedsekbectinohidedenigaxries afamukepst whinl) pepeedsesgsedh as
DRAM manuf aciy pBBauce 95998%%@@5 DU 2 TBlBhZfeLPe fge of high

t enperature process ste t ho ome of these processes retain
enough df t héYREGRet 8fp EF%t‘(ﬁ‘%e’br iss freeepd P?SYﬁﬁBdBE%CbPH'éWE@%d zone
and suffici erfcotpaly’yreferredbtt kagpreciqeinudieds zohBe bel grances on the
materi al are"kggcipitate free zone") with the balance of the wafer,
i.e., the wafer bulk, containing a sufficient number of
oxygen precipitates for IG purposes. Denuded zones can

20 be formed, for example, in a high-low-high thermal
sequence such as (a) oxygen out-diffusion heat treatment
at a high temperature (>1100 °C) in an inert ambient for
a pefiod of at least about 4 hours, (b) oxygen
precipitate nuclei formation at a low temperature (600-

25 750 °C), and (c) growth of oxygen (SiO,) precipitates at a
high temperature (1000-1150 °C). See, e.g., F. Shimura,
Semiconductor Silicon Crystal Technology, Academic Press,
Inc., San Diego California (1989) at pages 361-367 and
the references cited therein.

30 More recently, however, advanced electronic device
manufacturing processes such as DRAM manufacturing
processes have begun to minimize the use of high
temperature process steps. Although some of these
processes retain enough of the high temperature process

~ 35 steps to produce a denuded zone and sufficient density of
bulk precipitates, the tolerances on the material are too



3 <. tight torender it a comrercially viable product. O her current

hi ght'y ad\zéw&ggisg;sect roni ¢ devi ce manufacturing processp&&g@d@k& no
S e

out - di f fusi on eps at all. Because of the problens associ a wth.
oxygen precipitates in 5 the active device region, therefore, these

el ectronic device fabricators rmust use silicon wafers which are

i ncapabl e of form ng oxygen precipitages anywhere in the waf er under
their process conditions. As a result, all | G potential is |ost. 10

SUMVARY OF THEGhOMENTH MNer it a coffBRrgihheyobigsis foddid | NUGHdON,
therefore, is t.he oVi Si on g: i S|n8Ie chstaI silicon waf er which,
during the h%%fr??%aﬁh%ﬁgy Vancegs edeCERPTAF| §ERHGe ManuiRULING ¢ devi ce
manuf act uri ngrptesess , contdif aranoan -3 £ fustleal steps-amidlk m dsptduse

di stribution_gof V. spitat esiq.t V)] Si . a waf er
which will oF t%%t%ﬁ‘%ﬁﬁ"‘?an%s?’?ﬁ% 3 FiEn D%y LR VRALS elggaz%%%mo
suf fici eft debehaekive deMigeizagiodensheyebproxygopse elegireiiittates in

Eﬂe \Qlaf e& 3uagvi&aefﬂts;ﬁy&ﬁ'm ?fus&utaaeaszgitcﬁafﬁaféfsvmﬁh tilﬁzormtifﬂ of
e denuded zone an . formation o e oxygen precipitates in e
wnfer bul ki Sneapable, Of SaniiR CURGRCGPRFSIBRERE L ARG cincart  at i on
I n t heswateyi ende nf thdiar wadoeesst kenfglovoason B sucdswlt, allrocess in
whi ch t he fo&aa#gegneiaihﬁinﬂﬂped zone does 25 not depend upon the

0 the )

out - di f fusi on oxygen, provi sion of such a wafer in which the
t hi ckness of the resul ting denuded zone is essentially independent of

t he 1det aktigMAkyt &2 tHE MBrwEiNT@ekuUr i Ng process sequence; and the
provi sion of suc I N which th ormati on of the 30 denuded zone

h.a_waf er f
and the fornationA%?n?hgh% ﬁﬁrgéigpﬁa?8¥entl°nint??ﬁf ®r Yl k is not
i nfluenced byhehprovesieh of a diingfler prgatdalheidkygernwabeceritiati on of the

Czochr al ski - gyring IER¥Me S N a ekt ycIbbi 68Ne5BERL i {1 AM MY ch the
silicon wafer _1s Sliced. .

electronic device manufacturing process, will form an

15 ideal, non-uniform depth distribution of oxygen
precipitates; the provision of such a wafer which will
optimally and reproducibly form a denuded zone of
sufficient depth and a sufficient density of oxygen
precipitates in the wafer bulk; the provision of such a

20 wafer in which the formation of the denuded zone and the
formation of the oxygen precipitates in the wafer bulk is
not dependant upon differences in oxygen concentration in
these regions of the wafer; the provision of such a
process in which the formation of the denuded zone does

25 not depend upon the out-diffusion of oxygen; the
provision of such a wafer in which the thickness of the
resulting denuded zone is essentially independent of the
details of the IC manufacturing process sequence; and the
provision of such a wafer in which the formation of the

30 dénuded zone and the formation of the oxygen precipitates
in the wafer bulk is not influenced by the thermal
history and the oxygen concentration of the Czochralski-
grown, single crystal silicon ingot from which the
silicon wafer is sliced.



4 Briefly, therefore, the present invention is directed to a

Si ngI e cry%gb ténpon waf er having two maj or, general Il\(cp,ﬁégd{dﬁ

surfaces, one o ich is the front surface of the wafer e ot her

of which is the 5 back surface of the wafer, a central plane between the
front and back surfaces, a circunferential edge joining the front and
back surfaces, a surface |ayer which conprises the region of the wafer
bet ween the front surface and a distance, Derr], of at |east about 10

10 nmicrometers neas&f By, fERemdied " Ahe %&EE@Q@ §-ﬂdeﬁ@ﬂ§ﬁdls the central
pl ane, and a _bul k Ig yer whi ch conp rlseif second regjon of the wafer

bet ween t he ééﬁ??'é? pFar Sirgle FdicPBgVRReT | RAVRT iR ar, t he
waf er has a ma_ﬁlor, generhl by pait=tIid b whirdacek, cmyetef wiaid¢h cks videsnci es

wth 15 the QCS”{rfS‘{:éO@foéh 5L 894 B hEhSFﬁé' %ax)/r?lcif)e‘é‘ he

greater than 8- conteh I on of vacancies In ace Tayer and
with t heSvachackesuhnfateagof the wafimwenst centoal ppdané ebetwesn cthe he peak

density of tReont andaEaeki Herfscdd, A c&%hmﬁf@?eﬁ@ﬂéiaéd@é qWinide 2
concentration geger al I%mgecr easing fromth eggg& ti of peak denS| ty

in the directPEnfbPRtn2 e BRTS 1 Sof 3 FYrtace Y%’F which The
present inveebmprisssfthe rmegrbne:n:fi ehet wader betwéeglehergfmmt silicon

waf er conpri §h99a£:¥"°a j QT g %_S?]n aI Ly Q?L%Aoﬁer otas'\?m Chone of whi ch

is the front sur ace o f and is the back
surfacel§f tmécramerers Beasyeed pﬁmt@@t\ﬁ@@ntt Rerfaeptand towawd back

surfaces, angnha ebhedal epeahé a|ar§ﬂjg£ ]du(llmllla eEthich cdhphts@adh back
surfaces, a front surface I yet?‘| Hﬁr&g{ gf thetre9|o£ of the wafer
within a di sP8AEBS BREHT,° gt 0 water SFRahPEo6ERE IR R tIVet et s of the
front surfacehanfliast reghbohk |&yaramdmwliagi nghehwafeyilbas od ndre- waf er

bet ween t he uﬁéfgﬁﬁnaféér% Eo NSk té}ﬁ,aftaqnhaﬁeaééceaééﬂ@{es'wlth

parti cul ar, ayer as a sub nti al unj form 35
concent A&t i oﬁhsnaoﬁcé’aﬁ’ééﬁ%?’&t?%nV"i‘ﬁal\Frlﬁ dp the bP&l‘t}%)éGVa’%%ﬁbﬁf es such
that, upon sgkpaekirnghihechafesndentration of vacancies in the '

surface layer and with the vacancies having a
concentration profile in which the peak density of the
vacancies is at or near the central plane, the

20 concentration generally decreasing from the position of

" peak density in the direction of the front surface of the
wafer. :
The present invention is further directed to a
single crystal silicon wafer comprising two major,

25 generally parallel surfaces, one of which is the front
surface of the wafer and the other of which is the back
surface of the wafer, a central plane between the front
and back surfaces, and a circumferential edge joining the
front and back surfaces, a front surface layer consisting

30 of the region of the wafer within a distance, D,, of no
more than about 15 micrometers of the front surface and a
bulk layer comprising the region of the wafer between the
central plane and the front surface layer. 1In
particular, the bulk layer has a substantially uniform

35 oxygen concentration and a concentration of crystal
lattice vacancies such that, upon subjecting the wafer to



5 + . an oxygen precipitation heat treatnment consisting essentially of

annealingwggﬁgﬁg%ig at 800[err] C for four hours and thﬁaTﬁk?é@Qﬁgerr]
e S, es

C for sixt t he waf er will contain oxygen precipita avi ng
a concentration 5 profile in which the peak density of the precipitates in
the bulk layer is at or near the central plane with the concentration
of the precipitates in the bulk | ayer general ly decreasing in the

direction of the front surface Iéyer. 10 The present invention

is further directed to e Sdanal Ly L.silicqn avi ng two
maj or, gener?f‘l §xy-°j‘en %%?%Wle?gﬂslt}rq}glge%g, %%%g%?h\%hlggﬂg\?%e{'ﬂ% front surface
of t he wabentiadly hef camrgalgmantiheh wagerhatb88R° sGr fatefopr t he

wafer, a cenpbaksPhaderReL WeEMddte Id Gk aRdeBaakndlirs, SthéaggBerand a
circunferenti al eda}g{_gol ning the frant,- ck surfaces. The wafer is

nd  ba
charact eri zeYith € tp ox 9eQxHﬁﬁﬁ¥Ré§a§e&eﬁﬁHéﬂgzBnﬁoﬁﬁ?ﬁﬁr§5h?%ins
I ntersti i al profilexygewhibeld tite geakodensiey biethegppachbpitacesairr from
the front su c | stanc rr f t t 2
m cromet ers %{é’gsg}leg ??g}?ﬁ?tﬁ% ?etr oor% %se ua]rI;c atglee §%BI‘? %\%ﬁ?%ggg W%gﬂe&éeent ral
pl ane. The wabsrentraghipaceerihedraripigates int hhecbutknladeron of

interstitial gax¥gem {Natbreslemiled: the ga2Retabnaocdi 8hanggoggual to _
one- hal f of g[err |§6at | east about 75% of the maxi mum concentration

of interstitfeFfage 18%$Hen in the denuded zone. The present
inventiao is furtike pgresehedidwerscion isprfaceherf dirbeaédtteaki ng a single

oxygen in thetiot8! Ebyscal SO0 4R WAGABEOELE haybor QERBLPYD. o,
silicon waf ePakatiny aurfaressiacE whishcisstheadeong surfagenefal pl ane

between the thaniaged BAgktBeIrétacas ofd which S6 kaeebhakesunhheh onprises
masured | ChPrBAFERe FrORRTELE MR SR A EnE 0Bk FAT Brahe. and 35
a bul k l&yer suimifehespnpnd sasciheunfFyiemt icfl edgewdbéning thieefwernnh t he
central plang,anfl,sir EAELaLlaYer THd&/d¥eICESS characterized in that it
comprises a denuded zone which contains interstitial
oxygen and which comprises the region of the wafer from
the front surface to a distance, D,, of at least about 10
20 micrometers measured from the front surface and toward
the central plane. The wafer is characterized in that
the concentration of interstitial oxygen in the denuded
zone at a distance equal to one-half of D, is at least
about 75% of the maximum concentration of interstitial
25 oxygen in the denuded zone.

The present invention is further directed to a
process for heat-treating a single crystal silicon wafer
to influence the precipitation behavior of oxygen in the
wafer in a subsequent thermal processing step, the

30 silicon wafer having a front surface, a back surface, a
central plane between the front and back surfaces, a
surface layer which comprises the region of the wafer
between the front surface and a distance, D, measured
from the front surface and toward the central plane, and

35 a bulk layer which comprises the region of the wafer
between the central plane and surface layer. The process



6 .. conprises the steps of heat-treating the wafer in a non-

nitriding é e to formcrystal lattice vacancies in ace
Japsen RT3 Bl

and bul k | and controlling the cooling rate of th reat ed
waf er to produce a wafer having 5 a vacancy concentration profile in which
t he peak density Is at or near the central plane, with the
concentration generally decreasipng in the direction of the front
surface of the wafer, and the differenhce in the, concentration of

vacancies in | Je | r . hei S rm
treatment of C{Dﬁér%%ée?&g? a%@egy C}%t g%gr'gférgglgﬁ gg%e‘gé o]TL h%goé[ﬁeér}r?_] Cis
capabl e of foinrhding atmogphRrfedozdeem gryRbasutdbeice aganmRHxdRen

clusters or rne sREEEEPIAdd 854IK0 1R AR Enhaﬁéﬁtr&\iifh%r@lémﬂ@tioh of
t he oxygen clusters or precipitates in-the bul k Iager 5 _bei ng Br(_lbrrarlly

dependant upBAtEhRf coReeMtdbtimrted watfer, ke REpduce a wafer h resent
i nventi oB i saf uat&ecy deomecémrdtiom profifeodasshioh tieatpdaleademsyitay si ngl e
crystal siliggn r [ 1O i ngl e,.c t W . 1. ngot grown
by the 20 CHoRhr o R et Rod T Ho Pidnge PhEnprhs; SradennRtudd O 2000
of oxygen i ngeheradl¥rdeereasinsdgquéme digesiion of pheckenthg step. The

Eilticon ;Nﬁf eféubataca %Eoﬂﬁe %ﬁé%c,e,anfd theadQQQlér?Hééa.lﬁﬁ,tl@e central plane

et ween e ron an . aC Sur,r acegs, sur ce a r | C CcO I ses
Dhe Teni on® 26oneene T RELon of Aatiaien 12 Fhenbusseecaid itk SaferRy o5
measur edof r obetihg &uoht tsat fadcheamchlt awantdmehe ofnthelwafer gt ame, and a

bul k Tayer WoLaReEOIRELSEY LRGdLULTSY LNEs capallBl Cor DESMRAY, the, central
pl ane and surface [ayer. The process conprlges the steps of: (i)
growi ng an ofegudsd zopaykR B i iRcendayert and eXYFIRR ShEtEFSHY Peating

t he waf ghebipt BELBE EEENE: Quld 10¢¥EENwEeRt 8h8i Bencemietion of (i)
heat-treating,the_oxidi zed wafer at a tenperature o af Iéaast about
1175 [err] C 8% 8W8?y§f‘é?t?%ﬁ tqrcgﬁfgggﬁ?figgs n tf"ﬁ PHES sth¥%S%e and bul k
| ayers, 16i i i pedogl prngmahblyedeper8imntt aipent 6hperanoertvitieysof han 900
[err]C, and ygeankh¥y.controlling the cooling rate of the heat-treated
The present invention is further directed to a
process for heat-treating a single crystal silicon wafer
sliced from a single crystal silicon ingot grown by the
20 Czochralski method to influence the precipitation
behavior of oxygen in the wafer in a subsequent thermal
processing step. The silicon wafer has a front surface,
a back surface, a central plane between the front and
back surfaces, a surface layer which comprises the region
25 of the wafer between the front surface and a distance, D,
measured from the front surface and toward the central
plane, and a bulk layer which comprises the region of the
wafer between the central plane and surface layer. The
process comprises the steps of: (i) growing an oxide
30 layer on the front surface of the wafer by heating the
wafer in the presence of an oxygen containing ambient,
(ii) heat-treating the oxidized wafer at a temperature of
at least about 1175 °C to form crystal lattice vacancies
in the surface and bulk layers, (iii) cooling the wafer
35 to a temperature of less than 200 °C, and
(iv) controlling the cooling rate of the heat-treated



7 - .. wafer between the heat-treating tenperature and 900 [err]C to

produce a I ng a vacancy concentration profile in e
peak densr?@érs ?¥ near the central plane with the concen??g??gn
generally decreasing in the 5 direction of the front surface of the
waf er and the difference in the concentration of vacancies in the
surface and bul k layers being such that a thernal treatnent of the
waf er at a tenperature in excess of 750 [err]Cis capable of formng a

denuded zonewaﬂetrhseé@eenswé e t-ARatang eémgeeaehyéteﬁé Shopsecipi tates

in the 5 yer m% t he, coricentrati on en cg ters
or precrprta?gg Brct A Btk W%ﬁﬁﬂg'ﬁeWﬁ&aBFVhﬁPPFﬁntratl A5hte upBn t he
concentratrowhméhvahanpeak density is afherpneaenthenaentr@h phahert her

directed 1o i1 cnd" 868S AL NG J0aBcabgl gactystal S 11 con el er

sliced froma sing ngot % Czochr al ski
met hod t8 |nﬂFEEﬁ§e°ﬂh@ p?%%r%ﬁQQﬁ|SM¥face o eﬁh@rﬁﬁf©$ anggelkein the wafer

in a subsequgnkrthensal 1n the %&E&Sﬁdﬁ&ﬁl&hegf 'vfbéaﬁbiégofh“@lfxér has a front

surface, 20 a_back s a cen al plan t ween the front and

back surface§ur§a§ﬁr? $§§eta¥ﬂﬁ§: FP§§stgﬁE Refp of the wafer
bet ween t he treatmentfafeth&uhafahsatamceemberaturaeaﬁuendeésoufthe front
surface and ?g&asg %Qe of foﬁﬂ‘% a ﬁgﬂu? eQULKLLayer . mhi ch conpri ses
the region of the 2 etmeen thé centra pl ane an surface Iayer

The 1froc e§§feeﬁplexe§ elt%@xxtsrerr OLUSESE St Peaprﬁglpheam eknj ghe

oxygen contabﬁnnglayéﬁsﬁhemetﬁé)&dﬁd@dﬂfﬁ&hah bﬁtthéeoxygeﬂa§ﬁﬁ§t§§sln the
surface and bulk | a

er and, nt r ol the cooljng rate of the
heat - t r eat ed°§0prﬁﬁ¥8t§?5€?)rjorblugee 5’% gf‘yﬁﬁv ﬁé 95?:‘5?\’6%7i¥0ncent ration
profile in wiepkn@aet pepén demsidondentamtdonnedr vabenciescentral plane with
the Concentrat'On?ﬂénﬁiéééﬂkckﬁyéﬁyﬁd%g1s fu&@h&?edgké86éa°900$ the front

surface of the wa ference_in the concentrati on of
vacanci é§ i nPtReess fogheakrxarfing 1o sipals 5§Yﬁﬁa%u€hlt%%§ wafe®r nal
treat nent of sihcedafeomas @idFIPIBidtza isilexeassngbt grown by the

Czochralski method to influence the precipitation
behavior of oxygen in the wafer in a subsequent thermal
processing step. The silicon wafer has a front surface,
20 a back surface, a central plane between the front and
back surfaces, a surface layer which comprises the region
of the wafer between the front surface and a distance, D,
measured from the front surface and toward the central
plane, and a bulk layer which comprises the region of the
25 wafer between the central plane and surface layer. The
process comprises steps of (i) heat-treating the wafer in
an oxygen containing atmosphere to form crystal lattice
vacancies in the surface and bulk layers, and
(ii) controlling the cooling rate of the heat-treated
30 wafer to produce a wafer having a vacancy concentration
profile in which the peak density is at or near the
central plane with the concentration generally decreasing
in the direction of the front surface of the wafer and
the difference in the concentration of vacancies in the
35 surface and bulk layers being such that a thermal
treatment of the wafer at a temperature in excess of



8 .. 750 [err]Cis capable of form ng a denuded zone in the surface

| ayeir and usters or precipitates in the bul k 1 UsyidaBsd he
EESER, PR ope

concentration e oxygen clusters or precipitates int ayer
being primarily 5 dependant upon the concentration of vacancies.

O her objects and features of this invention wll be In part apparent
and in part pointed out hereinafter. g BRI EF DESCRI PTI ON OF THE

DRAW NGS Fig. 1 is a schematic depiction of the process of 10

the present hBgenti 08.capable of fdrhing aSdBnlBEHOYLARNIRftRe Cr OSS-section
of a wafer gsan?le 4-%% whi ch ‘was "processed as described, in Exanpl e
1, SErgace [RYEr pHit CYFEIRT GHUSterss X sBEEFORIBRES vif efPa 5
(sanpl e 4-8) buwhkchayes wsith echeddrnrenteratdonesfothet epggen cluesers bed in
Exampl e 1. : ~Fi 4 | ¢ (o] r = ,on of a wafer
(sanpl e 3-14)°r f%ﬁlaggg%%%'%%ﬁgﬁpgght é% efiggggg g?%%égfiy described in
Exanpl e B 2@ependant Pil@@nséh% epnprensrasiophef] ygeanchpeadt i num

concentration (at @Hﬁéﬁ%ﬁ%é&&s VRS Yol brommiBeigvehacon afill pea wafer
(sanpl e 4-7) ,.which_was_subjected to the series set forth in

of ste
Exanpl o 1, = B PATt Spparent|and, 1 Ak B EFdacBF BETSRIT B of & waf er
25 (sanmpl e 3-4) which was subjected to the series of steps set forth

in Exampl e 2gp1eFr pESCRIFY ot Stk MR YGaPh of a cross-section of a

waf er (§HﬁﬁFéT3T5?‘?%?%%_vﬁ§'§qbrﬁcrg§3to the series of steps set
forth in Exanpl e $19301 is a sghepatdq depiskdepgPiphhef PEOERHICEect i on of
a wafer 10 theappkeent 6)nwWheiomas subjected to the series of steps

set forth in Exa

SeU O 10 SARLE 2 s s mioiadiih 25, BBU BUERR00 O S Chpgs 00
set forth in(EﬂmnéEe437) which was processed as described in Example
1.
Fig. 3 is a photograph of a cross-section of a wafer
15 (sample 4-8) which was subjected to the series of steps
described in Example 1.
Fig. 4 is a photograph of a cross-section of a wafer
(sample 3-14) which was subjected to the series of steps
described in Example 1.
20 Fig. 5 is a graph of the log of platinum
concentration (atoms/cm’®} versus depth from the surface of
a wafer (sample 4-7) which was subjected to the series of
steps set forth in Example 1.
Fig. 6 is a photograph of a cross-section of a wafer
25 (sample 3-4) which was subjected to the series of steps
gset forth in Example 2.
Fig. 7 is a photograph of a cross-section of a wafer
(sample 3-5) which was subjected to the series of steps
set forth in Example 2.
30 : Fig. 8 is a photograph of a cross-section of a wafer
(sample 3-6) which was subjected to the series of steps
set forth in Example 2.
Fig. 9 is a photograph of a cross-section of a wafer
(sample 1-8) which was subjected to the series of steps
35 set forth in Example 3.



9 - FIG 10 is logarithm c graph of the nunber density
buI k-micro BVMD) versus the partial pressure of sent
in the at c@éﬁ@%ﬁzﬁéurl ng rapid thernal anneal i ng of si ﬁ%@%‘;ﬁ#g

silicon wafers in accordance 5 with the present invention, as described in

Exanpl e 4. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
I n accordance with the present invention, an ideal preci pitating wafer
has been di scovered which, during essentlally any el ectronic device

manuf act uri ng pr 0GHRS, JOO s""'llal_:;ai-ﬂ:mxfcd rno%hs 1[zotr]_g of uff| ent depth and
|

a waf er bul k "ot ainihg 8280t Fer e oxy
pr eci pi t at es drbul® mmo@e@echavéwabe‘o%mws tthﬂ Pantaal Presqw:@clqﬁ tating

waf er may be RLRAA §d-dsank AR ERE Q'Emos?hefé S dISid d A¥erfdi ch are in
conmon use in the 1 sem coEduct or sjlicon manuf actur| ng i ndustry. This

process creat¥¥eR YngPtaSdnILR FRESER | Shit SR cfRfers ige@AGGAnIRncs:
"prints" %he withethel prefseah dnygetion) las desdqrisddiimiBxatipliena .t he

el ectroni ¢ devi ce nmanufacturing process. 20 The starting
material for the | deal precipitating wafer of the present invention is
a Si ng| e Cry BTIATILED I .ﬂl-, PREIGNT Q@ AR P BRTh A A [SOm a Si ngl e

crystal I ngotxrgra%raaneecwtéﬁn@ﬁe %f&&%vmém%n Ca0L g3k
crystal grow ng net hods Suc wel | as 25 . st'andard si I i con

slicing, |apd ipditatiing, va Gr Sh?% discoyergthiHed :afM din&| osed, for
exanple, in Fessimtmarlay any eSeatronﬁucd@hc&Immrfaﬁtyﬁﬁaig f&tﬁaﬂwa—qu,

Acader Cl@r 11 ﬁé‘:ﬂ@%s%engggg t!:ﬁ&ogf% . dﬁ?llher@ CAqepB:% fé‘d a W rI er ed.)

Spri nger ria I ncor por at'e erein ref erence)
Czochr al ski - di?‘g\m asintiadaangy pi suEfychent densifgerrf oxyasrcentration within

the range of tpiiaztet-oﬁfefcr ]rc;tgu.aﬁeélés Advantdddedudlat /Ll (ASTM
standard F-1 83) cau e % gﬂr %’Fﬁ‘f |tat|on betr%\él or of the
waf er becomeFFH 1P (i ?rdgaﬁu]ﬁ? ntration in

mlnutes u51ng tools which are in common use 1n the

15 semiconductor silicon manufacturing industry. This
process creates a "template" in the silicon which
determines or "prints" the manner in whieh oxygen will
precipitate during the electronic device manufacturing
process.

20 The starting material for the ideal precipitating
wafer of the present invention is a single crystal
silicon wafer which has been sliced from a single crystal
ingot grown in accordance with conventional Czochralski
crystal growing methods. Such methods, as well as

25 standard silicon slicing, lapping, etching, and polishing
techniques are disclosed, for example, in F. Shimura,
Semiconductor Silicon Crystal Technology, Academic Press,
1989, and Silicon Chemical Etching, (J. Grabmaier ed.)
Springer-Verlag, New York, 1982 (incorporated herein by

30 reference) .

Czochralski-grown silicon typically has an oxygen
concentration within the range of about 5 x 10 to about
9 x 107 atoms/cm’® (ASTM standard F-121-83). Because the
oxygen precipitation behavior of the wafer becomes

35 essentially decoupled from the oxygen concentration in



10 . ~the ideal precipitating wafer, the starting wafer may have an

oxygén congﬁagwygn falling anywhere within or even 0?&?)1)@?8/63}3?6 ange
y e

;
attai nabl e Czochr al ski process. 5 Dependi ng upon t he
cooling rate of the single crystal silicon ingot fromthe tenperature
of the nmelting point of silicon (about 1410 [err]C) through the range
of about 750 [err]C to about 350,ferr]C, oxygen precipitate

nucl eation centers may formin the single crystal silicon 10 i ngot from

whi ch the watge §8eshl gf»eci T02 ALSRIEKSE O'the sta?R3RPCRaPErIHEYE
nucl eation centers in the s?artln T material Is not critical to the
present inveR@Vgnan OXYEFBVFB%H?m%?ﬂ@\%? ,fatlﬁ-éé‘l? EBHYBEEe Vet RAPBaBFe of

bei ng devenl vadshyehene- tawgd i atg diratdid byorhat ckegheadskies 15 not
in excess of _about 1300 [err]C. Certain heat-treatnents, such as
anneal i ng t h8*8FFP8on at a tenperature of about 800 [err] C for about
four houss, can sbsbehiiagt hpse thatagaling raseckft bhe shaglare i ncapabl e

of being di 5%9?}&%Qla&i_licont SHESE MR HO P e@%E83E BF BRAUReid?Aglerr]C
The 20 detection | i1m¢t for ?ég en precipitates is currently about 5

x 10[err] pr 8CABt Qife§/iéﬁ'rf8?r IS e HgPugansheyyange ofs oxygen

preci pitati oabsut! @30 6x tendkbsst CEBNCIC beoxygen preedipliyateasured using

tl ilabhlLe. ' . J t | be.
precent ¥, SAUEANLE bECLIMRNES oy s BUBBIGLES BBl gy teed
di scussd®  ingopr Exemswhaghoklearminrdipigldicednuclbat P5ASEBALEPE in t he

silicon can hesehabi biFZeHe38dnié PEADidrAtc@nteds B8 gheWBtartingt these sites
reci pitati on. heaf treatnment.

by subjecting the sili.con to an_pxygen
Thus, the pr BeERE&3LS 180MOt | RELREGAR hn(Ghoh BXEREaF s LBHRDF A8Rr ect | y be
measur ed aft erovidedanhowggen, prleeseideatiens lgat chpeblsenf, beigg, anneal i ng

the wafer at at ur . « ofs u then at a
t enperat ure ggs%%ggﬁér %? ge?%Fgg?éfleﬂé t%’oéu%rsl.h%%?ge Eémggggﬁl GFi onal
car bon, hfhennpteddnexgssSanof npevt 139 °G.n Sexgrdnchpatakrearmeshs  has the

ability to Caudhyae annealbfgfehdBdiond axwieempeestiicbabe ayshigation

centers. 800 °C for about four hours, can stabilize these centers
such® that they are incapable of being dissolved at
temperatures not in excess of about 1150 °C. The

20 detection limit for oxygen precipitates is currently
about 5 x 10° precipitates/cm®. The presence (or density)
of oxygen precipitation nucleation centers cannot be
directly measured using presently available techniques.
Various techniques may be used, however, to indirectly

25 detect their presence. As previously discussed,
preexisting oxygen precipitate nucleation centers in the
silicon can be stabilized and precipitates can be grown
at these sites by subjecting the silicon to an oxygen
precipitation heat treatment. Thus, the presence of

30 these nucleation centers can indirectly be measured after
an oxygen precipitation heat treatment, e.g., annealing
the wafer at a temperature of 800° C for four hours and
then at a temperature of 1000° C for sixteen hours.

Substitutional carbon, when present as an impurity

35 in single crystal silicon, has the ability to catalyze

the formation of oxygen precipitate nucleation centers.



For this and other reasons, therefore, it is preferred that the single
crystal si I“i,&%ﬁ.{sarti ng material have a | ow concent r app-8Rs04/05586 Pon.
That is, the single crystal silicon should have a concentration of
carbon which is 5 | ess than about 5 x 10[err] atoms/cnierr], preferably
which is |l ess than 1 x 10[err] atons/cnferr], and nore preferably |ess
than 5 x 10[err] atons/cnferr]. 1 Referring nowto Fig. 1, the
starting material for the ideal precipitating wafer of the present

invention, 19, S0 s HHA Hddon@n Wakebrdrehascaibroptrspriace 3, a
back surface 5, and an, i magi nar entral plane 7 between |, the front and
back surfaceihatiehs FiRILG [ Fastadngilicon ghakeipg PAFSTEdhtRXYeafe used
to di stingui sbwtdentewtratiomeiforcarpencr alrthgtpianatheusingks ofysbalwaf er;
the front 15..) pUL] 866, ofa (S al Rondenkial shar Ol Ssed BRIEAN; LS not
necessarily The SUr face onto I'ch an el"ectroni C déevice W]

subsequeht | ylees ftltan cahat rfox il9't e assoiemur puegerably ofhidie dfer as
that termis)uggdc ek el Nk NRpeSHAMnd ferPN€and moPBI PrefeFdishe Ndsd he wafer
whi ch is opposite_the surface /203 onto which the electronic device is
fabricated. tPaR 5 X LQdi RIS/ Because silicon wafers typically have sonme
total thickness vRefetitinmg mblV)to Fagp andthewsttlreing matedpal nfobet ween
every point t yrsf v ' n, surface
may not pr ec?@%lgg?% %%éltgfvﬁa%%n%ng’aglegng? gégaggkg%??cé{'b%%{??éﬁ however,
the TTV10 single ety sidd qompiwedlelry 1sohalsi ghfrontt swvtace| dsea

appr oxi mat i 0Opatlesid- £ M8 S LHRN B 193ld nbyf @khtwhalihbDadl 7 petk&BFi nary
central plane which is a&)q?r?o%(l mat el y ui di staqg between.the front and
back surfacethezgront and S CEFbodilEnteEPSt hETBPECe®R%0f t he

pr esent "baglent imntvisd eroritext laeet usedated distangaxghenheotwai ni ng

at nosphere i p r rfi.cial i ye whi ch
envel opes vvaﬁ%f&i’. %S%%%leﬁglﬂatqﬁezaom ecleasyg%L the Q%fk?'hgf}g grg[a Fckness
whi ch i 35gr cauEfaen ot tHe mafak a5 thagyited™ ipeis@Rii BRTESRMESURBR sil i con
(about 15  necéwdstiDptihe HEifRiclontd hdiex da kagetrbascagkhiekness

will subsequently be fabricated nor is the back surface

of the wafer as that term is used herein necessarily the
major surface of the wafer which is opposite the surface

20 onto which the electronic device is fabricated. 1In
addition, because silicon wafers typically have some
total thickness variation (TTV), warp and bow, the
midpoint between every point on the front surface and
every point on the back surface may not precisely fall

25 within a plane; as a practical matter, however, the TTV,
warp and bow are typically so slight that to a close
approximation the midpoints can be said to fall within an
imaginary central plane which is approximately
equidistant between the front and back surfaces.

30 In a first embodiment of the process of the present
invention wafer 1 is heat-treated in an oxygen-containing
atmosphere in step S; to grow a superficial oxide layer 9
which envelopes wafer 1. 1In general, the oxide layer
will have a thickness which is greater than the native

35 oxide layer which forms upon silicon (about 15
Angstroms) ; preferably, the oxide layer has a thickness



12 . of at least about 20 Angstrons and, in.sone enbodl ment s, at

| east abouRY Wﬁﬁ gstrons or even at | east about 30 {:{. ?% 3686
Experi nment al ~évi dénce obt ai ned to-date, however, sugges a({

| ayers having a thickness 5 greater than about 30 Angstrons, whlle not
interfering with the desired effect, provide little or no additional
benefit. In step S[err], the,wafer is subjected to a heat-
treatment step in which the wafers are heated to an 10 el evat ed

tenperature tgf f@r Meand hBSﬁEbYOlmﬁ £a%6nd Mhd, in %ﬂﬂ'@eemﬁeaﬂnastef crystal
| atti ce vacanci (is 13 |g waf er . : Pr ef er abl y, this heat-treatnént step

is carried ot leastj AbQuf, b ARFRTTRING Fin&Nedr &t lmﬁéhapﬁgtvﬁpers are
rapi dl y heat dchdstr@misar gekpéemmnrarﬁuiuwm&ha@eat tbSdatkhat
terrperaturefor relatively._s rio f ti

wafer is subj& E% Y o%gl \régﬁ%gra?ﬁ &? ée dla%’ers Vige flgg ?gflﬁs&

pref er ablyy atQIJe@é;ﬂr thes pbpuf GO mgstroms .pr‘@flé-mblloy antergeriabout 1200

[err]C, and rm:th RS geabh¥a effede! Yokl 0 Ul t33Q0 ke hp] Qdama'l&%z [e”] C.
20 t he f.i rst embodi nent of t he present 1nvention, e rapid

t her mal annea‘ﬂ I’r‘Fgf 'ep is carried out in the presence of a mtridi ng
atnosphere, that iIm szep S,, ervefeer éscenbjeoteg tbtdagescgas (N err]) or

55" Ly 09°N | sreaciRBkALLAG: RO RS, G 23 ATIORER WO CH 1S capab! e

25 of nitriding an exposéed silicon surfac here may t hus

consi st ¥hti @Waéﬁdnﬁﬁmégéﬁt‘éfe e riRyeh and témmxmdngasaser the may

addi tional |y @i 9@n@iB9Nof crystd) idHeid G2 a34elrids aRJQR- wARekNCr ease
i n vacancy nc nt rgﬁll OnF%bSOlh%a out the wafer is achi eved nearly, if 30
t

c
not i mmedi at &y, ﬁ'r§ Yev A SIRGC StePedfeFAELLed PHE waf er
wi || general lin laempmdt &heedadt annealdy sirt evipetatthiee waderat akeast one

second, LYPi GaldimtPheateadtol £atkrgdt S egll?e?:%%ms gﬁ gameggehesét 3),

preferabI% several tens 50 35
seconds)3nd t*@épéﬁﬁpﬁﬁaﬁﬁﬁﬁ fae yecgkatdiverdar i perded of simehe waf er,

for a period mhigehera) ,;r angewsdpet ocishailjétted to a temperature in-
excess of 1150 °C, preferxably at least 1175 °C, more
preferably at least about 1200 °C, and most preferably
between about 1200 °C and 1275 °C.

20 In the first embodiment of the present invention,
the rapid thermal annealing step is carried out in the
presence of a nitriding atmosphere, that is, an
atmosphere containing nitrogen gas (N,) or a nitrogen-
containing compound gas such as ammonia which is capable

25 of nitriding an exposed silicon surface. The atmosphere
may thus consist entirely of nitrogen or nitrogen
compound gas, or it may additionally comprise a non-
nitriding gas such as argon. An increase in vacancy
concentration throughout the wafer is achieved nearly, if

30 not immediately, upon achieving the annealing
temperature. The wafer will generally be maintained at
this temperature for at least one second, typically for
at least several seconds (e.g., at least 3), preferably
for several tens of seconds (e.g., 20, 30, 40, or SO

35 seconds) and, depending upon the desired characteristics
of the wafer, for a period which may range up to about 60



13- . -seconds (which is near the limt for comrercially avai |l abl e

rapid ther%%%lgg;gal ers). The resulting wafer w | | havg 2 Eﬂ/&%b%’el y
uni f orm vacancy concentrati on (nunber density) profile |n

5 Based upon experinental evidence obtained to-date, t he

at nosphere in which the rapid thermal annealing step I's carried out
preferably has no nore than a relatively smal | partial pressure of
oxygen, water vapor and ot her ildlZlng gases; that is, the atnosphere
has a total Jf.op ol DAz ki 9anee £Ox c&%éf@iaﬁfssure of such
gases which 1s |nsuf Iclent to I nject antities of silicon

sel f-i nt er st3{3ulakke HaRid ctﬁlermal §aps|aé§§si he Bﬁwaewﬁl%%n@amly
concentrati opsrl Wive® a reldtisrd1gWahilfont vabagey dedhoeneBst LoRCcent rati on

has not 15 re |sel dete ned has _been denonstrated that

for parti al B‘F‘E&%{}?e{ %nyéﬁ? d‘fleolb‘ltgﬁn’ﬁgﬁﬁ’éres (atm), or 10,000
parts pes mlliorBagahiupqpmErperimental evideraseobtaimednty-dapeentrati on
and no effecipd Sepos rPé&%erl‘fP‘il« 1E'ihu$:he' Eah%dpﬁﬁéf&éfdaﬁﬂé‘éliﬁg %Sphere

have 20 a partial_ pressure o gen an er oxidizin
| ess than 0.94 ‘é%’fﬁle(QL(P‘%YO@Hﬁfﬁ)a h‘ohéSprl@f@%slthea rela%hwhal

pressure of &hese wasetsal fbﬁd#btﬁten'@ipbﬁﬁr@eh$ water vap®f Cahidadcpbput 0. 005
atm (5,000 re tha about 0.002 atm

ferabl
(2,000 pprra)g%g%i i gases epft&ag >a[LS*l' th REPESPRETE ABBtL = 0LOHR at m (1,000

ppna) . absenden caﬁzlcb)tmd:lrzltng @alsssngrt hepéotiali pnessure ysf asuch
Iattlce vac é@sg’wﬁﬂfhr s&ﬁﬁ"@'en@.n'ﬂ‘éahhggcétS{ffflcxeﬁéuses the

di ssol uti on any unsta |I| re0|f|tate nucl eati on centers
whi ch are présdMiities iRf 9 licgn sg ft dnserFRgtidt eFaPS WhheRe nucl eation
centers may suppi¥sd afhHe builld-w@XaFphacaduyi BGnEBﬁtgé@%ﬁs of wheisingle

gg%zzgteﬁégl%onscﬁgggf%&%'evq%tﬁlﬁggﬁga §é§|8u§cengr?%%? ?aﬁlg?%ry of the
waf er ot5of béen ipwatigelamdatiarmizgd,t i hasebeen deénordtratedsthate
presence or ARSENcA Of1 presdflRSe JHUEhGBEHOBECENbEr Sthdspherasarting
material is ?ggm ), or 10,000 parts per million atomic (ppma), no
increase in vacancy concentration and no effect is
observed. Thus, it is preferred that the atmosphere have
20 a partial pressure of oxygen and other oxidizing gases of
less than 0.01 atm. (10,000 ppma); more preferably the
partial pressure of these gases in the atmosphere is no
more than about 0.005 atm. (5,000 ppma), more preferably
no more than about 0.002 atm. (2,000 ppma), and most
25 preferably no more than about 0.001 atm. (1,000 ppma).

In addition to causing the formation of crystal
lattice vacancies, the rapid thermal annealing step
causes the dissolution of any unstabilized oxygen
precipitate nucleation centers which are present in the

30 silicon starting material. These nucleation centers may
be formed, for example, during the growth of the single
crystal silicon. ingot from which the wafer was sliced, or
as a consequeﬁée.of*some other event in the previous
thermal history of the wafer or of the ingot from which

35 the wafer is sliced. Thus, the presence or absence of
these nucleation centers in the starting material is not



14 . .critical, provided these centers are capable of being

di ssol ved c{w) keb §1e rapi d thermal annealing step. CThRod/693kd

t hermal anneal "may be carried out in any of a nunber F comercilally
avai lable rapid thermal 5 annealing ("RTA") furnaces in which wafers are
I ndi vidual |l y heated by banks of high power |anps. RTA furnaces are
capabl e of rapidly heating a silicon pmafer, e.g., they are capabl e of
heating a wafer fromroom tenperature to 1200 [err]C in a few seconds.

One such 10 - £OPPRL cnﬁéwlwldr@@eecgﬁeew Q?‘Eechﬁaﬁfé GPdsd i £d 0

furnace available_ from AG Assqci at es I\/glﬁntal n Vi ew,

Intrinsic po@h?s%‘f%‘?:t%u’(%ﬁlﬁ &8Pt Fp\é@,naggpﬁhng SteRterstiti al s)

are capabl e of diThestayid tleiglalsSiangleal may beysaakied| owionimi ddyt he rate

of diffusion,belng, 45 %F@o%n?e&%f %1‘129‘3(}%&5101(3 ? E@” é‘:@rﬁé‘%' on profile
pol n]f N I'S aRcti on

of intrinstc fore
di ffusi vBty éﬂnﬁﬁbll’l%t HIREA'D foimmacest dot whigl waers areecombi nation rate

as-a functi Oﬁlneivimﬁi%i‘t%&ed:% banks€%ETRL8h bBRekNishpsi c PANt defects
are relativel Xr20 nobi at .t

at ur, the vicinj of th
t enper at ur e naﬁ?sv\ﬁ%hc???é’]\ﬁaf’g |a§l§SrNe§F@EPPﬂ i‘h%ligfﬁ”él YHe?Fal
anneal i ng st epgwhetkeg dih=\capablesodnhiealting anwhfke £o6m roomany

iall | t t _t f h 700
[T Bxpet RACkaPTLe (FRAR (R0 4% 5 FovpRCUAGE 0 e BB that he

effecti #@ di rPumepaiably ayrailable, RIAn&ugnaseoins tbasnedehb$io at

t enper at urethgﬁgcéhaaanam@tzwm K@Ags@aqaeeéhwsuﬁéagﬁe@ievas ERP. [err] C
900 [err]C, or even, 000 f% e _vacanci es conmfgred

be i mobi | e FBFr%T/l"cd?ﬁ‘t’é"r %iﬁ e;?tﬁr H?FEQFlFFr@néeﬂ =0 Se Upon
conpl eti on ofinserptfealg) dre aspadrle ofr dplfdhymg throogkedsimgbé ep S[err]

Lirough the F204eafls! MG AP race obNLERGLYBhALLLALL c@ vacanci es

are relative |Ie| e5|n e cry sta |con
t enper allfr e 5r-mpﬂéature @ﬁmd%rst dec',rlh@a§é’6‘cﬁﬁ‘ﬁ66§F1°{1hP§°f=hh‘@e°%f

t enper at uresingbinshe pebRNGefedts,f therefore 9xi defhayeiol endchecone
annlhlIated,dlgggsigfglrgktéhéif%gan%%lhnp%Q%tVQC%gggs and the

recombination rate as-a function of temperature. For

example, the intrinsic point defects are relatively

20 mobile at temperatures in the vicinity of the temperature
at which the wafer is annealed in the rapid thermal
annealing step whereas they are essentially immobile for
any commercially practical time period at temperatures of
as much as 700 °C. Experimental evidence obtained to-

25 date suggests that the effective diffusion rate of
vacancies slows considerably at temperatures less than
about 700 °C and perhaps as great as 800 °C, 900 °C, or
even 1,000 °C, the vacancies can be considered to be
immobile for any commercially practical time period.

30 _ Upon completion of step S,, the wafer is rapidly
cooled in stepls3 through the range of temperatures at
which crystal lattice vacancies are relatively mobile in
the single crystal silicon. As the temperature of the
wafer is decreased through this range of temperatures,

35 the vacancies diffuse to the oxide layer 9 and become
annihilated, thus leading to a change in the vacancy



15 | -concentration profile with the extent of change dependi ng
upon' the |, 4hf time the wafer is maintained at a
Wi thin thi 3’9(%\ 3;5” the wafer were held at this tenpg’%é)déﬁ%fhln

this range for an infinite period 5 of tinme, the vacancy concentration

woul d once again beconme substantially uniformthroughout wafer bulk 11
with the concentration being an equi Iigrl um val ue whi ch S
substantially | ess than the concentration of crystal | atti ce vacanci es

i mredi ately ug Eeﬁ999£§6hOBrG%lié“%fEH“tﬁg)ex n%?%&?% a%b%pd %%dgs é?ly

cooling the wa however, ‘non-uni formdi stributiron
lattice vacaHEPEstbﬁnlengthb%f dedre e waden He mamaméc&ﬁcy

concentrati Oﬂehpéﬁgture withOf tess wefdd.al 18 &:fHé (a¥ld LV AGARCHE
concentratio ecreasi ng‘f]‘:}_pu fhe .directi onfoﬂ¥ t he .f rant, surfaqe 3 and
e

15  back suEPéEetgmB?r? & Hef&nde an, dpfgrite perdsd ng
rate withBin phi simangehef vaeapey actonmtinatziion woulldeasncealgatins [err] C per

second and ppelenabbynatahehst ARBtEorn etéa%dﬁ;%utcwa%rers%%&ﬂd Dependi ng

upon the desired dept enud the averagé cooling rate
may pref er abWytBothepgongeperatiophping a[fbmlﬁé’rrlslébUﬁéuesWhllIChnDr e
preferably is sabstsaﬁiahbjbuleéé)(t}{a&i’ rde RINCERRREion bl @:Q?Islt@ﬂ rates in

t he range of t 10 Ct t 200 rr] C per .seco ei ng
present |y pr:eLPgrg!rfe %?ng%%lés al“%Te%eﬁ ‘%ﬁ‘tg wple etifm \?gf &he; 965‘5 led to
a tenpelrft ur sreatwrde shepran@e :tsfp:zﬂy theﬂpmgameeszaﬁEr\AMhOMe&eystal
lattice vaca%hean%sm aist 1R M6l yoimlkl'g}&a!ln 160 3l nglg QX 36Al a9 | 'tﬁgn

t he cool i n% rate does not appear to significant | 'uence
preci pi t ati n§echehaeved; @%F’&st}éﬁ HHE T SR CaEN Wtﬁ%’centraté@é‘s bgadngappear

to be narrowhy eri heasl ceﬁbﬁa/:erpmﬁéyz a3ﬁi tﬂ&&mwcw@o@beﬁtwlbﬁ carried

R
heat - t r @&t mebackFgnrésaapb eof tthe wHfar mayin genegalantbel evexage
tenperature @Bo@@gg[?éﬁéchiﬁﬁlﬁC%H1§"¥H é”ﬁ%zgimpé¥g%ﬂr§% 35t ggperature of
1000 [err]C a glé SSQ Eoyé er seconé‘”r]tIQQ%era%Hd EEeﬁiéa%' b Lfie wafer
|sloaded|n8§ P p Y st about
20 -°C per second. Depending upon the desired depth of
the denuded zone, the average cooling rate may preferably
20 be at least about 50 °C per second, still more preferably
at least about 100 °C per second, with cooling rates in
the range of about 100 °C to about 200 °C per second
being presently preferred for some applications. Once
the wafer is cooled to a temperature outside the range of
25 temperatures at which crystal lattice vacancies are
relatively mobile in the single crystal silicon, the
cooling rate does not appear to significantly influence
the precipitating characteristics of the wafer and thus,
does not appear to be narrowly critical. Conveniently,
30 the cooling step may be carried out in the same
atmosphere in which the heating step is carried out.
In step S,, the wafer is subjected to an oxygen
precipitation heat-treatment. For example, the wafer may
be annealed at a temperature of 800 °C for four hours and
35 then at a temperature of 1000 °C for sixteen hours.
Alternatively and preferably, the wafer is loaded into a



16 ..  furnace which is at a tenperature of about 800 [err]C as the

first step £l ectroni c device manufacturing process aded
into a furnace ag this tenperature, the previ ously raplgryggﬁg?%gl
anneal ed wafer will have 5 separate zones which behave differently with
respect to oxygen precipitation. In the high vacancy regions (the

waf er bul k), oxygen clusters rapidly gs the wafer enters t he furnace.
By the tine the |oading tenperature is reached, the clustering process
is fini shed ﬁaﬂn@céowhﬂwtiéb&ﬁlaprté?& e&lale%trﬂer Sf §be>ae<:h@d whi sB ggeends
only nthe initial co entratlo . vacancies. In the

vacancy regl hESk n%%?pt‘?fg afers W%%EVLF%"\ﬁ&f‘éf‘c’tunngeﬂ’éﬂ?ﬁgsﬁl ke a

nor mal maferWhhmcIoé@m&srmte &xfuﬂnaq; at thdey gemppt-acipet atkRenucl eati on
centers; v he
tenperature rééiO&gMggﬂgéédl ove er?%% 93?3% g%ltgﬁﬁérature
remains 5  SEepALEb@tzZongR %h%@heb@hﬁ“? i fexeandy with rempegtobeinto

preci pi tat esoﬁpgeﬁrﬁré@%f«batmsurﬁqﬂ,th\eh%@as vla&ahe‘; regioM8CRLRY | ean
zone nothlnggggggens di vidi ng the wafer various zones of

vacancy conc tPRHe a.?%ﬁﬁﬁ%u usters a @i?§eF ecFaheEdeRReBEGh whi ch
is witten anhexﬂgﬁmace Ry echei ttiafee that leadink cemperbtued itbe nonent the

waf er d ated in Fig. 1,
t he resultln %§%€ %ﬁﬁ %?#%H?ﬁg%ﬁnfess lgnfﬁﬁgglpltggésgln the wafer is
char act &Pi ze 1ﬁ9rtb@%*omégﬁo%%u%ﬁe@<y¢erxep«cg@dpwmpb flepends onkwteri al

(dePUdedSZonﬁﬁ&vn1t5hénﬂnﬂt51aﬁxé&{t€1§ﬂ\&aft&%@i‘ ¥ vacanchieant sHrtaeeigwand back
sSurt ace to

ectivel Bet he o
preci pitat e- V?E@ngﬁ r?%iﬁ%ﬁs(nﬁ%FéﬁﬁPfgi = ﬁéFéaF§s 'rEg?oﬁagégmhlch
cont ai ns baham@sthnk¢aalwormal(Naﬁedem&utw.dbcksygea prestpngat es.

The _concent gt o Q4500 0L SALPIALER |dneerdCUHAR 14 1 SxpuLanrily o

function of t step and secon arl unctron o cool i ng
rate. Iﬁsgené?éftegsngth% REhCRITEEDN SF G%Vgéﬁmﬁﬁ€éFBFFa%§s i ncr eases
with | NEheASaHEA t £HPes ag 0y e @Kk 11FC LeRsS icRgparatdkrengehhiBE | N

constant, the clusters in the vacancy rich zone grow into
precipitates- and are thereby consumed, whereas in the
vacancy lean zone nothing happens. By dividing the wafer
20 into various zones of vacancy concentration, a template
is effectively created through which is written an oxygen
precipitate pattern which is fixed the moment the wafer
is loaded into the furnace.
As illustrated in Fig. 1, the resulting depth
25 distribution of oxygen precipitates in the wafer is
characterized by clear regions of oxygen precipitate-free
material (denuded zones) 15 and 15’ extending from the
front surface 3 and back surface 5 to a depth t, t*,
respectively. Between the oxygen precipitate-free
30 regions, 15 and 15¢, there is a region 17 which contains
a substantially uniform density of oxygen precipitates.
The concentration of oxygen precipitates in
region 17 is primarily a function of the heating step and
secondarily a function of the cooling rate. In general,
35 the concentration of oxygen precipitates increases with
increasing temperature and increasing annealing times in



17 . the heating step, with precipitate densities in the range of
about 1 x %@% (#C)about 5 x 10[err] precipitates/cn[err]ﬂgy /03686
routi nely obtalne The depth t, t* fromthe front an ac
surfaces, 5 respectively, of oxygen precipitate-free materi al

(denuded zones) 15 and 15" is primarily a function of the cooling rate
through the tenperature range at which crystal lattice vacancies are
relatively nobile in silicon. In"general, the depth t, t' increases

with 10 decr | isR@of at,es d t
| east about fgﬁ§§%gt%%%|8 péo 78 %$&§¢g§e§ee déﬂgf%?%?oﬂ@t%ﬁ%aéaﬁge

at t ai nabl e. Q%rﬁhqvaaﬁtwlot he® RRAY 5 X If" iDrecimikpies/sw Peing
essential |y irsigjiendentobefainkd. detalls of the eIectronlc devi ce
manuf act uri ng progess and, i, N does_n end ipon t he

out - di f f usi on %%' d% et as” |§§g nve FBR%P|a“§ aces, Wi | e
t he raplcﬁttuyﬁﬁﬂeQﬁmgaﬂnbnp§ @#Vgsyearﬁqlphtste frpeom%%%rnﬁlthe pr esent

i nvention may(d&ifiddd iZbrdd @8t ana 156 iéuﬁkﬁ?ﬂaﬂ.l? §@ﬁﬁc@{wrsf Oérhé)xygen
fromthe surfac of 20 th frogngﬁ back” surfaceS of
|

amount of %y oS F?EHﬁFPS“F%s§aF%%na%H§Hl¢% obser ved
in conventicnuﬁysmmacas&eschowathacﬁesnateOﬁematdeéuﬁeﬂoblle mones. As a

result, the i reci-Qi tati ma resent |nv nti on have a
ckej‘ai‘?"’l%rmZtg'1 9%&1 ?grlét E Fggxygeh con% &

substantlally uni Ton hs a function

of i st Aesreasdma I@O&lﬂgce’ntgaufueeh ﬁenu@ezénptbee c,ﬂﬂptms tof at the
oxygen preci pidAafd abdigatio,’ oat meet . abhesyaf ¢p Wl byen 100ave a
substantially uniform concentration o Interstitial oxygen fromthe

center of thé“wtte&%é’elpgglaﬁﬁélﬁf‘g%ﬁe WaLSR1GAFRAC LY e WhE Hi$PHbout 15
m crons of of tthe sidnwied zonkeads, esaeﬂtmaelerﬁhﬁgpéﬁ@@mﬁhefceméer of

the Si1Toon {RIAGONE Unel 19 oWREER:UNLED; BLERIL BL dcyr n@iOMC 00 i of Ons

of the S|I|con sur of the
silicon ¥ re@?%né%ﬁ@t% n@ﬁer nwhu éﬁpan@ up@mnheb@m &iffesioers of the

silicon SAUrdakfen Y i0sbnleatebakll Yyf peart heegenter of the
While the rapid thermal treatments employed in this

process "of the present invention may result in the out-
diffusion of a small amount of oxygen from the surface of

20 the front and back surfaces of the wafer, the amount of
out-diffusion is significantly less than what is observed
in conventional processes for the formation of denuded
zones. As a result, the ideal precipitating wafers of
the present invention have a substantially uniform

25 interstitial oxygen concentration as a function of
distance from the silicon surface. For example, prior to
the oxygen precipitation heat-treatment, the wafer will
have a substantially uniform concentration of
interstitial oxygen from the center of the wafer to

30 regions of the wafer which are within about 15 microns of
the silicon surface, more preferably from the center of
-the silicon to regions of the wafer which are within
about 10 microns of the silicon surface, even more
preferably from the center of the silicon to regions of

35 the wafer which are within about 5 microns of the silicon
surface, and most preferably from the center of the



18 . silicon to regions of the wafer which are wthin about 3
m crons of VH)" ,:%J,g con surface. In this context, a sub?%fy%'bg%%%

uni f or m oxygen concentration shall nmean a variance in e oxygen
concentration of no nore than 5 about 50% preferably no nore than about
20% and nost preferably no nore than about 10% Typi cal |y,
oxygen precipitation heat-treatnents not result in a substanti al
anount of oxygen outdiffusion fromthe heat-treated wafer. As a
result, the ;L,thsanesnfé@iw@ &S dry %fa%te'rt'w% XY snwaehmeaﬂ§ﬂeded zone
at di stances nor e than %evera m crons fromt surface will not

significantly BRSKERSAST tRYRLHiRG SUgEace. tIHetBFECFBT‘Y—%R‘Fona

heat - t r eat neaubsEanteaanplmlﬁdrm hexygen céerededazens shalbemwahesn consists
of the regi onagf }1 g 11?\,&111 b t ween tthe surfa e_of thg ?Jg' icon and a
e

di st ance, aff LS 583&9“18 nf&r BRE ? as neasured
from t heSf roﬁbogur5a€e an@f@mkehd nchencgentthan pbans, 20he and mosygen

concentratloBrgtfegagwlﬁbqﬂoﬂ tdidh tHRienyded zone which is at a
di stance fromthe_silicon surface 20 equal to one-half of DLerr wil |

typically be at | E§Bicabbyt oxvaergymesinifationk heahc BREREREBRS ofiot he
interstitial nexygesult incCHNOEFEdAIHIGL AMPUAET & F axybendeﬁﬂdeﬂfﬁgman For

sone OX¥?8H QBSCB?é% aH,é) ﬁ%att I eat sgtgsg\?gH EI nEﬁr stitial

oxygen concentration 'S 03|t|on i | great er, i.e., at
| east 88% 99wsﬁn§veﬁl%%6flnwsut1adaxomnnoxpgehecdnoeﬂedazona

anywhere in gheqdepsdeds more 2 several mlc&BnQ geennenerhegspent of the
present inventi non-nitridi ng_atnmsphere 1s used I nstead of the

nitriding BOSurg?ﬁﬁsY}SﬁH RS - IH fiTA At Fﬁ@‘nﬁf"'aﬁﬁdat RerfaAuSRfeaPfng)
and cool i ng sheppreéipheatissthebadiammentSui Fall example, if vhériding

2t osphor c5. BAGLUNR BEASTee NAld Whe P WnadA OB Lne hBXLACqeapd ot et

such non-oxi di zi ng non- nit oun gases, or
m xt ur ed5of yaéﬁrgh%@ee%the Wﬁﬁﬂf- Sift rhei ﬁgla?ﬁnsﬁnére digkanefe

nitriding p, emePhel &t TeYse0BbhaLl B0lRietoieterSMd maddra

from the front surface and toward the central plane, the
oxygen concentration at a position within the denuded v
zone which is at a distance from the silicon surface

20 equal to one-half of D, will typically be at least about
75% of the peak concentration of the interstitial oxygen
concentration anywhere in the denuded zone. For some
oxygen precipitation heat-treatments, the interstitial
oxygen concentration at this position will be even

25 greater, i.e., at least 85%, 90% or even 95% of the
maximum oxygen concentration anywhere in the denuded
zone.

In a second embodiment of the present invention, a

non-nitriding atmosphere is used instead of the nitriding

30 atmosphere used in the heating (rapid thermal annealing)
and cooling steps of the first embodiment. Suitable non-
nitriding atmospheres include argon, helium, neon, carbon
dioxide, and other such non-oxidizing, non-nitriding
elemental and compound gases, or mixtures of such gases.

35 The non-nitriding atmosphere, like the nitriding
atmosphere, may contain a relatively small partial



19- .. - pressure of oxygen, i.e., a partial pressure Iess t han 0.01

atm’ (10,0 nore preferably |ess than 0.005 ?b ﬁ?”%? pna),
nore prefera Bss than 0.002 atm (2,000 pprma), and 38 ePerany
| ess than 0.001 atm 5 (1, 000 ppna). In a third enbodi nent of
the present invention, step S[err] (the thermal oxidation step) is
omtted and the starting wafer ?? no nore than a native oxide |ayer.
When such a wafer is annealed in a nitfogen at npsphere, 10 however, the

T ot Syer CRReLEAIL B2 MuER, 1. ODSY Mifhcia1 pMIRLGLNALEE BRKNO, 20

oxi de | ayer native e | ayer
("enhanced leﬂé atm Kh9e909 PEW%%wuﬁﬂﬁﬁjRﬁ?ﬁﬁnﬂh&yedesﬁhéhaph@ Q8@ber

contai ni ng ageRnhascedo opbis) | axsre Igsr@fa%@mqﬂ 1e&sl®hansS@b9bantkal |y
on i.s achi eved t hroughout

uni formincreas n the, vacanc [
the waf er 23 §°b ppma) , $ *#ﬁ&xﬁ%ﬁ pgﬁsﬁeééﬁPn -0 3fReal i ng
tenperatare (1,000f ppthdakr nor e, the vacancy concentrati on does not appear to

significantly incggage. ¥@.% éiqnﬁp&h%% 5Fg§n§En%90n Sgé en

anneal i ng tenperature. er nore t han native
oxi de | ayer ﬁndﬁbetQR?ﬁmﬁ%ﬂPX1datl§ﬁdS§§§k sﬁrpaé§§e@fam®etﬂafer are

anneal ed i n Bth+@9RH, wafer RONEUS mordI&HE5W tHatd vea s qui |lb yBave a vacancy

concentratio nunber density), rofll ichis eneraII " U shaped"
for a cross- @Bé?lﬁﬁc fa t%%kﬁg aQQﬁﬁ 1 a nit *W@&RP@FFVatlon

wi || octar ahoweveri hthe sefifect dlfferscﬂmmmnﬂnﬁ:@ﬂukﬁ91brobbeanédback
surfaces andyfen o whfLAUhYPlYG CANSAMN. ANt dL9A8lC AACEALLRLLORM | | occur
H waf er t 8

t hr oughout t e n1n|nun1concentrat i N the wafer

bul k i nitial FpieERags apprRxd Matelye «ytide tlaver (“"emhassedeRKigei on which is
obt ai ned i n wafefs) hﬂylmne@led 1n&l‘ﬁfmfg%dm OXiwdferl ayRr walfekt hernore, an

I ncrease in anneal i ng t |t in.an_increase in vacancy
concentrati oﬁcp'ﬁaﬁﬁ?’%?sa?a%% Céﬁﬁnﬁl(ﬁe il tlﬁar‘?nélefg' %naFI ve oxide
| ayer. 15 substantially unlform increase in the vacancy
concentration is achieved throughout the wafer nearly, if
not immediately, upon reaching the annealing temperature;
‘ furthermore, the vacancy concentration does not appear to
gignificantly increase as a function of annealing time at
20 a given annealing temperature. If the wafer lacks
anything more than a native oxide layer and if the front
and back surfaces of the wafer are annealed in nitrogen,
however, the resulting wafer will have a vacancy
concentration (number density) profile which is generally
25 "U-shaped" for a cross-section of the wafer; that is, a
maximum concentration will occur at or within several
micrometexrs of the front and back surfaces and a
relatively constant and lesser concentration will occur
throughout the wafer bulk with the minimum concentration
30 in the wafer bulk initially being approximately equal to
the concentration which is obtained in wafers having an
enhanced oxide layer. Furthermore, an increase in
annealing time will result in an increase in vacancy
concentration in wafers lacking anything more than a
s native oxide layer.



20 . Experinmental evidence further suggests that this

di f f er ence, | vior for wafers having no nore than a A bé// ?gude
and vvaferva"law ng "an enhanced oxi de | ayer can be avoi do5™ udi ng
nol ecul ar oxygen or other 5 oxidizing gas in the atnosphere. Stated

anot her way, when wafers having no nore than a native oxide are
anneal ed in a nitrogen atnosphere conﬁoeu ning a small partial pressure
of oxygen, the wafer behaves the sane as waf ers havi ng an enhanced

oxi de layer. Wt hgube Behog:dD e&EHHH&é‘Ed?Eﬁe&hggg estBCL] QrEhlbt appears

t hat superf|C|aI oxi de | ayers which are er int ness t han
a native oxi Géfﬁ%’;’/%?c"seﬂ}eb%%a Shifard wafieas bavinghpppmegenthandazati on of

t he silicon. ndbige oxkilde | ay@rwafers nﬁyntdw&nb@nmex&@at offidehgaghbarting

waf er or for n . aSht hanced oxi de | ayer during the
anneal i ng st‘[én%lq ‘bt adSiadh 1%”ai(k:%%:/colr lﬁlge v‘\)nit “ﬁﬁg prasent © Fn?gﬁﬁfon

t her ef or &, Odexhbn@tMpiWr@leﬁhm@@ptﬂwer apiStatledr ambthemewhiyng st ep

preferably CQHEﬁ'W§f@r§aﬁévﬁA 9&?%%&% tHarfls Ha29Led PQEHeZQreO 0001 atm
(100 ppra), nore preferabl 1ﬁjet]?gar pressure o | east about 0.0002

atm (200 ppRBpea in ay e&tﬁ’slc;?n&laé-é‘&§§eé Shakéver, the
parti al paessal epné s OxyE et ps:q;fgwmbItmedmsa%bemeegdtﬁeoéaabrrhs

(10, 000 pp r han 0.0 5, 000
ppma), sti mﬁ%gggpﬂ%é‘f%?%b?y esa'{s@% ayer %r)nt%@to §B¥ma), and
nost préﬂerabbynqiem amfantlmema, therme.(LtO@@pppm) that I n ot her

enmbodi ment s Qﬁ%éffl@{ﬁfe&kldé“ﬁﬁ?éfﬁ"wﬂﬁ@% are g&EQQEraQH Q§EEkﬁmﬁEaceS of

t he wafer e exﬁ%se 3‘& di fferent atnoSpheres, eac
contai n one VG DFIAR NFYST F6TVE B8 @ 5§1848eWhifhr exanpl e, the
back surfacemhlbt\m waf eri dieya thieore)qfo ek tsd 14 caint. 1 i d‘hﬁlg oxidat magghere as

the front Sumceﬁ“% §ép§g§9&ﬁeg@ n&{g startg'ntgf u%'fge» @églaere i

Al ternatively,
si mul t aRBousf¥tu. biérﬁf’é%‘f’%%ﬁvﬂﬂ |enhsaiaeg @ca@eedamrf éé@ltig f-hee
arrangenent ; annealing step.

In accordance with the present invention, therefore,
* the atmosphere during the rapid thermal annealing step
preferably contains a partial pressure of at least about
20 0.0001 atm. (100 ppma), more preferably a partial
pressure of at least about 0.0002 atm. (200 ppma). For
the reasons previously discussed, however, the partial
pressure of oxygen preferably does not exceed 0.01 atm.
(10,000 ppma), and is more preferably less than 0.005
25 atm. (5,000 ppma), still more preferably less than 0.002
atm. (2,000 ppma), and most preferably less than 0.001
atm. (1,000 ppma).
In other embodiments of the present invention, the
front and back surfaces of the wafer may be exposed to
30 different atmospheres, each of which may contain one or
more nitriding-or non-nitriding gases. For example, the
back surface of the wafer may be exposed to a nitriding
atmosphere as the front surface is exposed to a non-
nitriding atmosphere. Alternatively, multiple wafers
35 (e.g., 2, 3 or more wafers) may be simultaneously
annealed while being stacked in face-to-face arrangement;



21 | ‘when annealed in this nanner the faces which are in

face-t o- fa ct are nechanlcally shi el ded fromthe

during the gHﬁé&%?ng. Al ternatively, and dependi ng upon éh@gﬁﬁﬁgéphere
enpl oyed during the rapid 5 t hermal annealing step and the desired oxygen

precipitation profile of the wafer, the oxide |ayer may be fornmed only
upon the side of the wafer at whi ch t he denuded zone is desired, e.g.,
front surface 3 of the waf er (se@lFl g. 1). 10 The starting

mat eri al for he rocess. qof th gs&n nvent | be, a polished
silicon wafer aD eTe Al ter rtfa |ve y, %' cgﬁcﬁﬂf‘é 1T ﬁe has been | apped
and et cﬁm-mq-ﬁme seintsiesd arbnmaquaniigallmehmleed régorh atvige

vacancy or S@&rﬁoggﬁéﬂétﬁfﬂg FE‘P:'e“EnQ@EQEEé aSAwer&éuvmgd%@ant
intrinsic point defe For” exanpl e, the waf er e vacancy

domi nat ed f refREHNG YRPTedge %@Pﬁphere erRieyed; @Pa?-n@o’ﬁli‘%alfwcﬁrom
genter ts(; edg&-.rnﬁil’l idnm@ ing stggghgldntﬁecﬁébf.lﬁédcﬁk?g@xﬁ vacancy ?f 't

om nated materi.a surr e an axia ynoetric_ring of self- 20
i nterstitial®domH a:[atalor?atp %lélrle of ne"wat Ff aéh(h%pﬁ‘aé?afa?'%%}grpa?'s to be
deposi t ed upeh foarmed orlgealpopr sdiepisidei n§ wheevafeheaprobich tiiet he

present dd YR | ABhd B Re L3564 €d %Ut fk&ﬁ@rsQEEQ%Q PopfdgL the

epi t axi al dep03|t|on | f carrled out before, 1t nay desirable to
stabilize t AR P rEEE piat e nucl eation centers | n the wafer after
the process of thenereaseming matleli'\ietlt rfaa and bebaéeStbe €pé t pé &ént

deposi tion. ca u eS|r le to carry out the
process of tjﬁrevepl}tels%rhtrg l}\‘?,%n% g’r?zil n t SllfL aX| a reac or 30 i medi ately

after the ephltednatinglasi ta mllsp@vwaéart Which hagobeenglapped arduired by

the process é%cﬁé&*ﬁﬁ@*ﬁaﬁ polisheldVentin0g3aaRiBR, aghke¥gfler may have The
measur enent of crystal t |Ce vacangl e Cr%Sta silicon can

|
be carried ol(®¢ 3f)|(<¥fl -dptegstagd npaﬁﬁFygﬁgeCtg n28erBfal, platinumis
deposi t 28l onpredomirents anureinsdrd pdiihtudefecn.a Rori eratple suthace with the

wafer may be vacancy dominated from center to edge, self-
interstitial dominated from center to edge, or it may
contain a central coré of vacancy of dominated material
surrounded by an axially symmetric ring of self-

20 interstitial dominated material.

If an epitaxial layer is to be deposited upon an
ideal precipitating wafer, the process of the present
invention may be carried out either before or after the
epitaxial deposition. If carried out before, it may be

25 desirable to stabilize the oxygen precipitate nucleation
centers in the wafer after the process of the present
invention and before the epitaxial deposition. If
carried out after, it may be desirable to carry out the
process of the present invention in the epitaxial reactor

30 immediately after the epitaxial deposition, provided the
cooling rates required by the process of the present
invention can be achieved.

The measurement of crystal lattice vacancies in
single crystal silicon can be carried out by platinum

35 diffusion analysis. In general, platinum is deposited on
the samples and diffused in a horizontal surface with the



22 .. . diffusion tine and tenperature preferably being sel ected such
that the F ybul I nmechani sm dom nates the pl atin ' LOn,

but which P§936? Icient to reach the st eady- state of Vg@gﬂ%%b&%&@
decoration by platinumatons. 5 For wafers having vacancy concentrations
whi ch are typical for the present invention, a diffusion tinme and
tenperature of 730 [err]C for 20 ninu%gs may be used, al t hough nore
accurate tracking appears to be attaifidbl e .at a Iesser t enperature,

£ 9 APl B3GeLtEhCrihd 4 cafiilid e PGP (R1RASLTLE LY Uonce

by sili atiron processes, ep05|
preferably r&yghtshph *ahguF?%]é"E‘@FMl A Grangfsn eﬂ@smlnatest &e one

monol ?yer P ahtmuﬁmdalﬁaﬁswn;e&rmlm al e suffldi%mr 't%e%g‘éébﬁi‘gg%e’ for
exanpl e a :

Zi mrer mann aﬁ Qy sE@E?e?g V%?ﬁ?%%;éﬁ??ﬁﬁ%ﬂoq;%ﬁl 1BBWf6§P ‘I'n Silicon
Under No#- EqEiblri waferns Coading ovesgandy < |wthh apeci ety, vol.
139, p. 256 : gﬁﬁ%ﬁ el a | ner,
"Vacancy Oon%%%tgrgg%l g%gg\g{;er %sﬁ{&nﬁ OnSl 3 éioln gt?r %g'fng %Iﬁ& yst al

G owt h, vol. tgr,ggeraturepofygizo(jcgg@:)r 2ZQ mﬂmﬂbﬁahl§eén,
"|nVeStlgat|thﬁEugh mo}@eaékﬁiiﬁﬁ|é¥héﬁ1ﬁ§0éﬁ§éd%§eprb%ahﬁgahﬂagagchralSk'
Silicon At An Ear Stag ) Phys. Let " voI 60 p. 3250
(1992): and 2Frr?re ﬁﬁraﬁ%maé%%\rre AFHIS - PRROUEABBD5 °Cg) Inss. . 121
(1992). 10 addlt1Exanpbemlnlmizengﬂpabsﬂhlﬁnﬂnﬂkmdﬁme bgeal oxygen
preC'D'tat'OglgEQES§§18ﬁ %P§b£§§§§nttﬂ%“ﬁﬁgﬂfyhm-H%§%§1t1§BE§%€R|85 shoul d

t herefore not be Inter
EXAMPLE 1 Preferablsw reswl s nit & Fyskagss %ceermalté@nbyft Aess

Czochral ski gh&h0Bne Shofslayat. p@laiEthd @FFFUBiDH ite@hniquewahees. These
waf ers were hgg@r§gghegi§gwﬁé%g}s égég§%mple, by Jacob et al., J.

15 Appl. Phys., vol. 82, p. 182 (1997); Zimmermann and

Ryssel, "The Modeling of Platinum Diffusion In Silicon
Under Non-Equilibrium Conditions," J. Electrochemical
Society, wvol. 139, p. 256 (1992); Zimmermann, Goesele,’
Seilenthal and Eichiner, "Vacancy Concentration Wafer

20 Mapping In Silicon," Journal of Crystal Growth, vol. 129,
p. 582 (1993); Zimmermann and Falster, "Investigation Of
The Nucleation of Oxygen Precipitates in Czochralski
Silicon At An Early Stage," Bppl. Phys. lLett., vol. 60,
p. 3250 (1992); and Zimmermann and Ryssel, Appl. Phys. A,

25 vol. 55, p. 121 (1992).

Examples 1 through 4 illustrate the ideal oxygen
precipitation process of the present invention. These
Examples should therefore not be interpreted in a
limiting sense.

30 EXAMPLE 1
Silicon single crystals were pulled by the
Czochralski method, sliced and polished to form silicon
wafers. These wafers were then subjected to a surface
oxidation step (S,), rapid thermal annealing step in
3s nitrogen or argon (S,), rapidly cooled (8;) , and subjected



oxi-dation step (S[err]), rapid thermal annealing step in 35 nitrogen or

argon (S[etrr rapidly cooled (S[err]), and subjected
g dpss

23 t gen stabilization and growth step (S[err]P)CTGFﬁ?@P“lsﬂe
conditions set forth in Table I. The initial oxygen concentration of
the wafers (Jerr]) before steps S[err] - S[err], the oxygen

precipitate density in the bulk of the wafers 5 after step S[err] (OPD),
and the depth of the denuded zone 23 after step S[err] (Dz) are also
reported in Table I. o . TABLE |

Sanpl e to an gxygen stabilizatjign and growth sgep, (S,) under the

15 min at confitionat set forth in Tal3err] The inktQRQ[ ekiyben

1,000[err]C concentrggggh of the wafeqﬁgg%feP?fore stéBg errle + in

N err] + 1/bdesr‘r']the

35 seconds ©xggeBepthdiritais denwiiis iro the bulk of Sher wpfers at
1250[ errBC  af@br13BEpes]1@pD), and@thé28@beh’ b€ the denuded zone

in Nerr] in Ar in N2 . Slerr

100[ err] C seBfter s&@p[ 8¢ ((PB)s@re alsopgperted ipcTable I.

4 hr at 4 hr at 4 hr at Slerr] 800[err]C +
800[err]C + 800[err]C + TABLE I 16 hr at 16
hr at 16 hr at _ 1,000[err]C 1,000[err]C
1,000[err]C L nL,N[er‘réﬁ I'n err
in Nerr] Sample Obrr] 4-7 \m‘nmgl' [err]l) 3'147)(10[ rr
6.67 x 10[erf] 7.2x10[efr]is win at 15 @BR at
S, 1,000¢C 1,000°C none
in N, + in N, +
“'1% 02 "1% 02
35 seconds 35 seconds 35 seconds
10 S, at 1250°C at 1250°C at 1250°C
in N, in Ar in N,
S, 100°C/sec 100°C/sec 100°C/sec
4 hr at 4 hr at 4 hr at
S, B0O0°C + 800°C + 800°C +
16 hr at 16 hr at 16 hr at
1,000¢°C 1,000¢C 1,000°C
in N, in N, in N,
O
(atoms/cm?) 7x10Y 6.67 x 10V 7.2x10%
15 OPD
(atoms/cm?®) 1x10% 4.4x10° 1.69x%x10*°
D2
(depth in um) 70 95 0

20 Figures 2, 3, and 4 show cross-sections of the resulting
wafers (these figures are enlargements of photographs
taken at a magnification of 200X); sample 4-7 is shown in
Fig. 2, sample 4-8 is shown in Fig. 3, and sample 3-14 is
shown in Fig. 4.



(atoms/cnferr]) 1x10[ err] 4.4x10[ err] 1.69x10[ err]
Dz - in[err]m 70 95 20
Figures 2, “@&%EE’% show cross-sections of the resulting PCTMP%(&QS?t hese

figures are enlargenents of photographs taken at a magnification of
200X); sanple 4-7 is shown in Fig. 2, sanple 4-8 is shown in Fig. 3,
and sanple 3-14 is shown in Fig._A4.

24 In addition, the concert} ati on of .crystal lattice
vacancies in the AL WS, I at.l . ffusion
techni que. A pIofﬁggﬂkﬁgﬁfﬁﬂnlcggggﬁggg#?égQOQ B%e%gggg%%p%%g#%%%1the

surface of tYRcaggias (i ddm IsaiPle 457nwesomeprerd usingspopliabigne® t he
front side ofitfesiwd &fdchniquelPP@abiokNofi B1a®inum concentration

EXAMPLE 2 To demonstrate that th ocess of th resent

i nvention isv?¥ﬁ%ﬁiQRHSPiéE%QbéﬁﬁéﬁPr c&x?éeg Towa%EBné%ng?gfhoﬂff%r

Czochr al ski -\t aysmet éf< adomsdspendinkr €¢® the fweaher silavohgcheff&fent oxygen
concentrati o £ in F%§UQiected to the sanme series of steps described in
Exanpl e 1. condi t1 ons Tor’ each of these steps, the initial oxygen
concentration of the wafers ((Jerr]) before 15 steps S[err] - Serr], the
oxygen precipitate density (OPD) gRaMPer 2 bul k of the wafers after step
S[err], and the dgp&? of the aen%%ga zone (E%) ﬁfter step S[err] as
measured from t het© demqihrake fhal, the, prpcers PEpEREBTREFabl e | 1.

Fi gures ifventiamdi 8 ot ioredys indepieadsenef ofhexygenl t i ng wafers 20
(these f{jgur t a t ification
o 20008 e PG A BYHTE e RpRIA06280R LRFFEo witers THERLL 20T D
and sanpl e 3w@ﬁ¢§s§mﬁﬁwpgrﬂlffeqqq& oxygen concentrations were

subjected to the same series of steps described in
Example 1. The conditions for each of these steps, the
initial oxygen concentration of the wafers (0;) before

15 steps 8, - S,, the oxygen precipitate density (OPD) in the
bulk of the wafers after step S,, and the depth of the
denuded zone (DZ) after step S, as measured fxrom the
surface of the wafer are reported in Table II. Figures
6, 7, and 8 show cross-sections of the resulting wafers

20 (these figures are enlargements of photographs taken at a
magnification of 200X); sample 3-4 is shown in Fig. 6,
sample 3-S5 is shown in Fig. 7, and sample 3-6 is shown in
"Fig. 8.



25 . . TABLE || Sanpl e 3-4
3-5 - - 15 mn at
m n at wo 9813%6?5 Slerr] 1,000[err]C 1, 0&&%?9?@686
1,000[err]C in N2 + in NNerr] +
Nerr] + ~1% J err] -1% g err] ~1%
gerr] 35 seconds 35 seconds 35 seconds
S[err] at 1250[err]C at 128B[err]C at 1250[err]C
in Nerr] in Nerr] TII’] N err] 5 S[err]
125[err] Cl sec 125[err] Cl sec AEIZE[ ?r] Cl/ sec -
4 hr at T - AT at Stent ]
800[err]C + gtmete] C + 3-800[erk]C +3-5 3-6
16 hr at - U5 hr at 16 RE alin at 15 mi £ OQferr]C
1,000[err]C 1,§90[err] C 4 oooogl n N eqr lgoa | Ijl_ @B@ro&f
in Nerr] (erf] (atomi/rplﬁze;r]) 1n% [erfr] in N +7X1Q[err]
8x10[ err] OPDy 10 -1% o, (aitons.[p{rf@rr]) ..1%41@510[e r]
1x10[ err BXIO[ err BZ (deptiT T {er
- 40 [ ] L 40 [ . -5 seconds 35 seconds { 3 secqgéwp ]En)?) 15
To denonstratef that tfe pr oceksabr 12R8° br esefif 1250°¢ nfenftoA2rASC
relatively i nqtpend.e-m_ai_t-he_condﬂﬁen b8edafor It he d¥yden
precipitate stjpbilization andj growh
5 S, 125°C/sec 125°C/sec 125°C/sec
4 hr at 4 hr at 4 hr at
S, 800°C + 800°C + 800°C +
L 16 hr at 16 hr at 16 hr at
1,000°C 1,000°C 1,000¢°C
in N, in N, in N,
O, .
(atoms/cm®) 6x10" 7x10%Y 8x10%’
OPD
10 (atoms/cm?) 4x10%° 1x10%° 6x10'°
Dz
(depth in um) ~40 ~40 ~40
EXAMPLE 3
15 To demonstrate that the process of the present
invention was relatively independent of the conditions
used for the oxygen precipitate stabilization and growth
step (S,), a wafer (sample 1-8) having the same initial
oxygen concentration was subjected to the same series of
20 steps described in Example 2 for sample 3-4 except that a
proprietary, commercial 16 Mb DRAM process was used as
Fhe oxygen precipitate stabilization and growth step (s,).
Figure 9 shows a cross-section of the resulting wafer
(this figure is an enlargement of a photograph taken at a
- 25 magnification of 200X). After step S,, samples 1-8 and

3-4 had comparable bulk oxygen precipitate densities



step. (S[err]) , a wafer (sanple 1-8) having the sanme initial oxygen
concentr at, n subjected to the sane series of 20 st eps
Exanpl e 2 @%ﬁﬁ e 3-4 except that a proprietary, ﬁﬁg&%%i ﬁﬁ%

DRAM pr ocess was used as t he oxygen precipitate stabl lization and
growh step (S[err]). Figure 9 shows a cross-section of the resulting
waf er (this figure is an enlargegqent of a photograph taken at a 25
magni fi cati on of 200X) After step Sferr], sanples 1-8 and 3-4 had

ggrrpar 20! (e7>l2L1{(ZF(er r] gérsg]%?hoéfé ek d?quléﬁe‘lr}ssluo;%c"iofer r ]S?‘mﬁ%er or
sanpl e 3-4) and CQﬁ@ae‘ébﬁ)ar éﬁmédﬁén%m@ Gepieh g efAPRY Ceim@tedvheklel y 40

m cronet ers) micrometers) . Exanple 4 5 Thi s exanpl e
illustrates the trend that may be observed in the density of bulk

m crodefects (BMD), i.e. the density of oxygen precipitants, and the
depth of the denuded zone (DZAxawmsid t4 ng froman increase in the
concentration of e e, W eat ment .
Three di %ter ent sg?% PXEQP&Q 1?1HB§P£'€£_S éi%é {S?e’%‘i]fto*ga&ag“?a er mal

anneal i ng un@®seryegd Ag the dpneeexso’édn‘dlkuwoci&feem e(IBMH)n Sete A were

anneal ed at dt28606C ber SRCHPES: pES £, agen )Iffg§ e t he
waf ers in Setthe re a%;nea%h;?gnde thleﬂﬁﬁnet corrludrlk%l onsdji,Et ?Jgra 20
eﬁaFé’P%‘

seconds; andZ adon +%9a Qm| 3y ipcrease fsHFh& r1C for 30
seconds undercowweartg;amanrmﬁpbaygenAlantelae atmosphealsd idurisigerhsas not

perfor myg O”k%@é ltalﬂﬁal W@fer?hkge 1fféP&1E hé%% c?f]‘%ééot%pre'wsex%xa”p' €.

As i ndi cat ed fg e oxy ssure was
i ncr eased forsué’a@ﬁ’t\ﬁéf &P ﬁﬁphﬁntaeﬁm%bnawalmg ur@ﬁ;’e VATYE#I ng was

conpl eted, thacBMasdenattiyisAd. DZThe watleps hid Getear wertf emnedg eter m ned

by means standardd Boy 30 bSoRR: wldS:"SHLESghs RIESSHeI ol e 111,

wafers in Set B were annealed under the same conditions
15 for 20 seconds; and, the wafers in Set C were annealed at
1200°C for 30 seconds under an argon atmosphere. A pre-
oxidation step was not performed on any of the wafers in
the three sets in this Example.
As indicated by Table III, below, the oxygen partial
20 pressure was increased for each wafer within a given Set.
Once annealing was completed, the BMD density and DZ
deoth for each wafer was determined by means standard in
the art. The results are present in Table III, below.



27~ Table 111 Waf er Oxygen Parti al

BVD DenS|t DZ Depth Set Pressure
(def ects/ c#{%?%sﬁs (m crons) A 250 ppmaPCT/“S%/O?’686
6. 14x10[ err] 70 5 A 500 ppma 6. 24x109
80 A 1000 ppna 2.97x10[ err] 80 A
2000 ppna 7.02x10[ err] 27100 A 5000 ppma
2.99x10[ err] ND A 1x10[err] ppma
6. 03x10[ err] ND 10 Tab 500 ppma
2. 59X10[ err] 80 graete 13500 1.72X10[ err]
100 B 3666 g;I%XIUl r]
B 500 Bgﬁgx xygegpggé B ens Eg}5 DZ Repth
1x10[err] ppla— 2 E5H+Vrpvr1 (defects(gm (micgons) 250
ppnma 2A65x&0[er2$0 ppma 90 6.14x{p° 500 ppMa 4}
4. 03x10[err] TO00 P T /4x1ul r]
140 A Rnnﬁoﬂgﬁﬁwa 166%$£g&§rr] 8q 20§ ND =
not determ ngd a 1oooTI@@mabove dat az shoupot hat [as the ggarti al
pressure of OXygen 111 the atnosSpiereTntreases,; te mumber—denstf y of
bul k mi crodefllect® defrea®®00 PRPMA4di t i on. WheEx1:de oxyge®Oparti
pressure reaghes, 10, D00 pyHd dphe nunier 23, 99g%95|ty of bulguﬁ1crodq[ects
I s indistingirstabtervt om tre—uprber—cdenst But—rretodefeet
which is obs rvedl i Ax3af epmarhi ch have. @é:eho‘subj dct ed t&Man oxyden
preC|p|t heat-treatnent W thout @ prior rapid thermal annegl i ng
in accor anc H-A—tpe—presert—30—hvenrtion- A—-ew-gf—the
above, it wlfl bR seen th&00tippema 2.59X10° 80
B 1000 ppma 1.72X10° 100
B 2000 ppma 9.15X10" 100
B 5000 ppma 2.65X107 ND
15 B 1x10° ppma 2.17X10°¢ ND
o 250 ppma 2.65x10° 90
C 500 ppma 4.03x10° 70
C 1000 ppma 1.72x10° 140
| C 5000 ppma 1.69x10° 120
20 ND = not determined

The above data shows that as the partial pressure of
oxygen in the atmosphere increases, the number density of
bulk microdefects decreases. In addition, when the
oxygen partial pressure reaches 10,000 ppma, the number

25 density of bulk microdefects is indistinguishable from
the number density of bulk microdefects which is observed
in wafers which have been subjected to an oxygen
precipitation heat-treatment without a prior rapid
thermal annealing in accordance with the present

30 invention.

In view of the above, it will be seen that the
several objects of the invention are achieved.



sever.al objects of the invention are achieved.

28 j ous changes could be nade in the above ons
and procesé”ecgﬁvmt 5Iout departing fromthe scope of the i nvenﬁﬁg[ﬁiﬁk%
intended that all matter contained in the above description be
interpreted as 5 illustrative and not in a limting sense.

29 W claim 1. A singlge crystal silicon wafer having two
maj or, general ly parallel surfaces one of which is the front

surface of the waher vamdohbecahhgésoéowaqbeIrﬁa&@enbaai{e abovesurface of the
wafer, a central %é ne_bet wee

n fro 5 and,bdck surface
ci r cunf er ent CEMP8 P8En PR Pﬁgcessestb °¥ﬁuﬁ?ﬁﬁﬁ@¥ﬁﬂf€%ﬂ§é h& surface
| ayer which @@@pﬁlsésthe inveetieg| ot o st et eveded &hﬁuMami et tferront

surface and Q:o];xrt:gr%ntgiﬁzri?xm&ﬁe %8 E] degérf]%tigr?}g? aﬁq}g "Q(f ra%rret ers

measur ed . > front, sur ace owar He' cent pl"ane, and 10

a bul k | &er WHMSKrasApeR 389 BoSetBNd lé@i@¢p9ﬁ5Q¢Eemafer bet ween t he
central plane and the first region, the wafer bei ng characterized in

t hat the wafer has a non-uniformdistribution of crystal

| attice vacancies wth the concentration of vacancies in 15 the bulk

| ayer being greater than the concentration of vacancies in the surface
| ayer with the vacanci es havi ng a concentration profile in which the

peak density of the vacancies is at or near the central plane with the



concentration general :cy decreafsi gmmmw"!mmﬂm‘,l on of 20 peak density in
the directi e front surfa er. e

waf er of cpg?%%séé:erei n Derr] is at least abowu 20 m"EFé‘F?é’?’S?‘y

3. The wafer of claim1l wherein Dlerr] is at |east about 50

m croneters. 4. The wafer of claim1 wherein Derr] is between
about 30 and about 100 m cronetersg

30 5. The wafer of claim1l wf91erei n the concentration of
interstitial yaxygghpat di stances greater than 3 m crons fromthe wafer

surface is at Teast about 5?% of ,the concentration of interstitial
oxygen in the bul k-5 & §ifgie crystal siligorpyafigy davinge taonmaimmer ei n

t he concentrgeherally phrablel séuifateoxygen off v\diifd}ﬁri%eﬁr@r Qﬁbﬁl& t han 10
mcrons fro f Lf LS l,east, ,about. 8Q% of . t

concentrat i g]ﬁ{]g?a?%t g%s?#t’i ggfeol;(y%fgé\ Y 1 HSuIGE lcl?"aﬁgr the _%aC‘k 7.
The wafer of serfraecofihthei vafferrd ¢entaal qisineathmriwveen td@ fronenet ers.

8. The wafer a9 BhéknkﬁrfgééﬁjnaE&f%édmfé%éﬁtﬂé%ﬂgag%bg%kning He

m cr onet ers.
front and back surfaces, a surface layer which comprises

the region of the wafer between the front surface and a
distance, D,, of at least about 10 micrometers measured
from the front surface and toward the central plane, and
10 a bulk layer which comprises a second region of the wafer
becween the central plane and the first region, the wafer
being characterized in that
the wafer has a non-uniform distribution of crystal
lattice vacancies with the concentration of vacancies in
15 the bulk layer being greater than the concentration of
vacancies in the surface layer with the vacancies having
a concentration profile in which the peak density of the
vacancies is at or near the central plane with the
concentration generally decreasing from the position of
20 peak density in the direction of the front surface of the

wafer.

2. The wafer of claim 1 wherein D, is at least about
20 micrometers.

3. The wafer of claim 1 wherein D, is at least about
50 micrometers.

‘ 4. The wafer of claim 1 wherein D, is between about
30 and about 100 micrometers.



9. The wafer of claim®6 \/\herel n about 30 and about
100 m cr onmetypdh $8/38675 im1 wherein the

concentration of intersti t | ances gr eat erPGIZ¥P8A3686

m crons fromthe wafer surface is at Ieast about 90% of t he
concentration of interstitial oxygen in the bulk 5 | ayer. 11.
The wafer as set forth in claim1l wheggin the wafer further conprises
an epitaxial layer on the wafer surface. 12. A single

crystal silicon waferThenpafsr nef tokuim 1 MjeHeirg@her abhyepataklich

surfaces, one_of fr.on urface of fer and t he ot her
of which is ?ﬁeln rﬁgﬁkfsur?’%%e%fart éel%ffrﬁes gr(?@ktelral SPaﬁe bet ween the
5 front andibmokssfirémceke waten sirfacd dremt dleasdgebout 50% of

31 joi Fh@gcw@eﬁfi’@héﬂdo@aﬁ&e%géﬁ&eﬂ d%cyfgreqpt nS¥hkagR1k layer
consisting of the region of the wafer within a di stance, Dlerr], of no
nore thaf abd@8Y®X5 nicroneters of the front surface and a bul k Iayer
conprising the region of 10 t he vvafer betvveen the central plane and the
front surface vofn cife wibEEEL LRGP Kalduar s, Aopdaatantiah! v

uni f orm oxygen concen I On an a concen Pat7on

| atti ce vacanfi epteyshithatl oxyees ij} ebistanadre greaden @han 10an oxygen

precipitati Oﬁut@%ﬁst E@é{nnﬁﬂé #RFE SIlhde is GSAUdH lapott @oredlsi ng the
waf er at 80\%err C for four hours and _t hen at 1000%\? %‘ g for sixteen

hours, the waPgr COncenpFRFieBnes IETert ite G YR 2 K
concentrgti olayer. profile in which the peak density of the precipitates in
the bulk layer is at or near the central plane with the

7. The wafer of claim 6 wherein D, is at least about

20 micrometers.

8. The wafer of claim 6 wherein D; is at least about

50 micrometers.

9. The wafer of claim 6 wherein D, is between about
30 and about 100 micrometers.

10. The wafer of claim 1 wherein the concentration
of interstitial oxygen at distances greater than 15
microns from the wafer surface is at least about 90% of
the concentration of interstitial oxygen in the bulk
5 layer.

11. The wafer as set forth in claim 1 wherein the
wafer further comprises an epitaxial layer on the wafer

surface.

12. A single crystal silicon wafer comprising two
major, generally parallel surfaces, one of which is the
front surface of the wafer and the other of which is the
back surface of the wafer, a central plane between the

5 front and back surfaces, and a circumferential edge



20 ~ concentration of the precipitates in the bulk |ayer general ly

decreasi ng iwp bgdiagsll r ecti on of tmmm II J face | ayer. :
13. The wafer odzﬁclai m 12 wher ei hEpRA r ” " han ab8GE/UBY8/03686
m croneters. 14. The wafer of claim 12 wherein D2 is no nore
t han about 5 microneters. 15. The wafer of claim 12

wherein Derr] is no nore than ZqMm croneters. 16. The
wafer as set forth in claim 12 wherein the waf er further conprises an

epi tle: al : Bn 101y tthﬁh\ﬂ’fd?lrt and paukf 8G8faces, a £ront Huraﬁal%?i nglfe

crystal silicon wafer ,havin ~_nmj or ener a ar el surfaces,
one of whichtad¥ex ﬁ'i?nsmt?ﬂ%r?tfmgmaf 58@"8#‘ ?ﬁegﬂﬁf‘é“?‘k%{%dg)’tq@’bt%er of which
is the distlarsie ,f ape of hbemowd erharm alenitr als plianemetewmsepft htie 5

front and baélg: r i r.C r Lal : L O] iﬂgE :

32 t he réﬁ? Jang Eaec%n?uraf gggg, gg&ggnﬁggg&z'%ggg |chreglo%o°nf1)ri ses the
regi on ¥ t Hhevfaher kahvasn fthenceagrpacelane apdathe sxgrte sufaqq, of at

| east about I,e¥,CrHERers the MiB&SUGQEri Rabhg Sube€ih©a DIy tUye) £ I al
pl ane and which 10 contains i.nterstjtial i ng

oxygen, .t he fer b
Charact er i 2 Y9FY EAcent zation aRd g, AEBREPRERBACRIOT nTEFSTA i al oxygen in
t he deniadsdi coneacencied suahc & haguaponhosohgebalfg ofhé{wafdr itso at

| east about f5%,8fqd 16BN BGARC HRLEAL @D LAbne consisting
15 essentially of annealing the wafer at 800° C for four
' hours and then at 1000° C for sixteen hours, the wafer

will contain oxygen precipitates having a concentration
profile in which the peak density of the precipitates in
the bulk layer is at or near the central plane with the

20 concentration of the precipitates in the bulk layer
generally decreasing in the direction of the front
surface layer.

13. The wafer of claim 12 wherein D, is no more than
about 10 micrometers.

14. The wafer of claim 12 wherein D, is no more than
about 5 micrometers.

15. The wafer of claim 12 wherein D, is no more than
3 micrometers.

16. The wafer as set forth in claim 12 wherein the
wafer further comprises an epitaxial layer on the wafer

surface.

17. A single crystal silicon wafer having two
major, generally parallel surfaces, one of which is the
front surface of the wafer and the other of which is the
back surface of the wafer, a central plane between the

5 front and back surfaces, a circumferential edge joining



15 interstitial oxygen in the denuded zone. 18. The wafer of
claim 17 V\:h ' err] is at ﬁmﬂnmjuu ﬂﬁ"rﬂ)ﬂ omet ers. 19.
The waf er lsgsﬁsw wherein t I l Il of i nt ePETAUSPEAN36¥ygen

in the denuded zone at a distance equal td one-hal f of Derr] is at

| east about 80% of the maxi num-concentration of interstitial oxygen in
the 5 denuded zone. 20. e wafer of claim18 wherein the
concentration interstitial oxygen in the denuded zone at a distance

equal to On‘EhQaFEoQE Phar bhokSsabrAcas! AR nd Which  MaXi mum
concentration of interstitial ox%gd_[r}éqln the 5 denwyded zone.

21. The waf EPTBFiERSi FPE7TRALPR rjafer r% Eronts §unfacenet ers.
22. The waf eb af dgbabfre]l Dhered mtt heamnabohtauoomcromeaére nt erst itial

oxygen in the %e”%§53;n ?théirécgiéﬁa&fethe ce | R % nters Dlerr]

is at |east about maxi hum concent rati on o itial
oxygenlion t gentsinendncg@rsbhabial oxygen, the wafer being 33

23. The waf g .05 ¢kakBedliwhergen the concentratlon of interstitial
oxygen in the denuded zone at a dl%ance % to one-half of Dlerr] is

at | east about 95HPoFOPRENETAtigR | bR IAT ATYFED Afe S tial oxygen
in the 5 denwded zone. at a distance equal to one-half of D, is at

least about 75% of the maximum concentration of
15 interstitial oxygen in the denuded zone.

18. The wafer of claim 17 wherein D, is at least

20 micrometers.

19. The wafer of claim 18 wherein the concentration
of interstitial oxygen in the denuded zone at a distance
equal to one-half of D, is at least about 80% of the
maximum concentration of interstitial oxygen in the

.5 denuded zone.

20, The wafer of claim 18 wherein the concentration
of interstitial oxygen in the denuded zone at a distance
. equal to one-half of D, is at least about 90% of the
maximum concentration of interstitial oxygen in the
5 denuded zone.

21. The wafer of claim 17 wherein D, is at least

50 micrometers.

22, The wafer of claim 21 wherein the concentration
of interstitial oxygen in the denuded zone at a distance
equal to one-half of D, is at least about 85% of the
maxXimum concentration of interstitial oxygen in the

5 denuded zone.
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24. "The wafer of claim 17 wherein Derr en 30 and 100

m cr onmet er Swo 9g/38675 25. Th @ “ E%W‘; wherein the
concentration of intersti t denuded zonBCEUSEB/YH68G ance
equal to one-half of Dlerr] is at I%aslt about 85% of the maxi mum
concentration of interstitial oxygen in the 5 denuded zone.

26. The wafer of claim17 wherein thgawafer further conprises an
epitaxial |ayer on the wafer surface. 27. A process for

heat-treating g ﬁa'mgl ermarmtf@& of claiuni QQ“WM@f@inttQ'xé rlidr&tféiﬂ;@cb dti®n ] |
precipitatio e avi n su ent thernma
processi ng ot 1 nheqs lt%é‘%lW@Sﬁ 513 hé??‘héla‘g ?‘?Ib%t ‘%ttsgtar%?eoack 5
surface, a (mqua]altq)lcmaerbéifvwéanthfamrﬂteaaujabmlt 95% oﬁuthaces a
surface |aygf %q,[gg bhe okey] ; f&l &gt ween the
front surface andﬁh I st dé%%l Q of ghﬁgggé%%ha r ’quéflﬁlfront surface and

toward the cEaRydgd zone ) ane and a bulk layer which conprises the region
of the 10 wafer between the central pl ane and surface | ayer, the

process conpri si the.ste i.ng.t he waf in a
on i 1 dihg 2 R NATES B AR 3 URETaLE e FALRACCES PR the
surface and amdldqfaytemronmt@rjﬁ controlling the cooling rate of the
heat -tr eat ed waf er to produce a wafer having a vacancy concentration
profile in which the peak density is at or near the central plane with

the concentratiorffrenédift Wpigacodasilagm 24 wherein the concentration

34 i n dhei i randiitorn 0foxydenf Ranthsubkagaeaf z&uh@ aeferdochde  the
difference In thf éé”gﬁgl’ng %& %{ ygqanciéggér]boé% 85% of the
maximum concentration of interstitial oxygen in the

5 denuded zone.

26. The wafer of claim 17 wherein the wafer further

comprises an epitaxial layer on the wafer surface.

27. A process for heat-treating a single crystal
silicon wafer to influence the precipitation behavior of
oxygen in the wafer in a subsequent thermal processing
step, the silicon wafer having a front surface, a back

5 surface, a central plane between the front and back
surfaces, a surface layer which comprises the region of
the wafer between the front surface and a distance, D,
measured from the front surface and toward the central
plane, and a bulk layer which comprises the region of the
10 wafer between the central plane and surface layer, the
process comprising the steps of:

heat-treating the wafer in a non-nitriding
atmosphere to form crystal lattice vacancies in the
-surface and bulk layers, and |

15 controlling the cooling rate of the heat-treated
wafer to produce a wafer having a vacancy concentration
profile in which the peak density is at or near the
central plane with the concentration generally decreasing



surface and. bul k | ayers being such that a thermal treatment of the

waf er at a teopgigkbsre in excess o l u uﬂlllﬂ E i s capabl e of formng
a denuded zone in the surfacen Il l cl ust er s H§T/US98/03686
precipitates in the 25 bul k Iayer with'thé concentration of the oxygen

clusters or precipitates in the bulk layer being primarily
dependant upon the concentration of vggancies. 28. The process
of claim 27 wherein said heat- treatment conprises heating the wafers

to a tenperaiiyrehe dirddcfoeess e ab@t LhiFalcer b]fCthe RALEXYERA
period. of l.ess seconds, with the 5

S PRI e SLFPSRONE {R1nR RN acitR o g 5aRci 88 0TS e
29. The processfate chnd @Bk whareis kediing @uods ghetea thermglprimarily argon
or helium treatment ogot:f pw'?% GasS e nﬁ:’e@a@u%% ‘i’ﬁ%f&b@séabﬁ cool i ng

rate is at |eas out per second thr t enperature
range at whi 2h0cPGsths Fapable Jadammiag 4 denude é’P&?l ¥8l Ybfobile in

si |t i con. . surfac% 1§}ezég£?d pé:%?giﬁﬁ dm‘uscﬁa&lsmo%p%@riguaa&asdlﬁoehe ng
rate is at lea ou er_secand erature
range ag® mhléﬂf%r$§¥%f VN %% Vﬁ?ﬁﬁ?ﬁg?' A8 OQr%%%epgyE$g|§1HEE$$§ in
silicon. or precipfRatdseipridvesmild layEmbeingnerémarsdiyd heat -
treatment co O hdes 40 h [ HTREALWE & i n excess of
about 1200 [ggéfégéﬁbgﬁﬁggyéén é%ﬁﬁfﬂﬁ%'ng atnnsphefe with the parti al

pressure of oxygen being less 5 than about 5,000 ppna.
28. The process of claim 27 wherein said heat-

treatment comprises heating the wafers to a temperature

in excess of about 1175 °C in an oxygen containing

atmosphere for a period of less than 60 seconds with the
5 partial pressure of oxygen being less than about 5,000

ppma.

29. The process of claim 28 wherein said atmosphere

is primarily argon or helium.

30. The process of claim 28 wherein said cooling
race is at least about 50 °C per second through the
temperature range at which crystal lattice vacancies are
relatively mobile in silicon.

31. The process of claim 28 wherein said cooling
rate is at least about 100 °C per second through the
temperature range at which crystal lattice vacancies are
relatively mobile in silicon.

32. The process of claim 27 wherein said heat-
-treatment comprises heating the wafers to a temperature
in excess of about 1200 °C in an oxygen containing
atmosphere with the partial pressure of oxygen being less

o~

5 than about 5,000 ppma.



35 - .~ . 33. The process of Tlram32-wherein said at nosphere S

primarily a elium e - rocess of claim 32 wherein
sai d cool i ngqpﬁ/jr%g’%sg is at |east ummmaﬂ@ﬂFer second PRIGIEGHOI6RE
cen

tenperature range at which crystal*latti es are relatively
nmobile in silicon. 35. The process of claim32 wherein said

cool i ng rate is at |least about 10 [err]C per second through the
tenperature range at which crystal lattice vacancies are relatively
mobile in silicoms, The proceds cEN@1BHRACESSwAbrEhAl Bhid ¥bRESHHesal d

heat - treat mept conpri'ses heati the wafers to a tenperature in
excess of abbutPAAMREF rﬂ¥9q919ﬁ:h%x%@@n cont ai ni ng at nosphere with the

partial pressure of oxygen being |less 5 t han about 1, 000 ppna.

37. The process cl aj ei id.a [ RS | i1y argon
or helium O§.4' a?g;?%%gkgsoggsgﬁgﬂmcngl)%p‘gge\%ﬁe?aéll% g%lsjd%ol i ng
rate is at |vase ot Brdtera@tpdO S6cpsd skconghthreugh thenperature

range at whi ebnséyst@e | AddS atyIRANG @SR latkebat iMehMci®hi heein
silicon. , %ﬁg. Th €gr.oces, ,0f cl'aim 36 wherein said cooling
rate is at |E&5RHY qﬁkﬁ} r%ﬁ(f%i%CQ5econd t hrough the t enperat ure

range at which crystal lattice vacancies are relatively nobile in
silicon. 4 Q6e |_ai el Sa] -
treatment conpri sségs' hcellé ‘%'ﬂ;grﬁe vvag%%e(rgslat%é“ gr?t é’%\g@%‘ur&%lﬁ l:g?gﬁgécess of

about 1200 [®BaEECGi$manleasyePaBntldthi%y per second through the
temperature range at which crystal lattice vacancies are

relatively mobile in silicon.

36. The process of claim 27 wherein said heat-
treatment comprises heating the wafers to a temperature
in excess of about 1175 °C in an oxygen containing
atmosphere with the partial pressure of oxygen being less

5 than about 1,000 ppma.

37. The process of claim 36 wherein said atmosphere

is primarily argon or helium.

38. The process of claim 36 wherein said cooling
rate is at least about 50 °C per second through the
temperature range at which crystal lattice vacancies are
relatively mobile in silicon.

39. The process of claim 36 wherein said cooling
rate is at least about 100 °C per second through the
temperature range at which crystal lattice vacancies are
relatively mobile in silicon.

40. The process of claim 27 wherein said heat-
treatment comprises heating the wafers to a temperature
in excess of about 1200 °C in an oxygen containing



36 . atnosphere with the partla gen be|ng less 5 than
about 1, 000 -@§Gkrse7s. ‘Hmm mmﬂ ' ai m 40 wherei n said
42. FRIUS

at nosphere I's primarily argon ort hellu PYRIS8E of
cl ai m 40 wherein said cooling - rate is at Ieast about 50 [err] C per
second t hrough the tenperature range at which crystal lattice vacancies
are relatively nobile in silicon. 43. The process of claim
40 wherein said cooling rate is at | east about 100 [err]C per second
through the oinoLSHRE éakyt@ E@@%@élé@'ﬁéﬁ%&t dr balheaen¥angnekgs are
rel ativel %lle I n licon. . A process for heat-treating a
singl e crgstaPhan ab%??l%O%OQWEQWasllced fronta single crystal silicon

i ngot grown by the Czochral ski nethod to influence the

Dot ot SepCMTHLOL Phe YHELLL Tod N o W saTHPEAUERRLER! ™

processi ng step, surface

surface, a cemsrarlmaanby argomewvwhﬁitume front and back surfaces, a
surface | ayer whi ch conpri ses the regi on of the wafer bet ween t he
front surface and a di stance, measur ed frontthe fro i surface
and toward the cenffal PRENBTOGHRE a°fbtﬁ]ka’t‘%1fe°r whereip,sajd 89’8 88s the
regi on of the;ﬂ@éetsbetmeensthabout 5Tt Iy Heammdandrsughatkel ayer, the
process conprisin t e er on
the front sur#%@@gg?ttﬁe %%néé Q? %Fh éﬁStal lhéﬂﬁg e?%?ﬁg?ﬁggp%géence of
an oxygen rebatavalygmabbienin Slllcon heat treating the oxidized

wafer at a tenperature of at | east about 1150 [err]C to formcrystal
| attice vacanci es in the surfacg afd bu| k Iay
43. The process of claim 40 wherein said cooling

rate is at least about 100 °C per second through the
temperature range at which crystal lattice vacancies are

relatively mobile in silicon.

44. A process for heat-treating a single crystal
‘silicon wafer sliced from a single crystal silicon ingot
grown by the Czochralski method to influence the
precipitation behavior of oxygen in the wafer in a
5 subsequent thermal processing step, the silicon wafer
having a front surface, a back surface, a central plane
berween the front and back surfaces, a surface layer
which comprises the region of the wafer between the front
surface and a distance, D, measured from the front
10 surface and toward the central plane, and a bulk layer
which comprises the region of the wafer between the
central plane and surface layer, the process comprising
the steps of:
growing an oxide layer on the front surface of the
15 wafer by heating the wafer in the presence of an oxygen
-containing ambient,
' heat-treating the oxidized wafer at a temperature of
at least about 1150 °C to form crystal lattice wvacancies
in the surface and bulk layers,



——

37 20 . cooling the waf a terrpera‘t*cn‘e of less than 900
[err]C, and. 873867 controli@ﬂ@ ﬂ”l; rate of the heat-treated
vaf er between IHEhGat - tr eat i ”md 900 [err] C t o PCT/USI§0368kice
a waf er having a vacancy concentration "ordfite in 25 which the peak

density is at or near the central plane wi th the concentration
general ly decreasing in the directjon of the front surface of the

waf er and the difference in the concentration of vacancies in the
surface dbquI alg ey td 2 herapl;-30 Leatppns of the
waf er at a terrpera ure |(‘£ excess of ?’gé © B ?errf%‘ofsicapa of form ng
a denuded zon¥? n°§heandirf ace | ayer and oxygen clusters or

preci pitates in thedu#ddling dkféYQfodMlh@ traeecencenéraéaentﬁéatm oxygen
clusters or reC| itat bul k

s i.n th | ayer Dbei r pendant
35  upon the"3% LR DN q’%ﬁ Regtandicasing ¥emperalicf, San %6% e%% of
cl ai m 44 \Aherzercvﬁwm xomfery having & eaicanaly Iceasenabauioﬁop{'efx}é: er
second. 25 which tl’ﬁééaqe;ratr}? ﬁrfeg:l\?\'? 1@c a%l)%'%éér"\’eﬁ&ebgn’éﬁég ﬂgfﬁﬁe

treat ment conprises g Welf ers enperature n excess of
about 1200 [ ¥} the FPREERYSRCEGR gemierglly degrraspRer &nwFER the parti al

pressure of OXYyBEAL 61 NEf | €465 £ront téma@réou;tf S.hQOQaﬁéﬁﬂand the a7.
The process 5 tc% ai m 45 wher.ei n_sai t nent ., coppri ses heating
o gﬁ?

the wafers t STt &1 or}cr?né)?@%% PfaB’SSF‘nféﬁﬁ tBrFP® in an
oxygen cont ai sunface ancatbnﬂslprﬂemeam e irige spaht chhtpretbarwadf oxygen bei ng

less 5 jpthap, 2bopdnd OPQ PP Wuter at a temperature in excess of 750
°C, is capable of forming a denuded zone in the surface

layer and oxygen clusters or precipitates in the bulk

layer with the concentration of the oxygen clusters or

precipitates in the bulk layer being primarily dependant
35 upon the concentration of vacancies.

45, The process of claim 44 wherein the cooling

rate is at least about 50 °C per second.

46. The process of claim 45 wherein said heat-
treatment comprises heating the wafers to a temperature
in excess of about 1200 °C in an oxygen containing
atmosphere with the partial pressure of oxygen being less

s than about 5,000 ppma.

47. The process of claim 45 wherein said heat-
tresatment comprises heating the wafers to a temperature
in excess of about 1200 °C in an oxygen containing
atmosphere with the partial pressure of oxygen being less

5 than about 1,000 ppma.

48. The process of claim 45 wherein said atmosphere
is primarily argon or helium.



48. The process of claim45 mherTun said a atnnsﬁﬁere Is primarily argon

or hel [um - wo aysges | IMIMIIUIIII "o o1 vt

process of clalim45 wherein said
50. The process of claim44 wherein the cdol rate is at |east about
100 [err] C per second. 51. The process of claim50 wherein said
heat - treatment conprises heatingdhe wafers to a tenperature I n
excess of about 1200 [err]C in an oxygen containi ng at nrosphere with

the partial pressyg ofriax e og l:§§.§m545 {HaPe2ROLA1 &, b
52. The process of, cl aim 50 wherein said heat- “treat ment conprlses

heating the v &PSiRaF LY dhferaEre in excess of about 1200 [err]Cin
an oxygen contai ni ng at nrosphere with the partial pressure of oxygen

being less 5 th ab%e Jp Q:%é%p%% clalm ?4 whgrg?fh gg%lcg%]&ffﬁ of claim

50 wherein said atnDsphere n-or

54. The proces%t@fl%léﬁrﬁQﬁFﬁMﬁ?Qﬂtnl§Q|dcapnﬁspheped is primarily

ni t rogen. 55. A process for heat treating a single crystal
silicon wafer sliced fr a singl e cry S|I|ﬁgn i ng rown by the

Czochral ski methoPto i alﬂréelﬁ ﬁﬁFanﬁéﬂaQ?%E'of oxygen

in the wafer theastment comprlses heatlng the wafers to a temperature
in excess of about 1200 °C in an oxygen containing
atmosphere with the partial pressure of oxygen being less
5 than about 5,000 ppma.

52. The process of claim 50 wherein said heat-
treatment comprises heating the wafers to a temperature
in excess of about 1200 °C in an oxygen containing
atmosphere with the partial pressure of oxygen being less

5 than about l,OOb ppma.

53. The process of claim 50 wherein said atmosphere
is primarily argon or helium.

54. The process of claim 50 wherein said atmosphere
is primarily nitrogen.

55. A process for heat-treating a single crystal
silicon wafer sliced from a single crystal silicon ingot
grown by the Czochralski method to influence the
precipitation behavior of oxygen in the wafer in a

5 ‘'subsequent thermal processing step, the silicon wafer
having a front surface, a back surface, a central plane
between the front and back surfaces, a surface layer
‘which comprises the region of the wafer between the front
surface and a distance, D, measured from the front

10 surface and toward the central plane, and a bulk layer
which comprises the region of the wafer between the
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5 subsequent thermal processing a on waf er havi ng a
front 'surfac ,ﬁg_&k surface, a ce{ ﬂ‘mﬁmm E etween the front and
back surfaces a surface | ayer \\a he regi oRCHUSIHBERaT er
between the front surface and & d| stance, D, measured from the front
10 surface and toward the central plane, and a bulk | ayer whi ch
conprises the region of the wafer between the

39 central plane and surface Ia\;/éggr, the process conpri si ng the

f
;t rGrE:p(r)\ere t SFR© tbela%n% a}e‘ﬁ% Ha%éfta\l(}%cg% %él PEQP%Q&(QQQ &Qﬁ ace rgggd bul k

| ayers, and the StePS @hirolling the cooling rate of the heat-treated

wafer to produce %é’?é-ﬂfré}f’ﬁ&ﬂw t@er%QQ?cy1ﬁoaﬁeﬁk%'§éh0£bnta1nﬂ{ filein
whi ch the peak den

S | ane t he
concent r'at i orft S}hq‘%/ei/ g%%\%ﬁ?éfsta& ﬁiaﬁt%ﬁﬁ Yrrae ??‘%‘T’l vt t\tqaf'Fe front
surface of theuwdes aamdl bulk ldyerdi,f fadence in the concentration of

vacancies in the xs&;fa&%e l._amad c%lélllinlg;a¥§{:§ BEI PH sgg& t{}% f[ae& her nal

treatment of the wate enperature~i n excess o err]C, is
capabl e of foraien o qurrdee Zonefer hR¥ing a YAFRREE FAHERNEFRE XY gen

;:Ihusters or Iﬁﬁfct?fﬂé aitreswmrbﬁ hehe petakfb!llekxsh@yeﬂ.s%{:hoi'h@e&@“&'@é'trat'On Or
e oxy en clusters pr.eci ates in ing primarily
dependa upo‘he’i‘q'l%a]céﬁcaerm r"é?t'i}brf' QPREERETLaS ton 9energilfy ‘g%c %fgl ¥ ocess
of claimb55 whereghe Sarecthisat -of the tfreatmentrfeospof sese hemfengandie waf ers
O el TPETANKE a1 reeddhEX CEP R AROLHETRCLE] Caliindled diSthe

cont al ni ng artia ressure o en bei ng | ess
5 than abowdusfaTd wrabulk 1ayers eigg, STPHE‘ shaéeéstmrr&ah. m 56 wherein

sai d at mosphef£=atment SoPriH@dfer@z=30R @empekrhdlYe in excess of
25 750 °C, is capable of forming a denuded zone in the
surface layer and oxygen clusters or precipitates in the
bulk layer with the concentration of the oxygen clusters
or precipitates in the bulk layer being primarily
dependant upon the concentration of vacancies.

56. The process of claim 55 wherein said heat-
trzatment comprises heating the wafers to a temperature
in excess of about 1175 °C in an oxygen containing
atmosphere with the partial pressure of oxygen being less

5 than about 5,000 ppma.

S7. The process of claim 56 wherein said atmosphere
is primarily argon or helium.

58. The process of claim 56 wherein said atmosphere
is primarily nitrogen.

59. The process of claim 56 wherein the cooling
rate is at least about 50 °C per second.

60. The process of claim 56 wherein the cooling
rate is at least about 100 °C per second.



58. The process of clain156 mherein said_atnosphere IS prlnarlly
ni t r ogen. cl n156 wherein the co

rate is at P’e%gss{sg%out 50 [err] C pF’mufm m "I ll! 60. P‘FW@SBWQ%&Q;S of
cl ai m 56 wherein the cooling about 100 [err] C per
second. 61. The
process of claimb55 wherein said heat- treatnent conpri ses heating the
wafers to a tenperature in excess*®f about 1175 [err]C in an oxygen
cont ai ni ng sp t r r.e._o0 y being less 5
t han about 1, 000 g? "he &é&g$%%?léﬁ?l o %%ggggf t';a?é ggg.t[ wherein said
at nosphere treat@e%ﬁl¢@ﬂ@¥%ﬁ%ﬁgﬂﬁ??ﬂnQNQhQuﬂafers to a temggrafyseprocess

of claim6l yherpidssabtl AFWSPNEIS °oC in iah PhHyERK b)snea&hezagn

64. The process of cIarnrﬁ% ereu&gf@$ COOlé&% n¥s at |east about
50 [err] C peftigglpgre with the pa s?fon¥p§P 81%dhef&Fn the
cooling 5 thateabsuttl) @adtprirout 100 [err]C per second. 66.
The process of claim®61 wherein said heat-

62. The process of claim 61 wherein said atmosphere
is primarily argon or helium.

63. The process of claim 61 wherein said atmosphere

is primarily nitrogen.

64. The process of claim 61 wherein the cooling
rate is at least about 50 °C per second.

65. The process of claim 61 wherein the cooling
rate is at least about 100 °C per second.

66. The process of claim 61 wherein said heat-
treatment comprises heating the wafers to a temperature
in excess of about 1200 °C.

67. A process for the preparation of a single
crystal silicon wafer having a near-surface region which
comprises a denuded zone and a bulk region which
comprises oxygen precipitates, the process comprising:

5 subjecting a single crystal silicon wafer to an
oxygen precipitation heat-treatment in which the wafer is
annealed at a temperature of at least about 800 °C, the
siiicon wafer having a front surface, a back surface, a
central plane between the front and back surfaces, a

10 -circumferential edge joining the front and back surfaces,
a surface layer which comprises the region of the wafer
between the front surface and a distance, D,, of at least
about 10 micrometers measured from the front surface and
toward the central plane, a bulk layer which comprises a



treatment conprises heating the wafers to a tenperature in excess of

2?(;;};1200 bﬁ(?%/ﬂsé;;gys silicon vva“mmm:!mﬁmﬂﬂmrr sb??agreefggr;?a’:ﬁ:%%ﬁggw%m

conprises a denuded zone and a bulk teglfon’ whi ch conpri ses oxygen
precipitates, the process conprising: 5 subj ecting a single crystal
silicon wafer to an oxygen precipjtation heat-treatnent in which the
waf er is anneal ed at a tenperatu of at |east about 800 [err]C, the

silicon fe j ; SR O0E Spi flaces %$%% sykfa n | pl ane
bet weenllté\ﬁe ?gﬁ%@%étack J%sur aces,'ra 10 a rlé(&:l& Efué%?%aPlgggegfl%i ni ng
the front antheafkrsbrregien, and 3 nap-funddoray diskmibntéonpPfses the
region of therystgl lattidetveeindivs fidH tHe ReReaRdadjdhsbance, Dierr],
of at | east abo m cr ters asured fr frgpute surface and

ut, 10 m t hg
toward the cYAFRRFIHFahB, RS Hotke| 9 SEAFELesPED
41 15 secoodcerngranioh ¢hevardreridmetinearhet Barfener Ahypkane and t he
first rggion, and - uni forym . di st i b | f r
vacancl 29 w th {He sty o e Susqdd Bo oxvach KRLPPEeRL R i ng
greater thanheRB-treatpeRtcPrYIRT RrIFIRMEHRS & demudre 20PRadé | ayer, 20
wher ei n upongbensg Shbiret edrfac®Xyfair RHIRT idMyigRil Precipitheak- hreat nent
oxygen precipitates.a dﬁnug&g]fz:fne LS., tforﬁg}sd I.n the ng‘lf ace | ayer and
oxygen preci pPTAE@s 4 &R ot P i 1 Tt SUEOTRFEPAWCEN P e for mation of
t he denddpddednezonadandiet ierfonnaniaf athdehexpyygepr prepipatese85 in
the wafgg buik tfien9hedePENsRN:s URA SddRIAAC AP aiffer@hE8Nin

concentration in these reglons 0

oxygen concenfration in these regions of the wafer.



