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THERVALLY ANNEALED WAFERS HAVI NG | MPROVED | NTERNAL LETTERI NGBAGRRRIGIND OF
THE | NVENTI ON The present invention generally relates to the 5 preparation
of sem cond pRteri al substrates, especially silicon waf are
used in the“?r;anu?acture of electronic conponents. Mre parti E{‘]f/gﬁwi,gg?%
Present invention relates to a process for the thermal treatnent of silicon
waf ers to di ssolve 10 aggl onerated vacancy defects and i nprove i nternal
gettering capabilities, enabling such wafers to formideal, non-uniform

depth distributions of oxygen precipitates during the heat tmﬂ’ﬁmmmwm,w es
of essentially any arbitrary el ectronic device manufacturing |
Single crystal silicon, which is the starting material for nost proeesses
far the fabrication of semiconductor electronic conponents, is commonly
prepared with the so-cal | ed TEERMNIAYS IANNEAIEDs WARE®Sei n a single 20 seed
crystal is imersed i ntBAVING eITMBROVEDNINDHRNAR GETTERING S| ow extraction.
As nmolten silicon is contained in a quartz crucible, it is contam nated
with various inpurities, anong which is mainly oxygen. At the tenperature
of the silicon nDIten Mss, oxygen comes into 25 the crystal lattice until
it reaches a cOSCCRHRL-G detio IHAHIIN t he sol ubility of oxygen in

silicon at the terrrqefe.atp&r eQ1ft LR <A 18D JBET-aand Reithe agbuahesegregati on
coefficient of oxygen in saolidified silicon. Such_concentrations are

greater tRan PREFSHANIIN OF SEMEFRAHEPT MSALid Ls SURSST &€ St he
tenperatures k¥pietalally fdi1d AR W3- /0 G £320% BEHUSPOLER636 2 enpl oyed

in fabrication processes for electronjic devices. As the crystal grows from
the nolten ma8@¥d@conIs of elieataisiis qamPosenGlsi-| | Mpref paxyden liag vt

decr eases rapi:ﬂ@ygf@g%rr&bxmnm%r{ S 440 o 3ok ALerS Lagygen 5 i s

present in supersaturated concentrations. fion to oxygen, intrinsic
poi nt defectsthsuwhla§n§dqmﬁmtIQﬁtﬂkk&W@t&@éﬁ@§ t@aﬁlﬁéoéwésent in the

crystal ag it, %rl%‘ﬁwexléé%% QLY %@’ Biekgfé%s“@nd' H¥nlp v\éaQ?l@%lrﬁﬁl' n the solid

siliconi1s in rt tenperature sil'itcon crystal cools,
at sone poi nt gekéegriye alapali Wddeme criabldald )%usthpellaﬁgtrlsr apedowint h

vacanci es, resyltiing 4y, thg £ Wépocr}x o A99hpEBLALed £ oxygen

precipitates during the heat treatment cycles of

essentially any arbitrary electronic device manufacturing
15 process.,

Single crystal silicon, which is the starting
material for most processes for the fabrication of
semiconductor electronic components, 1s commonly prepared
with the so-called Czochralski process wherein a single

20 seed crystal is immersed into molten silicon and then
grown by slow extraction. As molten silicon is contained
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

25 the crystal lattice until it reaches a concentration
determined by the solubility of oxygen in silicon at the
temperature of the molten mass and by the actual
segregation coefficient of oxygen in solidified silicon.
Such concentrations are greater than the solubility of

30 oxygen in solid silicon at the temperatures typical

IRy
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vacancy defects. Agglonerated vacancy defects are recognized to be the
origin of such observable crystal 15 defects as D-defects, Fl Oﬁ\/ Pﬁﬁ%gg‘ﬁ
Defects (FPDs), Gate Oxide Integrity (G0 ) Defects, Crystal 8i

Particle (COP) Defects, and crystal originated Light Point Defects (LPDs),
.as well as woron/a’2e9 cl asses of bul k defects observed by i nfrapetiukdghése
scattering techniques 20 such as Scanning Infrared M croscopy and Laser
Scanni ng Tonogr aphy. Aggl onerated vacancy defects are recogni zed to be a
hi ndrance to the performance of electrenic devices manufactured from wafers
containing them The thermal treatnent cycles typically enployed in 25 the
fabrication of electronic devices can cause the precipitation of oxygen in
silicon wafers which are supersaturated in oxygen. Like the aggloneration
of vacancy defects, the precipitation of oxygen may al so act to hinder

devi ce perfor%’@é‘fﬁ%e&'eﬂ?’?é é’aﬂ?ibﬁ JQGALLONe 3D 4 LBE D Hhe }ﬁ@(z‘i‘&aé

whi ch preci pi occurs exanpl e, oxygen precipitates |ocaie
active devicehs tthe mt‘@dozgrm oy A0%: PRI 1S99naes38nd regilen of the

waf er can i i p [ ot [ n
precipitates ocat%%é)nettkﬁée %{t}l@lo%l%ﬁaﬁg%r?eﬁgd%%ﬁégggéégEecause t hey
are capabl e on‘apxmpt nhareissi ired hretedsultping t$bscehatr magLErgonsygato
cont ath\égfer i3 é{@gee!{t 111_'Pesdjpseers0f orz%/&e Jr?gérgﬁ%ﬂ egnéocat ed in the bulk

of the rap neta erre 0 as T hternal or

intrinsic Better| nfgp(addit:)on o mmytmn,oflrapprrwndnqsomtvedbéentsuggeehed as

to how 10 ag orrer gL s na he prevente fromform ng Sgé el i m nat ed
I

once forned. TFor Je %l LIS AT RISTT0n o oner at ed
intrinsic poiamtysﬁ]ecas InRyf qyemner alnycd)@mcg‘erevetchmssm?gubnghtyeuper ature
heat treatnents_ of the Silicon i form_(Se segawa et
o Eur opear SIS ARl (R (S Kb AR i o PR APRSER B

"Hydr ogerp Anrm@padie&m cos Wafeersiliswn drStstizl Riwsionenat yoms. p5i7n58 pp.

19-26 (1997 wever ,. whil theea roae may have the desirabl e
effect(of dI)S ?\ﬁ?%s%?g]gl“l%%ﬁ%ﬁ%%dé? goﬂt %%?rﬁﬁ?gaﬁle ]i‘egl on of

the wafer, theycamyied S(l‘ersﬁﬂtdnlngj nr hﬂtdillftﬁ.ﬁthaﬁi&n of DyUemepaeedpitates
in the bulk of the wafe causi_ng .i nt er nal Betterlng%€ abilities to be

| ost. Accor difRff3RcHh F tont iR HaS (VIR S5 28 Gherei n

aggl oner at ed #ddddriiAed RY He AL @ dmy J* shcaﬁaimﬁbaenwyéeé:ed froma
silicon wafer, and yet sti]l_ afford_a wafer posseSS| n the be ef|C| al

char act €3 st @,#?ﬁtst medrade isgtser ifgw Fag L TApR FPDs), Gate
Oxide Integrity (GOI) Defects, Crystal Originated

Particle (COP) Defects, and crystal originated Light
Point Defects (LPDs), as well as certain classes of bulk
defects observed by infrared light scattering techniques
20 such as Scanning Infrared Microscopy and Laser Scanning
Tomography. Agglomerated vacancy defects are recognized
to be a hindrance to the performance of electronic
devices manufactured from wafers containing them.
The thermal treatment cycles typically employed in
25 the fabrication of electronic devices can cause the
precipitation of oxygen in silicon wafers which are
supersaturated in oxygen. Like the agglomeration of
vacancy defects, the precipitation of oxygen may also act
to hinder device performance, depending upon the location
30 within the wafer at which precipitation occurs. For

example, oxygen precipitates located in the active device



4 SUVVARY OF THE | NVENTI ON Anong the objects of the invention, therefore,
.1s the provision of a single crystal silicon wafer which, duringgphgpr@es
treatment cycles of essentially any electronic device nmanufacturing
process, W f an 5 ideal, non-uniformdepth distributi f n
preci pi ta\tlvg@;oo(lgédppr ovi sion of such a wafer which will opti ﬁﬁ?@ﬁ”mgﬁe
reproduci bly form a denuded zone of sufficient depth and a sufficient
density of oxygen precipitates in the wafer bulk; the provision of such a
waf er in which the formation of the desuded zone and the formati on of the
oxygen precipitates in the wafer 1 o bulk is not dependant upon differences
i n oxygen concentration in these regions of the wafer; the provision of
such a wafer in which the thickness of the resulting denuded zone is
essentially independent of the details of the I C nmanufacturing process
sequence; theqggion siforthd wakdr camfimpair wiie lopgra tfiommf drhef t he

denuded zone ﬂBq he f I t recl pi int waf er
bul k is not intl ucéeﬁce&q{);@c%@’g%%’r %ﬁ%@?ﬁ%&%&%@g g‘)élcsgeﬁes%oqujcen Fation
of the Czochralldkiofgrdwn, wafenglare racstaalt agdauwsoreaaagste futmy vdreh t he

silicon wafer_j | X vV|.s{on of a. i j,.C he
formation of ﬁﬁ?:abégnuggcféz%ﬁ%ﬂqo%edsr%ﬁo lrgd)eéipé%g:%&poln p@‘ﬁ:g%(?lﬁgﬁgtug?é% of
oxygen; &nd, ddwee pmind stamtadt swidth alz ovgffeocesShen wsle f tdeygmEomcentrati on
of aggl onerated vacan def ects is suybstantially. reduc in a.surface |ayer
of Lhe var er Psd BRFechaTared Tt UK AR M o T AR Lo &

si ngl e cryst aletsdlls den cwainesn hawafpdineel ey @rs, igerenalll wrpareddiglsisur f aces,
one of whi Chgisef}:rthe frog];tl}é,%ace of the wafer and the other of whichis
the back 2 ~Sh &%t fer, a central plane between the front and
back surfaces, a @i meiHear ent | fhpredghdOinveg Heee fsekie sl kack sudwces,

a stratumextending fromthe front surface to aecéjlinstance, DS, as neasured

fromthé%rofs g RGN MaYe ReeMbeyenseghd Tof SQHHAE | Sfer whi ch

at | east in RAming RS frmdd.h tHe Six=aipl®, artheWdiEs ol ut idrARF 2Q03 5
conprises the regiqon of the wafer between the front surface and a distance,
D,, of at | eé’é”cmgﬁ&?ttlm Rl reppimierated dgdsdngd o PO SF5SGHS NRY ace

and toward the 813l HY atehi Al AWK HidHek oiples te@PHSRS the region
of the wafer between the central plane and the surface | ayer, the wafer

. he s
bei ng char actt&iaara®nts Hatt ihes Malicn diy pafen £ogtibst difEal 18 Free of

aggl onenaf ed yacanGk 8f 60l s, ENSHUHK daAkel a9RlaCAT 1290/ ErAlehvacancy
defects; and, thé wafer has a non-uniformdistribution of crystal lattice 1

o vacanci es @ch S-hdlagaheadiit rett idn of ‘Hyseasenednnsadge BHiddqyer being
greater than he, CanGentatd an OfpACRRGILS vidl ot.Ne 7sukf,age, | agerand with
t he vacanci es havinga conceniratiton profile in which the peak density of
t he vacanci es{i%®7t. Jor Hrngvahe vWadter dhesicas@proRehesndent tevicortifener al | y
decreasing fr 1 0Sidd i I i j the front
15 surface of t leﬁ\%al%e?ﬁéﬂr%; :)grfegg%{%oiqﬁ)\}?r?{ ?églr?qiogl}é?t?rqflﬁg?éd}ﬁrﬁgg elorlhto a
process 20or Hdwt thegat isvy e e ggai oy wft &hesiwaifean Wk Mey dilssol ve

agg! omer at ed AANCH RS L A0 I I deRGR NS Bregpulald an hefiavi of of
oxygen in the wafer in a subsequent thernal “processing step, the silicon
waf er havi ng bl 2fo tinsg org fggeneraaldingandgldralals getiegdndone of which is
the front surface .qf, t.he the other of which is the back surface
of the wafer 2 a;%elﬁ'tlrta esp}’%ingée%% ‘AP R 2009 WD 00/ | 3209

Accordingly, a need continues to exist for a process

25 wherein agglomerated intrinsic point defects may be
dissolved or annihilated from a silicon wafer, and yet
still afford a wafer possessing the beneficial

characteristics of internal gettering.



6 PCTNS99/ 19636 between the front and back surfaces, a circunferential edge
joining the front and back surfaces, a stratum, extending from giseAPR Q003
surface to a distance, Dg, as neasured fromthe front surface and toward
the central 5 plane, a surface |layer which, at least in part is coextensive
with the stratum and whi ch conpri ses thqiregion of the wafer between the
front surface and a distance, D, neasured fromthe front surface and toward
the central plane, and a bul k | ayer which conprises the 10 region of the
waf er between the central plane and the surface |ayer. The process
conprises thermally annealing the wafer in an atnosphere to di ssol ve
pre-existing ag@oneiAReON JHMNWERTEONS in the stratum heattreating the
anneal ed wafer to formcrystal Tattice 15 vacancies in the surface and bul k
| ayers, and then contArebng e phigctsool thagnventionotharaforédathe peaisidnwdder to

produce a wafer havin vacanc oncentratio rofile jn ich t peak
density is at ors'qﬂiﬁrc%fsgﬁl %&W‘r‘é?f%ﬁl“&“&“\ﬂauflﬁgaﬁg h@@hh@ﬂt’?%ﬁ?@ﬁ%e erally
decreasing in thasgRisly & beRushicd¥idd MahurttifEfolkebsiay the
difference in thescorllcgn?%ti or¥ olfC va(I:anci egﬁal‘d:'rf] t ep@fgre%dcewﬁél@ﬁgnl k | ayers
bei ng sbch that idealheromainiforreakepintistributioa ofaixggeaprecipitatpsyr theyprovisionexcess
of 750 C is capahle of form ng a denuded zone in the 25 surface |ayer and

oxygen cl ust er s BBUR EcWater atch Wil epttmally &nd ssRIPdyYEibly Tore acderudrd ati on of
t he oxygen cl ust r L i gq%@y r L i kI
dependant upon t Q%cégnsggﬁhcﬁgﬁgﬁéﬂﬁ %ﬁ dvﬂ%@ﬂ@?@ﬂj %roﬁggﬁﬁrgégﬁtfegﬁﬂi S
further directedhéavaieBbulRr hegsdvision dfefichta #afdérnig which thel foreayieh af tisé | | con
waf er to dissol ve aggl omerated vacancy defects and to influence 0 2 APR
2003 WD 00/ | 3209enudett/2g9ggnbiedormation etihs @agesrPreeiRiatesrin dhe wafefen i n

the water in a e ng. thernal pr I ng .st L i con | havi ng
a fron@gsurface,so%?ﬁgﬁca Otse Ppgéﬁ?u%gr&gﬁ%?%c%l '§ﬁ§‘g’886&§8§éwﬁ "%’}'m‘géﬂd back
surfaces, a Strﬁ‘é-?ﬁh@)GfWW&geﬁtﬁévaHi&w bf Sidh § Wdfacin Widich tik tiskeds De,
as measured fromthe front surface and toward the central plane, a surface
| ayer which at lofdlse résuliry denwderbzoneisséssentiolhindepesdenitaftheadetails afh
conprises the re i of the wafer between the front surfa{pe nd a_distance,
D, measured 10 fg‘?)x&t"ﬂ%”‘ffﬁﬁtr?f'”guﬂrf’%%%s SHENGRal® RIQYISIIHET SHCML® Wader Bnd a

bul k Tayer whi chyGERRd ffifaltiBR JF 95 BBnGded ESné"%h@rth@%ﬁWcﬁi@mtm gentral
pl ane and surface |ayer. The process conprises heat-treating the wafer in
an at nbspher e t oxygempeegipitateslimtie waferdedinisi rest influancedsyr thadbeamal bul k 15

| ayers, and then controlling the cooling rate of the heat-treated wafer to
produce a waf er NEONEG HEASHASN CIREBIAHER Ok e CEPPITEISKIOIAWLISROIE poak

density i s at olagf kit EBEfrBln RhRRGNYiSIohIRIEPRGRRLAALINGRIS & | ¥

decreasing in the direction~o ront surtace of er and the

difference in thwchenpeeesain ahiohfthedoanati@sof thetdemusledfzane doeb hot k | ayers
bei ng such that a thermal treatnent of the wafer at a tenperature in excess
of 750 C is capdifirengiugasy ieryit=liffesion eboxaan; iand; e rigvisieof sydr aand

oxygen,glusters p?Bc@gseﬁi\HﬁiEﬁttﬁé cblqcentration of agglomerated vacancy defects is

substantially reduced in a surface layer of the wafer.

Briefly, therefore, the present invention is directed to 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

25 surface of the wafer, a central plane between the front and back
surfaces, a circumferential edge joining the front and back surfaces, a
stratum extending from the front surface to a distance, D,, as measured
from the front surface and toward the central plane, a surface layer

which at least in part is coextensive with the stratum and which



25 the bulk layer with the concentration of the oxygen clusters or
precipitates in the bulk layer being primarily dependant upon thg2 APR 2003
concentration of vacancies. Oxygen precipitate nucleation centers present
in the cooled wafer are stabilized by heating the cooled wafer 30 to a
tenperature of about 650 to about 850 C4or about 1 hour to about 4 hours,
and then the stabilized wafer is 0 2 APB 203 WO 00l 13209 8

PCT/ U599119636 thermal |y anneal ed in an at nosphere to di ssol ve aggl onerat ed
vacancy defects present within a region extending fromthe front surface to
a depth of at l|east about S mcrons. 5 Qher objects and features of this
invention w il kendlisealthe @@%@ﬁ%‘ﬂ‘th@%férrbé?@éénm fibAfdsaicdgan@gnaf ter.

BRI EF DESCRI PTI ON THE DRAWNGS Fig. 1 is a schematic depiction of the

i deal preci pit adisignesfler oppbleastaboutt Hemigregeitersi asemasened fronFihg 2 is a
phot ograph of a.cross-.secti of wafer. (s le 4-7 ich S, processed
as described i nfgjgﬁﬂﬁacﬁ?naﬁﬁwa?aﬁhf %F%rﬁiP%gféaBHé@rgtﬁw@?@éyy)@%%ti on of a
vaf er (sanpl e 4BmpMieshh¥RsyisHif 85 RAfdrbdRBes Bhé BENRAI fhSPandInEescr i bed
in Exanple 1. Fig. 4 is a photograph of a cross-section of a wafer (sanple
3-14) whi ch was ssitfapedayst, the waler eingechavéicterized indthadr i bed i n Exanpl e 1.
Fig. 5is a graph of ;the |l.og of platinu 0 concentration (atons/cnB)
VePsus depth f r om £ hdS BTSRRI PSE T ahiPE Of Ao iR At MR, £t ed
to the series ofy$igps set forth in Exanple 1. Fig. 6 is a photograph of a
Cross-section ofd a wafer (sanple 3-4) which was subjected to the series of
steps 25 set forth inhé&bakbgeZcorftams agglamargiddvagdrapidefect; ahdss- secti on
of a wafer (sanple 3-5) which was subjected to the series of steps set
forth in Exanpl e 2. thgwaferdrasangnwyieomidisisbutiomefrrysta jatiess Fig. 8 is a

hot h of . i i l e 3- i subj ect ed
Pt nelBori as o SbAiGR8 Sl 78 RnoButid of WMcfasTn e B REBoRULL B0 P,
cross-section ofgr@ateptiin tﬁe(cﬁﬁgiﬁhﬁaﬂo@bf vacaitieowm thaluefabedayer driewhRr i es

of steps set forth in Exanﬁ
the vacancies

Ia\?ing ‘a concentration profile in which the peak density of
the vacancies is at or near the central plane, the concentration generally
decreasing from the position of peak density in the direction of the front

15 surface of the wafer.

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

20 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



FIG 10 is logarithm c graph of the nunber density of bulk m crodefects
(BVMD) versus the partial pressure of oxygen present in the atnosgheARR 2003
during rapid thermal 10 annealing of single crystal silicon wafers in
accordance with the present invention, as described in Exanple 4. FIG 11
i s a phot ogWgfh132§ken under magnification of a cross-secti onPEIUSINEE36r
(whi te background) which has been thermally anneal ed, in accordance with
the present 15 process, in a nitriding atnosphere in the absence of an
enhanced oxi de | ayer, following an NEC- % treatnent. FIG 12 is a

phot ograph, taken under greater magnification than in Fig. 11, of a portion
of the wafer cross-section shown in FIG 11, showng in detail the 20
essential absence of a denuded zone. FIG 13 is a photograph taken under
magni fication of a cross-section of a wafer (white background) which has

been t her mal | yo@pogal ete E&oﬁECQhéaﬁﬁékwthfEQ%sprSSEBEchHYQEEhQBal'” a
nitriding atnosphere in the absence of an 25 enhanced oxi de layer and which

was subsequengfige siBiadned the ArPREr ABR BRCHaSUSAAEREat ARAEYAFRG 14 is a
phot ogr aph, t@%@@namﬂgtF&%@akﬁ@ ﬁﬁsﬂtfbﬁéka%@ EBaQ amsEagce,_ . Ofad portion

of the wafer cross-se on shown I n 3, showng In the 30
presence of aneesuded Zzom theofzox\PngmacmoaLM/ Ferayd 10hPCTESO8) 19636
FIG 15 is rap R gL RypLfigat fif s:gection of a
waf er (mhlte %fgég?oén%f wﬁ?chwﬁg bee% the%ﬁa %gsgnﬁea§£g§ |% accor dance
with the presepextanenavieowithnthenstradiimgaatdnwbphbrecnprihesabkence of an

5 hhanced oxjdeiLaver aad ulbeh Was.suhsequeRLbk.sublpetedatg 2 ther

oxidation tr on on oneé s 'S a phot ograph,
t aken under gdeamencaagﬁlfmeasuuadtﬁaqminhEigromS soffacpoandonowdrd he

wafer 10 cros h Ln the es entla
absence of a %%nué ggaegwgthegéﬁ. guéﬁ 8@2 bﬁhgﬁmg?EPrlfﬁﬁA
DESCRHUDQTJCfégiﬁhPREFEREEBaENBCEbNEH@S the pencess piahheandes@mt
invention afford ch to obtain a si tal.silicon

é t he,15 nea ? i @ ﬁ %%

waf er having 37 e¥tced®¢6hcen PStPBﬂCSFSaSBWBEéFE?e SREANtY et Yas
conpared to thmeiﬂafeal1@oaﬁeatmasphereftsudhsdeleetpre+éxﬁssﬂm§ace | ayer
of the wafer. fltlon v t he 9r§sg 6‘groce%ﬁ yield fer which is
"ideal |y 20 pPeErPPELe ﬁ&" 2fFRAF f &P Fcﬁtr%E?Wn ®85entially any
el ectronic dewre&tﬁagutaetuhnaglaﬂowessr wol Eokar orgstehuliedt zome of
sufficie g% depth_and a mafeé fcontalglggl? Zuff|C|ent density of oxygen
preci pi tat es TET2PE Bir pBs&8e ?HE Procas h&2¥PERentS5 R eRent i on acts
to anni hil at ec@chblmgngg@heneaaleﬁgVﬁaaacwfdeheChéat nctbacedwidbee tayer,

while creating a_ "tenpl at the silicon which detern pes or " |nts" t he
manner 1 v SFEGHS TR SREFToREKERT: &t BSGARFHg CORCEMCRLT b TR

manuf act uri ngypi g eche’ peal deAPR:$093 at or near the central plane

with the concentration generally decreasing in the

20 direction of the front surface of the wafexr, the
difference in the concentration of vacancies in the
surface and bulk layers being such that a thermal
treatment of the wafer at a temperature in excess of
750 °C is capable of forming a denuded zone in the

25 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.

The present invention is further directed to a
30 process for heat-treating a single crystal silicon wafer

to dissolve agglomerated vacancy defects and to influence



WO 0Q/13209.11 PCTI US99/1 9636 I n accordance with a first enbodi ment of the
process of the present invention, a single crystal silicon wafer g% APR 2003
i-nitially subjected a thermal anneal, the tenperature and duration of the
.anneal , as the atnosphere in 5 which the wafer is a e
such t hat a‘éﬁdgnﬁgﬁgt ed vacancy defects are effectively anni WE%’%%%

di ssolved within a surface |ayer or stratumof the wafer. Generally, the
conditions for this thermal anneal are _those commonly used in the art for
di ssol ving such 10 defects. (See, e.g.,’ Fusegawa et al., European Patent
Application 503,816 Al; S. Nadahara et al., "Hydrogen Annealed Silicon

Waf er, " Solid St at e Phenonena, vols. 5758, pp. 19-26 (1997); and, D. G af
et al., "H ghTenperature Annealed Silicon Wafers," Electrochem cal 15

Soci ety Proceedi n Vo) 18-2 997 r exa Ie t he waf er
may be ther rratte}F g’ﬁ%% Ea?horaﬁbﬁgg'ﬁhoﬁr g%&f%ﬁﬁ“&l %H X o i xt ur e
t hereof, in Oditﬁbﬁetﬁ@eldtt StSite dfia ROPLeOBE 8l gl y@é{ﬁﬁ%@&ifméorprﬁ@é& in a

stratum extending froma surface and toward the center of 20 the wafer.
Goneral |y, AVERS | S 9ai BT RCS, { BrpEPRITHEAGH & YD AT i on

to dissolve age&@@exﬁaﬁw eI CYndeh L6k SsiF B, 14 St gk WResd
fromthe surface to dggths as neasur ed fromthe surface and toward the 25

center of° t hetFRIP b€ oF QP ST BFBNEP e A¥FtaCe atDd e 46t MgBSUFSE fxomg 5
or even 10 M ioNBL8Hs)suteise Ofndi €'619§P&a!}§e (derﬁ:ralatt%gn@(),a A r 8QOT
nore), hundreds of microneters (i.e., about 100, 300, 500 microns or nore),
up to about t¥RY®entlichiat heeaRfein Haet pﬁffecqot@(%l%@fﬁjlvﬂté’hst% Il vary,
dependi ng up%ft@r@eﬂa %f@?t@o&% 140 Céhé‘%_l% G HAGAH Y def ects are
to be dissol ved or APR 2003 001 13209 PCT/ US99/ 19636 reduced in
si ze. For exdifftecen h@%\aﬁ@nmu’é@aﬁ%a%@ g dipranirer Rumeasirfichg from
about 1L0C to-4p0Ute 1 f Of - APOUL A%h%aﬁ RO Wertt DAUNS Y, t
1200C to about 1250 C for about 2 to about 3 hours. 5 Inthi's regard, it is
to be noted thadullh kaikn ivriich compriesperthairreginn aiff die aafissphere and

tanpi ng condi t r nn egﬂ%_r ure
i s reached) l{?é r%eré hteﬁree é‘g%f{egr 81?%;\45}?&2%%%5%}% %gﬁﬁza elg{ eg’) g% s to
be di ssol ved ¢onprfaes dtealto-umahm@ftthelvaﬁgr afm tdre aa;mmea;theate renovi ng

such def eCts'fo?‘if %ér}%dly gé)n,?aé y ns, nece g}a%ym{rcf (‘éhl b&ﬁ‘i desired

result may be errpl 1 cal varyi ng rea terrper ature,

ti me and @t nosprers, emt:bdshem owbrﬁt)ro]alrmgrbﬁ're @focs'larrtg ecateTh:efr efh@re, the 15
condi tions e here des rting from
the scope o?q%/efte pér)lteés}ae |nve |on ‘Pceecﬁ ﬁ{aé?e‘%:d r}t Ldtﬁ'l%%% ect

di ssol vi ng t restcent rateisan t;_smfuldslelrﬁ m}macth drheofpabtdaiautrynea athex20
su_rface of t hreea\{vaftetre hcaevr{tn I?c%rltrte%g& rtahl chne[ of ac%%t %‘h%éa\ﬁ'%%%rlﬁ%’ def ect s

which is reducecF, as” conp ared Tohceht ration o cts’in the
starti ng nat edecateadief errab:ih/e dibresteton tdl s:kfmrffrcame dLﬁ}f@l‘CE\Mdﬂ thee

substantjally free of t ed vacanc 25 defe In this regard, it
is to behot eﬁif{%t ra%atg'geed{?ratéf%t?tnﬁtel R Ic\?free of

aggl oner at ed wasaeye defreaise mfécm QDLQOd”IQ%@terﬁ ibeinef sag@l @mitat ed
defects within the stratumthat is_|less than the detection lim.t of these

defects, whi ¢h SRETWRY SHRISF RN AL R4 re@tts/acr'ﬁ?mper@t?rﬁqinzow

excess of 750 °C is capable of forming a denuded zone in
the surface layer and oxygen clusters or precipitates in
25 the bulk layer with the concentration of the oxygen
clusters or precipitates in the bulk layer being
primarily dependant upon the concentration of vacancies.
Oxygen precipitate nucleation centers present in the
cooled wafer are stabilized by heating the cooled wafer
30 to a temperature of about 650 to about 850 °C for about 1

hour to about 4 hours, and then the stabilized wafer is



WO 0011 3209 PCT/ US99119636 13 The conditions enployed in the aggl onerated
defect dissolution treatnent also results in the dissolution of OhWQ?PR 003
preci pitate nucleation centers present in the wafer, provided the wafer has
not previouslﬁ been 5 subjected to a stabilizing heat treatnment. |1n order
to reestabl i YR PPAHL centers, and thus enable the wafer to hRf/E$P919636

i ncreased density of oxygen precipitates for TG purposes, the wafer is next
subj ected to a sequence of steps in which a vacancy concentration profile
is formed. 10 This portion of the presefit process effectively acts to
determne or "print" the manner in which oxygen will ultimately precipitate
within the wafer during an el ectronic device manufacturing process.
Referring nowto Fig. 1, wafer Z, having a front surface 3, a back 15
surface 5, and an imginary central plane 7 between the front and back
surfaces, is hemrnaldyt edinealad duygenacmbaphierg aonosmsrlerd n step S1 of
this portion aof_t.he ) pr.oc v £l rder. to.gr a _superficial oxide

| ayer 9 which aeqrﬁ/l@moe%g:et%ﬂggavc\:/aafnec&.s%Fgegg(r%'eggﬁ,se tewg\g’lh&él ﬁ? 1'1‘e<’§§§/leorn will have
a thickness weaxtlerndsingy efatoar tihiearfrohe satifweeoxiode Kepeh wif &t flarast upon
silicon (about_,15 A%gerOﬂig; preferably, the oxide |ayer has a thickness
of at | east aﬁ%ﬁ¥m2 ﬂﬁﬁgp ms and, in sone enbodi nents, at |east about 25
Angstrons 50r even atHeeagsbjalrew a3@d ZBaAngekr ofs thEspdnveentiain ewilde hee
obt ai ned to-date, however, suggests that oxidel ye%% ?&ging} t hi ckness
greater than atbd?¥30% 5§FF5ngP Al B2RGt PPATREFFe Py RRSSHT Sesired
effect, provide little or no additional benefit. 30 It is to be noted that
the ternms "fraont” and "back” in this context are used to distinguish the
two major,  GRLEAPRESGEIBIEONOFTHE PRARENESS99/ 10636 general Iy pl anar
surfaces of the wafal. tihesf roRchewataeedepitheonwaber chas il termis used
herein, is not necessarily the surface ontqQ which an el ectronic device wl|
subsequent | y BFFHBLTEEIET WEES¥s PERECBSCREsGRPaPESSRE ERYSREFGR -as t hat
termis yged herei rigecessar il %hb%gafapar ofULf acesaf skhe 1Waf f whiyglelrs
opposite the surface onto which the electronic device i s fabricated. In
addition, becalfs@rdigl idcdn Weiehs wagpPERFPySREyassaRecrabad tin dkqapde
variation (TTV), warp and bow, the 10 m dpoi nt between every point on the
front surface and every point on the back surface may not precisely fal
within a plane; asFdSpractiscal pheteerarhoRévar CTPRE -FR¢L iRar Pfand Wad®rar e
typically so sidghi et Ral)t gna o8l qae egege&g&t Lan e hhe sahdRal e Lapsbe said
to fall within an”15 imgi nary centra | ane which is approxi nmat el
equi di st &%t betlassaibelde ity gmampde Back surfaces. In step S2 of the
precipitation porti of, the_p CESS PR j to a
heat t r eat nent stepF?%'wﬁig% thﬁﬁngfgég ﬁga?egggggg%g%éggné§§?%h%%EQQ

t enper at ur e t o Sagpdeand lghewsldighi weseavd]ehtedukbethgessirtipsoiofc Byepsl

| atti ce vacangj L3 _ian .t h r.. .Preferably, this heat-treatnent step is
carried out ighﬁﬁFé%Fg ﬁﬁe%ﬁéﬁ&gﬁnééler in which the wafers are rapidly
heated to a target Fignpér asure gaaghanfiebhedlag 2% phatinamperature for a
rel ative shq ri , ti I e t f S bj to-a
terper at e | Roncene i 8, (alBrelhrd Hius [ Hoh SpRUPLEERTe St
nmor e pr ef er ablay waif elredsamplieut -120@hCchawdsmesbjpeeedr &bl ¢ hisetswedrsabdut
1200 C and aboyt 1275 C. 3% In_a firs; epbodi nent of the precipitation
portion of t h& PFPEs ST 5?5 gs&? Examp 5i "t hermal annealing step

Fig. 6 is a photograph of a cross-section of a wafer

(sample 3-4) which was subjected to the series of steps
25 set 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.



p 2 APR 2003 WD 00I 13209 15 PCT/ US99/ 19636 is carried out in the presence
of a nitriding atnosphere; that is, the anneal is carried out in 97 APR 2003
at nosphere containing nitrogen gas (N2) or a nitrogen-containing conpound

-.gas, such a, which is capable of 5 nitriding an exp&sl%i i,L1.con
surface. Tﬁzogmgéphere may thus consist entirely of nitrogen orsgé%l%)é‘%gen

conpound gas, or it may additionally conprise a non-nitriding gas such as
argon. An increase in vacancy concentration throughout the wafer is

achi eved nearly, if not 10 irmmediatelyS upon achieving the annealing
tenperature. The wafer will generally be maintained at this tenperature for
at | east one second, typically for at |east several seconds (e.g., at |east
3), preferably for several tens of seconds (e. g., 20, 30, 40, or 50
seconds) 15 and, depending upon the desired characteristics of the wafer,
for a period whi c_rFlrﬁa-y &alr‘Fg@ @élqt@gé_li’tﬁh 0 35 CERB- $URF EPN | @ rﬁéa‘vaﬁﬁ_é
imt for comuygial |y availa qIARhd {daidml anesl Sisles The LEshLting
wafer will have a relatively uniformvdacancy concentration 20 (nunber

densi ty) profidte farahdmdxamplBaged upon experinental evi dence obtai ned
to-date, the atno T & i3y Whi Fc@f‘r rapi g t i 0g, st 4

carried out prefera y%hés% nolp(rir%rte ﬁggpﬁre%qgﬁ%eﬁigé;%c? part?a J?)(?Iéssure
of oxyger§ watsampigpdr- Sndvhdidhe wazs spbijdictiary tyasese séaies Rf t$eps

at nosphere h a : ;@Q f -oxi di zi ng gases or a partial pressure of
such gases m%fegh E.O?ﬁa’lnslﬁfij I c?ngr%% t3d inject sufficient quantities of silicon
self-interstitial FoGmnsl0hisci ograpprtdss a lperdphi lof upheofnudsanaensity
concentrations i 30t I r o il oxi.dj zi conce ratjion has
not been pr ec%l%sa y}Jdg?lec%nqdr%gﬁ)&;gte (f?ladwbé’ée%fs esxrrg'g{sﬁzrﬁa e%f%s]héfoznese%‘iﬁeA 2003

WO OO | 3209 L&yREH gSSHeI363m frhre pamtasaphepreeshuriesy afampiy gerewfal. 01
at nospher.es

(atm).,..or ., Q00 .parts per, m.l.l.ion atomc (pptua 0_1ncrease
T vatand cOMBRTAY S SHAdS Srvatel Sgpedh BT 1 gl f o
that the atnmoapherchedaredsem pavienaliopr,essude seofr ibed ein dExhmydlers oxi di zi ng
gases of less tha 01 atm (10,000 ua);, nore preferably the partjal
pressure of theser}gt%seilli s ﬁepg‘Pgﬁgﬁ%%&bg%{%Wﬂff%rtW’a%ﬁﬁm’égbﬁé atm
(56000 ppt ga)a c:cﬁifs%b-lryeﬁct@!o@bb)f aomreg t(h}ﬁgtb%gwc@%( cgot gxrhj(czz(}wsppt ua),
and nost 10 prefer nor e than ahout O. atm | pptua). In
20di £ on Lo BRED FeaaRA ST REEH O Ay SCACTAG L ey At BRSS9 1 api d
t her mal 1@nedrdt@ s, eRrcausas ride ndi SEalogipheit ofi ranyheingdsadiidd zef axygen
preci pitate nucgleation centers whi %m%g, resent_in the 15 silicon starting

material . Th&SPMraEA% &YE&rs AedEGor &AM during the

growt h of the singlms.criystial aSiphiceegrapot thken WHddY tdeamder was sliced,
or as a consequence of sonme other event in the previous ther 'fstory of

, > | hi
the wafer or WO SaTFAD them Wi EHI20 1Ehe QhafePILE XM &d. .t 1@ LgHhe

presence or ahgRRCE R INLIBAMCiGAFTEN aaNt @hduihd ey daardiingmterial is
not critical, provided these centers are capable of being dissolved during
the rapid® t h@ss@ntdsdeabisegcst 6F. aTReNREsicd z20%&r-mal anneal may be carri ed

out in any 25 of Imhar of ;¢ i i ARl |, tderdml o randeal i ng
("RTA") furnaces ?r%%?h l\(/%/a e%@g?&%@&%ﬁ%ﬁ I%;l helfal'?ﬁ{éél bly bankso of high

power | anps. aRFASEsesEs oar @ fc apabiferof(whapsied bp drantqugt)a Wiighe dshaf er
e 9. they AR CRARMAAN 8T o, Vaheh LBRAM AL H UHRP I didhd 0 1200
invenﬂion, in a nitriding atmosphere in the absence of an
25 enhanced oxide layer and which was subsequently subjected
to a thermal oxidation treatment.
FIG. 14 is a photograph, taken under greater
magnification than in Fig. 13, of a portion of the wafexr
cross-section shown in FIG. 13, showing in detail the

30 presence of a denuded zone.



0 2 AP R 2003 WD 001 13209 17 PCT/ US991 19636 commerci ally avail abl e RTA
furnace is the nodel 610 furnace available from AG Associ ates (Mgnt apR 2003
View, CA). Intrinsic point defects (vacancies and silicon
selfinterstitials? are capable of diffusing through single 5 crystal
silicon w twgdasiete of diffusion being tenperature dependaptrutbR1963s
concentration profile of intrinsic point detects, therefore, is a function
of the diffusivity of the intrinsic point defects and the reconbi nation
rate as a function of tenperature. For 1§ exanple, the intrinsic point
defects are relatively nobile at tenperatures in the vicinity of the
tenperature at which the wafer is annealed in the rapid thermal annealing
step, whereas they are essentially inmobile for any conmercially practical
time period at tenperatures of 15 as much as 700 C. Experinental evidence
obt ai ned todate suggest ' i i r Qf . vacanci
sl ows considerably at 't g%g?at%%%%%%%}n%%%@% r@gglnlglﬁgraccﬁaps %s
great as 800 @ c¥OSSCseaftimrerril OERGET t (vhite dndhksramd)bevidaisilder ed to
be 20 i nmobi l r r.Gi racti i 1.qd. etion
of step S2, t gfe\%af Z@%ﬁgﬂ? pi @é%:%% ’egﬁ'lI n%%épd%gc%)ﬁglotﬁgﬁ#ﬁgﬁ%%% of

t enper at ur es anvenitdlercr yigt & nitridingy atarmsmene eln difat iabsenawil @i n

the single cr idi t atur f 5 fer s decreased
through i o Fanaech fils Tl SERHAN ML o iiedly m s

| ayer 9 and ate anthleirmetledx itduitsidreadiasyenta ahangey ione e deacehthe
concentrati onwprot:i le with the extent of change dependi ng upon the | ength
of tine the vvafagF i's maintained at a 30 tenperature within this range. If
the wafer were hel #Iat. 8 Sid emsiadagaphi t Makdhiwtndeangadaweran infinite
peri od ~ p APR 2003 00113209, P%{ US99/ 19636 18 of, ti 5% H\Ee vacancy
concent r at i on"W8U! & 167¢E CAh &It hetdre Fubstraty & IRPUHiFoth R0 WEH&dt

waf er bullk 17crekth sithe ieoncardwatinF i Ng arsesuind dm dacedlluenshi ch is

substantially | ess _than the concentration of crystal | at t.i vacanci es
i medi ately uﬁﬁﬁeE‘Bﬁ'ﬁﬁetai oY THTE t anﬁﬂ““t%reé%t Lt &5t By ggieﬁil flgﬁol i ng

the wafer, hoegvehe @af@i.uniformdistribution of crystal lattice vacancies
can be achieved with the nmaxi num vacancy concentration being at or near
central plane 7 and the vacancy concentration 10 decreasing in the

direction of pheaften pgdracer s bask mudmced podigEwaker. In
general , t he average cool | ng rate within this range .O| terrperat ures |1 s at

| east about 5 C pefh€eB3RFentd I dthe aepent |usntdmpueiiordspéhesecond.

Dependi ngsupoiehi8 8¢SkAdrdaR owtaikb o k8 ipnudad stene s ithecay ¢agee
cooling rate may preferably be at |east about 50 per second, still nore

y
preferably at PREAEE SpSFCUERTE CRGEEIESHPR R RIFGMETG et ¥8SPRYhe range

of about 100 GeFacakoUL 2@ nfpdieta SREUME h8iiNG I eeritdnt B 8bar bed shieh sone
applications. Once the 20 wafer is cooled to a tenperature outside_the

range of tenpEP&EGEEs AR whistirfasastlayaranl dhe aededi-es Pdpd tienadivel y
mobi l'e in thetﬁgngk%s%seshﬁioﬁgé AL1dNe GRAld NGHike 1408 jagl 1gppear to
significantly InfTuence the precipitating characteristics of the wafer and
t hus, 20 precipitating”; that is, a wafer which, during

essentially any electronic device manufacturing process,

will form a denuded zone of sufficient depth and a wafer

bulk containing a sufficient density of oxygen

precipitates for IG purposes. The process of the present

25 invention acts to annihilate existing agglomerated

vacancy defects in this surface layer, while creating a

"template" in the silicon which determines or "prints"

the manner in which oxygen will precipitate during an

electronic device manufacturing process



25 does not appear to be narrowWy critical. Conveniently, the cooling step
may be carried out in the same atnosphere in which the heating st@m iAPR 2003
carried out. In step S4 of the precipitation portion of the present
process, the wafer is subjected to an oxygen 30 precipitation

heat - t r eat "RV BHYP exanpl e, the wafer may be anneal ed at a PERHEMAPEI6 of
800 C for four hours and Q 2 APR 2003 WD 001 13209 19 PCTNS99/ 19b36 t hen
at a tenperature of 1000 C for sixteen hours. Alternatively and preferably,
the wafer is loaded into a furnace whichlis at a tenperature of about 800 C
as the first step of an electronic device manufacturing process. 5 Wen

| oaded into a furnace at this tenperature, the previously rapidly thermal
anneal ed wafer will have separate zones which behave differently with
respect to oxygen precipitation. In the high vacancy regions (the wafer

bul k), oxygen cl ustfer facapiddingeayithe anvdfiorsteembodimentheff thrapeocBgst he
time the | oadlRg r.e .l ed, t lLLu i A j ini shed
and a di stri bort S o e e e L 6aun S RS Jperds SHLyCORodaFRe
initial concemdrani¢hadflwascdjeiceed kn thieeradwanaeadcy thegemnpetaearet he
waf er surfaceghy e paf r0%5t%%ha%g%ahnk%sawagangg pﬁéeét%@5§2e¥éc§%
pre-exi sting oXygen precl pitate nucleati'on cenfers; at 1's; ToXygen
clustering i swhotholbher wederAd st heneaieer, atunee sushi hbreasgdlatnevet880 C or
if the tenper eral onstant. the clusters, i he vacanc ich zone
grow into 20 géééﬁﬁ&tgﬁgg%éﬁda Fee?ﬁ§F§§yeé néﬁﬁ%B}Tﬁkggegg ?ﬁs¥ﬁév$§cancy
| ean zone notWibhbhibhappersxfaBy deyed by tsheanameofi bhe wafeeus zones of

trati | at.e i ffectiyel ted_ th h_whi ch
witten an odBBRTBLY pITR BODALESPROWRCEh SFaSt FUBATE A HORBA “Fhe vl or

25 is | oaded thbset kemidhlgcasels inl kust katedorndEsgoliinghsuersul ting
dept h di bribgtion of ox %en precipitates in the wafer is characterized by
cl ear reg ons 8Fe8§§gen(é &ci fi-Bar e FPFESANGL &Fi &1 - ¢ EHTIRE2Z0RRE$RE 5 and

15" ext endi ngappoichite o0 sbhoshssnnf;age Nadadabacktsalf acenbategendepth t,
t', respectigg%%. Eetmee .the ox§%en”pre i.pi tate-free 0 2 APR 2003_WD
001132709 20 £3468) PI63I6RYRORE 1§9§%§—§§i$§%ﬁéﬁégﬂeﬂéfr%@%%n 37-whi ch
cont ai ns a_subs;aprahbyzgnuﬁgpnmQeaﬁbgynofg@éygéﬂ_Ql@?!pklgﬁes. The
concentration_of oxygen precipitates_in re%lgn 17 is primarily a function
of the heatingS¥PEp2aNde5AEBE6RGEr Py 15°PUHE FBﬁ'ofE%£%E§86¥$%§Qi%te. In
general ,16he ggngeR r@&b@@ee&naéygealpr@@Lapta%ﬁs L8cssagesoM [N i ReFeasi ng

tenperature and T ncreasing annealing tines in e heating step, with
preci pitate dexdmpiles ithet WafpangaYobeabdgrmaliy18nnealadolf a0 xaugqn

preci pi tates/ gl nhakBgel0atABELABLY OBLALNRAxcUbE €8BLECE, in bFQER-186

front and back suffacés, respectively, of oxygen precipitate-free material
(denuded zoned}spolygdaggliogepatrtr VRgaacruAetrehsoPreReNEodidg rate

through the tgppgrahle&teaRdfgatrWhi GNsurface and toward the center of
20 the wafer.
Generally, the wafer is heated to a temperature for
a duration sufficient to dissolve agglomerated vacancy
defects present in a stratum extending from the surface
to depths, as measured from the surface and toward the
25 center of the wafer, of a few micrometers (i.e., at least
about 1, 2, 3, 5, or even 10 micrometers), tens of
micrometers (i.e., about 20, 40, 80 or more), hundreds of
micrometers (i.e., about 100, 300, 500 microns or more),
up to about the center of the wafer. The precise
30 conditions will vary, depending upon the desired depth to,

which agglomerated vacancy defects are to be dissolved or



15 crystal |attice vacancies are relatively nobile in silicon. In general,
the depth t, t' increases with decreasing cooling rates, wth denggdesPRz Q@
dept hs of at |east about 10, 20, 30, 40, 50, 70 or even 100 mcroneters
bei ng attai ignificantly, the depth 20 of the denuded_zone is
essenti al | y%ﬁdggf)zéﬁdent of the details of the electronic devicHUS19636
manuf acturing process and, in addition, does not depend upon the

out -di ffusion of oxygen as is conventionally practiced. Wile the rapid
thermal treatments may result in the 252out-diffusion of a small anount of
oxygen fromthe surface of the front and back surfaces of the wafer, the
anmount of out-diffusion is significantly |less than what is observed in
conventional processes for the formation of denuded zones. As a result, an
"ideal precipitating 30 wafer"” is formed having a substantially uniform
interstitial Eﬁ@g@gcbﬂcmﬁ*at i B exanglgncttihen wifer gnay APR Roagegyxro
00113209 21 R ' iqld 566 anpl e,
prior to the %I%,%@ﬁ%%‘g‘g%‘f%ﬁ%ﬂfﬁfe’g‘{“?ﬁﬂft%&d@)@ﬁe vvafiezér)&e/vi | have
a subst ant i al fgr \abpdel nd cerweta abaut of howumsy,stan iadowxylgd0 I¢ ame t he
center of thewaler;$9,5d gongfle the Maber Wl ¢4/ within about 15

m crons of the silicon surface, nore preferabl’y from He center of the
silicon to regi onsimftihhe yefard whitharte Wi mateabdltatl Qv addhsiof t he
silicon surf : er from ter t jlicon to
regi ons of lgtcct?hteﬁ%//va eerﬁgé\ﬁaltg'keéa’r e&%%%ﬁokl’aggt&%s%%%r oa(r%lsd 04}5‘??;?1 éi l i con
surface, and swslitpieier bble. f ram tteecatt ehich tdhe didigon ameali ons of

t he waf er whi i hi 3.y f e.silicon surnface, In this
context . a SIS (i MR o B e G e E e g

vari ance in tdfe the geng bomosdadtdefieafs no e elitdsarl vadabuts 0% apref er abl y
no nore .t han abor#jg ZOtOC/ . and nost_ pr.ef er abl ﬁEn% nor e t.han abqut 1190/31:

Typi cal I, oxybert pr % TSR0 Thedte FESere s TRTGYIS SHiT Farects:
substanti al awmordidgDxy geie adrtiftfiltsiome2@ sfaaawt tte drtdlevd egtied waf er.

As a result, the concentration qf interstitial oxygen.i.n the denuded zone
at di stances A aﬂei‘éjxafer“&’ly ﬁ?ec THG& ﬁé‘%&%&rﬂ r FRc e 3 Y1 %ot

si gni fi cant | ylhangea tifeft CANGROHANGER 0f: ike spidecithidsiiiede heat -t r eat nent .
For exanple, if the, 25 denuded zone of the w%f er cqnsists of tt}? regi on of
the wafer betFEERPIH SurfUcé S af F28R18%d a 1 ' A% which is

at | eastymboutorkd: 1 SHiHMRILENSE Ashdadine@hiitomMeites if ddcrSHdace and
toward the central plane, the o en _concentration at a position within the
denuded 30 zdﬁetkbﬁﬁ‘gkfg?%a%ttmg f%q%éﬁ&e BEoRet RE $hS EFFSERS ace , equal to
one-hal f of Dhwdddidypically be at | east about p 2 APR 2005 WD 00/ 13209
22 75% of the peak concentration of the interstitial_oxygen concentration

anywhere in the detHRIRFZIRe aFove fdind bkfigén Sfeatpididscoy 1ng

heat - t r eat ment e dtifen it E&Hllitld aln PRDEDERRGOM b 120” tHa thutd hOSidhon Wil |

be even surface of the wafer having a concentration of
agglomerated vacancy defects which is reduced, as
compared to the concentration of such defects in the
starting material. Preferably, however, this surface
layer will be substantially free of agglomerated vacancy

25 defects. 1In this regard, it is to be noted that as used

herein the phrase "substantially free of agglomerated
vacancy defects" shall mean a concentration of
agglomerated defects within the stratum that is less than
the detection limit of these defects, which is currently

30 about 10* defects/cm®.



5 greater, i.e., at |east 80% 85% 90% or even 95 % of the maxi num oxygen
concentration anywhere in the denuded zone. FCT/ US99/ 19636 I p A APRC Y
enbodi ment of the precipitation portion of the present process, a
non-nitridiqﬁ i@ﬂﬁ here is 10 used instead of the nitriding atnosphere
used in the he @D(rapi d thermal annealing) and cooling stefs/B¥4Hao
first enbodi nent. Suitable non-nitriding atnospheres include argon, helium
neon, carbon di oxi de, and other such non-oxidizing, non-nitriding el enmental
and conpound 15 gases, or mixtures of SiWikch gases. The non-nitriding

at nosphere, |like the nitriding atnosphere, may contain a relatively snmall
partial pressure of oxygen, i.e., a partial pressure less than 0.01 atm
(10,000 pptua), nore preferably less than 0.005 atm (5,000 pptua), nore 20
preferably | ess than 0.002 atm (2,000 pptua), and nost preferably |ess
than 0.001 atm (1TBeOcpptds)ionknempihiyed émboiemagy lomeartad ezt elsifsidtat i on
portion of the.pr . _pr e er, Xi i tep).ds

oni tted and t RASEPRFrRE REFAFmRAL RLSCorE AT 25 S GBS Ber.
When such a wakggenspaspépledtiennachettdgencatmrespheresdmneverthe he ef f ect
differs from which_ i bserve e er._havin n.oxi de | ayer
which is grea&gﬁgfh #%ngaggségﬁaﬁgggga F%eggkiBgeﬁéfg%lﬁméﬁﬁ%hced oxi de

| ayer") i & ansakjedted nbt aogeabiVheningOhehe waketmemtt.ai Mmemiereniwanced
oxi de layer is _anpealed,, in a nitrogen at her e substantially uniform
0, APR 3003 FERBbRALEEY SR PeabePEasanT RRNE, Soa Y I Heek, Lo
concentrati onhaveashi gvegehbBeaugbasityyhefwakeyeneptreyipift avels iforedicat el y,
upon reaching the anneal|ng t% erature; furthernmgre, the vacancy

concent r at i onPY6BSSRdt Sbﬁeﬂﬁ 86 LFgREEFCSHPI§CEePnEPeds ESBSERURE i on of

anneal i ng ti ngrapsaifli ¥BAcAngeghiAfdcyeapatahdraribh bheafernd Felmed.
anyt hi ng nnreg%han a natlveﬁoghde | ayer and if the _front and back surfaces

of the waPer SaRRELEER P £r BYBRShoREPERSSt RELRESIVIS Y ARESe Wi | |

have a vacancyegepr@enkr ati oprifk(ntRbenadansi iy) whieh bxydaichying general ly
"U shaped"” for a,crosigsectlon of the wafer; that .is, a maxi mum

concent r at i on WCEPabREYr PAECOPLEAERI K1EBYBY SRentafsrefordngt ahe front and

back surfaceseqeec@oﬁebaaéygk& ﬁQﬁ?ﬁé&Ep%ﬂﬁg'9§§@és§QnC@%E%%Eﬂ%@ wokd occur
u

t hroughout the wafer 15 b W th e mnimum concentration in the wafer

bul k initiall§obBidg dpprekrhalel haedngl at §ropE soKEaser dti GnDARkeh is
obtai ned kn waf,gtschayi ng,an. anbaRgea 01 dent BUET o1 BHE ACHIRBe ARyLNCT CasE
in annealing trime Wl résul £ A an I ncfease 1 nv cancy concentration in
waf ers 20 | ackkirngtaaytihbagkmeneftabas, ainahewe ~oxedeetdayer anBEoxggenent al

evidence further _suggests,that.this.difference |j behavi .for f.ers
ol oo o o BehrakAgRg! 2hABhob RS 18 BEELERC Y LREa AL EL s SRT PR S

oxi de | ayer camebenavprdedsby incbudengtoobeoul ar soppgéEn corl2bxadet her
oxi di zing gas.in the atnosphere. Stated another , _Wwhen fers havi.ng no
Tore than 5 nafWSE SxPHGCHaGBYSXPEeAnEas) BATFR-a AHi PEUER At oconaRs oo
contai ni pg a sEgkk Rarli ghver 8SeHiekAEsBXWHEERh tBRegrabeerdehaveshehe sane
as a wafer having an enhanced oxi de | ayer. Wthout being 30 bound _to any

theory, it appe&t¥et®aida Saperfveiah 5RFBE PRPBr SLWACCR i(§bgéatér in
thickness thapngspPabh¥$; O¥td@erably, the oxide layer has a thickness

of at least about 20 Angstroms and, in some embcdiments,
at least about 25 Angstroms or even at least about 30

25 Angstroms. Experimental evidence obtained to-date,
however, suggests that oxide layers having a thickness
greater than about 30 Angstroms, while not interfering
with the desired effect, provide little or no additional
benefit.

30 It is to be noted that the terms "front" and "back”

in this context are used to distinguish the two major,



0 2 APR 2003 WD 001 13209 PCTNS99119636 24 | ayer, serves as a shield which
inhibits nitridization of the silicon. This enhanced oxi de | ayer quApmpsaa
be present on the starting wafer or it may be forned in situ by grow ng
this layer during the annealing step. 5 In accordance with this third
enbodi ment JVOWUNE2P? eci pitation portion of the present procesegT/USwonedser e,
the atnosphere during the rapid thermal annealing step preferably contains
a partial pressure of at |east about 0.0001 atm (100 pptua), nore
preferably a partial 10 pressure of at |east about 0.0002 atm (200 pptua).
For the reasons previously discussed, hdfever, the partial pressure of
oxygen preferably does not exceed 0.01 atm (10,000 pptua), and is nore
preferably | ess than 0.005 atm (5,000 pptua), still nore preferably |ess
than 0.002 15 atm (2,000 pptua), and nost preferably I ess than 0.001 atm
(1,000 pptua). However, it is to be noted that as an alternative to
Utilizing an AleRSSHers PHanay SUBARERE| Obreke uvaler  okhigeAronhesurfacen
vwafer may si Ry dhe %bf@fteystehétZQemeimsgenﬁékelﬁr £@phgy t hermal
anneal , treatnent under an oxygen atnosphere fer annealing under a

ni trogen at mmaﬁlbymremré@msghmevhiﬂha@noeblanceomchde\uecpe S2, is
conpl ete. The Qx40 @gg@% p. r e has
been al | oned tvg co%11 ﬁ%%?%a%%ie( OEc rﬁcg%n%gr?%%n% rragéeer ature
(i.e., whide tqfet\lv@re\rafer sa$|¢ha1bttermexsm\ee<ﬂ nh@rainthe¢ﬁa$aanheaih$tep

has been conpl ropr t 0, @g}m% ly be
performed for e gjq%)fs t]ﬁf éz;%oé\:% esc‘?%\ egx%%g i nengépgéfge nen&){e%sg%ll ich to
30 further taldrmo Mhlpﬂoftmea ¢ hectveenic ydeoiment $ afabnicate@. APR 2003 WO

00715209 25 PRARAYUAOGI0 JAD! 011 1R |LEQN VELEIca0d, R8,8Uclle the

resul ting oxygen precipi te pattern-in t eld to
any particul artotttaéort;hm}tnesﬂs bed + Pavietion hET TWO)X ygeatqanmal bong, rigsaul ts in the

oxi dation 5 of .the.sili.con surface an S sul acts tp create an
o ard (1 omishRidn e ST P S S8 Eap St Pt fade L
sel f-interstitevelry pasidtherrefflectbadk gsarfeid ymay test NPrédisoBe afulyl

concentration f.il e by, causi ng reconbi nations to occ begi nn t the
surface 10 anapltt%e'ﬁl rﬁ)\ﬁl ?nv%gaa XIS # d‘?a'f‘b%h;%%‘ﬁ%‘{/efc«)n@é q%a i on
nmay ther ef or e wagpc lagnl @bwwumeh typdé@ngs@mmgtgemmaECt@laaélm heat
treatnment, results i.n ed zpne having a ptinz for the
particul ar end PREEXI R rﬂ %é“*/é‘]ﬁ%wtf% ct(;l'EH'1 f%ﬁ‘?cﬁ? g%aﬁjo"fﬁttw iich
silicon wa er .imkefinidy mMEr§1MIMd$&QmeﬂMé ion of

vacanci es V\nthlnthe bul k 17 of the S|I|conq\g_n€c{ thed hst and t' of

regi ons 15 an§¥§9lstadfelsHEsn Feene| d by

controlling the ratlel Htahigho20 copd (ﬂ;}TeICQ@lQEttllaﬁl wﬂtq%s o¥ceues. The rate
of oxidation is in turn ependent upon a nunber of factors, such as the

at nospheri ¢ cOREFERNTIERfer AR SVAFRF duridt |~°dFP1ﬂC*’E?ﬁ1 stRx@ didton st ep.
For exanple, the iaehOfsiey dat 11omy | ind w%elélshéﬁec§0{§eam ration of

oxygen in the 25 atnosphere increases, wth the rate being greatest when
pyr ogeni @0st egrevates|t@mmerature to form and thereby increase the

number density of crystal lattice vacancies 13 in the
wafer. Preferably, this heat-treatment step is carried
out in a rapid thermal annealer in which the wafers are
rapidly heated to a target temperature and annealed at
25 that temperature for a relatively short period of time.
In general, the wafer is subjected to a temperature in
excess of about 1150 °C, preferably at least about
1175 °C, more preferably at least about 1200 °C, and most
preferably between about 1200 °C and about 1275 °C.
30 In a first embodiment of the precipitation portion

of the present process, the rapid thermal annealing step



It is to be noted that the precise conditions for the oxidative treatnent
may be enpirically determ ned by adjusting the tenperature and durgti gpPR @f03
the anneal) and 30 the atnospheric conditions (i.e., the conposition of the
at nosphere, _.as well as the oxygen partial pressure) in 0 2 APR 2003" WO
00/ 13209 26 YW#Y/1J28Y| 19636 order to optinize the depths t andFyU$99/19636
However, if sonething other than pure oxygen or pyrogenic steamis enpl oyed
in the present process, preferable the partial pressure of oxygen in the

at nosphere will be at |east 5 about 0.0881 (100 pptua), nore preferably at

| east about 0.0002 (200 pptua), still nore preferably at |east: about 0.0004
(400 pptua), and still nore preferably at |east about 0.0008 (800 pptua).
In this regard it is to be noted that the limtations placed upon the
oxygen 10 content, or partial pressure, for the thermal anneal step S2 are
not applicabl eig craxied opit ohal thecpresente pfedi pitniding prusesphere;
Furthernore, i . pe o] atLo . Yac i r 9%;.995 is to be
substantial ly %%%gﬁnsg'd%%egﬁgﬁ%gr% uéraaeP%%gghlégeog?d%I?i#eﬁl tr%%t ment is
preferably in exdssiniglg abburoges0das MY preferdiinpgenhecnérmperiature i s at

| east about eq#ﬁl %8 e ture ed | ng_t t r eat ment
of step S2. W S C%aihi%géhe ‘gésoy%n?ﬁg%é?%{buwgﬁ%hg%ré;a}ep%k?f% sng%elieved
that if tHe tonperiding as érsssédanilihadn 28uefiptey edrltrira trgpddiee tdanayal
treatnment, th oncentration. of vacancies in region 17 may actually
decr ease beca'}sﬁe{?sgf% (%Crh%lsg?r%%%%%%n%l rat F'oRIof (\)/Iéc%%%fﬁe%n%o%p Stind

sel f-interstitgad,s.ofOnice hang addtatovelly cadmpnt sdas hmemiconpd etedyad he 25

waf er may be rapi,dly. cool ed, in step S, .above, through the range of

t enper at ur es a@lpc\ﬁ]i%% aczr-%/%? al Pt teetiatahti B r%qrg??%%/t ilein

t he single crydtmdugtidutcorhe Byafapi i yaclobéved téerwaf erf ndte vacancy
concentr gty on 'prOfdéla&(ﬁif effecti vekI&/ "froz?" Wi thin the 30 silicon matrix,
t hus establ i sty -Yini ¥R AFRITYHRR | DR o RRTSSt BERRT - Yatanci es.
It is p 2 APRSwafer WA D01 4R8Py A6/ hiSPRE 4 D686 dthedtefore desirable to

cool at an avera&; rate wifhin tgis range of t%gﬁeratu,res of at | east about
5 C per second-C"RETGHTIETE tPRVRF ¢ §3RF VARGINSSC YR M R oY p'fl‘?ﬁiaf% whi ch

has been est ahldasteGdverabesd@oh@st (&g 5, esaseshstref erpd sar n the
cooling rate is at |l east about 20 C per second. It is to be noted that as

the cooling ra%SLHARRET tFREPRAUI {5 1@ profi 1 mdlP b@F RE HRFCRAR i ed.

Accordi nglsy, deRENddnPiiy tiisodeshd ede P 8éd | nd Bl e db s tdie aver age
cooling rate 10 may be at |east about 50 C per second, about 100 C per
second, or up WaF&hodtoR® ReHEed SERFR TRY nFRREe R &1 P &0 i s cool ed

to a tenperat WedsSi dghide {8NgeaOfchemenst Ufos AHmm¥Ghhiarystal lattice
vacancies are relatively nmobile in the single crystal 15 silicon, the

cooling rate &sifRlanpRiakdtphermit (3eRerlsrshi | (aiaate Ynstiviiest i ng

characteristi Gg10f Hage VAl £L1 A0y LTSy 0085m NA c ARRE Ford e & A1 oW Y
critical. Conveniently, the cooling step may be carried out in the sane

at nosphe® i n (mEexn idenmibty hgprekile sin the wafer.
Based upon experimental evidence obtained to-date,

the atmosphere in which the rapid thermal annealing step
is carried out preferably has no more than a relatively
small partial pressure of oxygen, water vapor and other
25 oxidizing gases; that is, the atmosphere has a total
absence of oxidizing gases or a partial pressure of such
gases which is insufficient to inject sufficient
quantities of silicon self-interstitial atoms which
suppress the build-up of vacancy concentrations. While
30 the lower limit of oxidizing gas concentration has not

been precisely determined, it has been demonstrated that



20 carried out. The separate oxidative treatnment is an acceptable
alternative to controlling the vacancy concentration profile by gﬁﬁqﬁ O§m3
adjusting the rate of cooling, as described in detail above. Accor4i §| )
when this 25 oxidative treatnent is enployed the cooling rate of step $4
may be greal@0%34% that herein described. In addition, it i%C?ES%@9E&ted
that this oxidative treatnment is preferred when the desired depths of t or
t' are in excess of tens of mcroneters, several tens of 30 mcroneters, or
nor e. 0 2 AP R 2003" WO 00/13209 28 PCT/ US99119636 It is to be further
noted that the flexibility offered by the oxidative treatnent enables this
approach to be successfully perfornmed on a wafer having a vacancy
concentration (nunber density) profile which is generally 5 "U shaped.”
More specifically, as noted above, if a wafer having only a native oxide

| ayer on the fgaf perdidlagrdssungs odt okyogen iod Ohddnaltmosprwdrest ep S2, the

resul ti ng wafer Wl | fiql; i .S al
" U shaped. " é%téndt%j'e(?%?ﬁl;@'zcﬁoc p\éqc\%v%?gérfgﬁtlﬁlgnl lt%)%lgat(%ge e%rfner%/l
treat nent, tHaorgesec\in orfEnayaidoneemtakitlionmapdbacalketfdeat, ishe exposure

condi tions bej I ctpﬁﬁl t grm [ rder .t i el esi red yvacancy
profile whi c?b%%ﬁggr ‘s W écpg'gsgr?ﬁr}%\%eer%egngﬁﬁﬁ gp%e%tg‘r?%gg}esnrfnﬁlsa%? t he
precipit&tiorn pastéss, medshed odnoxggeénback sthbacesidfi ztilmg wafsrs nefy be

exposed to differ at pheres,, .each of whi.ch ont.ai_n.gne .Qr_ nore
nitriding orlﬁgg-ﬁﬁtﬂ 1'ng jggésflﬁoﬁ%gxgﬁEFéy P%ggbiff i §<aé§ethe
waf er may be paxrpasdd pressund cfdithg sat maseseia ahet hembephiexeurifsacs i S

exposed to a_20 non-nitridin spher Al t ernati vel mul tiple fers
(o oo 27 Srgrende s oy o et P SHBORENS AR Fo A RRAZE N ng
stacked in fagemberef atmmramugevecn? Wien grneabegpina)t hahidrarer, the
faces i.ch are.in ce-to-face contact ar chani cal ly ieldeq fromthe
25 atnggﬁher@rﬁé?Fﬁ ﬁﬁhémhﬂﬁgglFﬁﬁp %P@antggél?Fmandldgégnéﬁﬂﬁ'upon t he
at nosphere enpl oyga éidditg drheor apueinbettel fapnaakbhgost epywtdlt he desired
oxygen precipitation profile of Hée wafﬁr t he gxi de Ig)_/i_er may be forned
oniy upon t he3&tdESor AdnSiscar the wAPIA CHETI8LdBRNARLI1IGNSN®P desired,

e.g., front sukhbagetheofdildwwiv@fien o¥eanp @nsthbilibed ARBE%QM WO 00/ 13209
29 PCT/ US99119636 It is to he noted that, alterpativel the precipitation

process may 5%?6éPPGFﬂ%%1QH?%Fﬁ§i§PIF@&ﬁeﬁéf&PlEPiGFetB¥?ﬁ§PﬁaEPyt§ﬁnealing
the waf e toghseehve0diMPEmtedinacangyedel aahicaRWRY @entichsSHER an

be formed, for example, during the growth of the single
crystal silicon ingot from which the wafer was sliced, or
as a consequence of some other event in the previous
thermal history of the wafer or of the ingot from which
20 the wafer is sliced. Thus, the presence or absence of
these nucleation centers in the starting material is not
critical, provided these centers are capable of being
dissolved during the rapid thermal annealing step.
The rapid thermal anneal may be carried out in any
25 of a number of commercially available rapid thermal
annealing ("RTA") furnaces in which wafers are
individually heated by banks of high power lamps. RTA
furnaces are capable of rapidly heating a silicon wafer,
e.g., they are capable of heating a wafer from room

30 temperature to 1200 °C in a few seconds. One such



5 approach i.s enployed, it is preferred that the wafer be subjected to a
stabilizing heat treatment prior to being subjected to the defectp?2 APR 2003
di ssolving treatnent. For exanple, the wafer nay be heated to a tenperature
wi thin the (@ about 400 to about 850C for a period 10 Io6d to
i npart the stab?ﬁ?%y necessary to withstand the tenperature g¢¥é§%b§%%%ct
dissolving treatnent. In this regard, it is to be noted that greater
stabilization is inparted as the duration of the heat treatnment increases.
Accordingly, durations of 20, 40, 60 of7nmore. 15 minutes, up to 2, 3 or 4
hours or nore, may be necessary dependi ng upon the conditions of the defect
dissolving treatnent to be used. Fox exanple, a typical set of conditions
enpl oyed for stabilization include heating the wafer to a tenperature

bet ween about 650 and about 850 C 20 for _ about 1 to about 4 hours. If a
heat treat nenfCSBEFFépéhY avasiablei RTAokyEeachr é8i pheamedrdci6ddt i on
centers is enployede LhgD1QKYECP BREAGPASSESaBY PRLLARE hY VAR OFREd
directly during the defect dlssofutlon treatnent; that is, the oxygen 25
preci pitation stepIBRraB§ipepeiptadefiepyst headanetes daBgobiiagonr salfent .

Al ternativel y,;,i LE he. QX ect p ' e t qaSUCh as
t hat referredl?gggggéggggfss%ﬁ% %ﬂggﬁgé %% %%%% g?% gbf%?sgogsﬁﬁgfating

t he defec? di ssybtRhgsilépon30iThetbearatagofmteffusionrbehogprocess of the

present , inv i J i yst Sl i .has 0 2 APR
200 WO 00 13288’*‘%%9%@%5‘3%?%‘3%%&beeﬁﬂ‘%|?%%§Q?$%%{§5%¥€§?21??y&fm i ngot
grown in accotdtnéssict hotonvéafeonal theckfareki isrgstuncgion n§ tbehods.
such et hods, aageuel ;85 gkapAar dnsLLAERD Sbi6EngerbapRiaga ehehing, and
pol i shing techniques ar dr scl osed, tor ®exanple, 1n F. i mira,

Sem conduct or r&cbmbdnaCiyst aht degbnal Hgyst fomdefn cefpesstut889, Famd Sil i con
Chem cal ., Et chipcr J. abnaier ed.) Spri r-Ver] ag, w_Yor 1982
(incorpo} tedeg%WBF%’b§g%e+%F5h%3}? %%Eg%i$?€%ﬁtﬁa?5% ﬁ%gaBévg%golished or,
1gda|pernatLvmb&%létaﬁayﬁhpefapwﬁdsaﬁm Eﬁ@h?ﬂ;bmitﬁO@fpﬂ?éshedpegafure

addi tion, the_wafer ave_.vacancy or self-interstiti oi nt defects as
t he predoninaﬁF Wﬁf?gﬁgpﬁ Bof Rt ﬁ%f%% ?a€%$ b&aﬁ%?efa?hg Rﬁ?gpaﬁay be
vacancy dom nahadaling sesperwheredgeshseldreé ndesshtiably lbmalobtibat €dxrfrom
center to edge

or it nax ggntain a.%%gtral core. o vac€nc§ of donina%ed
material surroURdSATBGT a2 ik PTFCE Rt TR (PR ST el FETREEREFFERAP
donmi nat etls mat &si AhchCaschoal %Kkj - gieper imdritean dypiaatd yolesiaedorgygen 20
concentration within the range of aQ%g% S5 X 1Q%i éo about 9 x %or
at ons/ cng ( ASHRFSt SHEIRACE- GBIt 88HS BRLSiSEYE Het bRYGEN pf 8EFpPtat i on
behavi or of thacuateesbetenescesseaérably decosmbetatinast hasaxypen
concentration in the grgsent process, the startinagﬁ?f@r may have an 25

oxygen concen®PatForAPalf iRy REAPRRS 37 SHSRoras olt:sit t e Rnge

attai nabl e byet88 £€2060r &t skindreLessci deRaylivg i ddeegoebipg rate of
the single crystal silicon ingot fromthe tenperature of the nelting point
of silicoh (abBuPbileofey amy otghTeFel2bhyPPCBE abott M 5BSELPE - about 350

G Paagen BSC P ShSruok e oncent sngo Y, Mt ol by vata
cooled in step S, through the range of temperatures at
which crystal lattice vacancies are relatively mobile in
the single crystal silicon. As the temperature of the

25 wafer is decreased through this rangé of temperatures,
the vacancies diffuse to the oxide layer S and are
annihilated, thus leading to a change in the vacancy
concentration profile with the extent of change depending
upon the length of time the wafer is maintained at a

30 temperature within this range. If the wafer were held at .

this temperature within this range for an infinite period



ingot fromwhich the wafer is sliced. The presence or absence of these

nucl eation centers in the starting material is not critical to thg2pArsaes
knvention provided however, these centers are capable of being 5 dissolved
by heat:trea&* %ge srllcon at tenperatures not in excess of about %#00 C.
Certain heat-trea nents such as annealing the silicon at a t & of
about 800 C for about four hours, can stabilize these centers such that

t hey are incapabl e of being di ssol ved at 10 tenperatures not in excess of
about 1150 C. The detection limt for qQgygen precipitates is currently
about 5 x 106 precipitates/cnB. The presence (or density) of oxygen

preci pitation nucleation centers cannot be directly neasured using
presently avail abl e techni ques. 15 Various techni ques may be used, however,
toindirectly detect their presence. As previously discussed, preexisting
oxygen preci pbf adﬂneluo&mattr@@aﬁepteasﬁcéﬁttaelshl W6QDdCaﬁcbea§‘Taahi | i zed and

preci pitates .can be grown at, K these sjites b sub ecting % con to an
oxygen 20 pr Gt Rt izt bYt WRh Or‘T‘h groy EOBFe¥€ lfhéde

nucl eation cepfy strf@rbéﬁ@éﬁ@fatyobebgﬁaguaﬁdea&tetbamuﬁaxy—a@neprvﬁ%ﬁl tation
heat treatnment, e.g., annealing the wafer at a'tenperature of 800 for

four hours s tﬂt&steﬁntalthqo essirehan ttbeocenr:entgakt@énoﬁoarystes

Subst i t utd O”aiatct?{ YRR PE e§rﬁrﬁé ﬁéﬂ}’ Hﬁaﬁ! I:é!m%?eéieﬂ' BECENSiRlat

silicon, asthea I|tyto catalyze t orfati on oxygen precipitate

nucl eati on cefreatmerfprsteps Byl vapedlyeacohingt hheevafer. i hOWszrefer red

that the si n% Ak %é&?fbé&f?ﬁ'&ﬁ H?%EE&}?" 19?{’ ? @chpﬁ/
I's [

concentratron car e sin cryst con s
concentrati orbe)faqmrebmﬁ whi el tle ma@xizmmrzvao@scym@oemezaglez belng

Than 1 x 1016 2t tne cand whraiater £, ShAVERE Ree ARy CEOREREPAETR D 1257

I f an epid axiddcdemysimg sir ocibe dibpostied dpobha Bremf esupfepar 8dand
accordance with the present invention) the resent process may be carried
out either bdidfe so’rr%CE%r DF tEE 2 ERBosi Foﬁen?’f'a%athﬁdaBGt‘:aB%f ore, it

may be desirabl® fiy |Wfl?}?ixlﬂetl9i(é/9§£‘n o6k PELALErdLGLERt L@Nagent oS 1

the wafer after t]he process o the 10 pre ent invention and before the
epi taxi al depkrAst @Pout TaiG irar drcend eandpredsralel Yiezt r hpret (P ry

out the proc @thie JURSENT | d O | dhd e jgpid Jh:?’édr ﬁStt.k?rof

i mredi ately a e epl taxi al position,” provided the coo rates
requi r edtSy ttrtee ;ﬁm@syf Fonhe Uit preseagei peehingnrabm wayapheeerablhe
measur ement gf tys.tteaalsé 2&%&@ é’@C@P & L& cf‘glsetcfl%/srﬁ@* aﬁ»%éf@f‘ah?l%ﬂ be

carried out by atinum usi on an ysSi sS. n genera num i s
deposi ted on amd%‘bplai'@%cﬂ-(m f YU gy | secomdr i wikh aqommacveaw$ hinthe 20

diff :Em%

Flr anllislrgpnbulrﬁen r}qih I sm 2%)1#15 nat?fe@ ﬁ@m é\"ﬁ?ﬂ%ﬁ f usiton, L%gliér% ertq'l?l%
suf ficient tcprmritltyh@mmecttm:e Mmaa@ppbyc@ltemmatr o@nby phat i num
atons. By wafgls havi JEb I A Ve el Qratv% %)ngué(\@l & e %gagxp' al for

t he present i ‘MVeNt i-on, fusion enpera ur € of or
m nut es may bmm;m@,txa&dmcmghvrmme Q@cysit at elat:tamke peqpedes avebe

attai nabl e at l.ess at ur bout C..4dp_addition, to
mnimze a porsglab:Ilv %ﬁt gﬁ% gt.(}‘ %’ ?d%t?xobﬁs a(r)]oce i%c th%h%I ati num
deposi ti on netduid gy efsgeaaldoyeds emﬁ tsppean suréb@:elﬁmmemyainﬁnuaﬁcé ess

the precipitating characteristics of the wafer and thus,

ave a

25 does not appear to be narrowly critical. Conveniently,
the cooling step may be carried out in the same
atmosphere in which the heating step is carried out.
In step S, of the precipitation portion of the
present process, the wafer is subjected to an oxygen
30 precipitation heat-treatment. For example, the wafer may ‘

be annealed at a temperature of 800 °C for four hours and



Q 2 AP R 2003 wo oon3ao09 33 PCT/ US99119636 t han one nonol ayer. Pl atinum
di ffusion techniques are described el sewhere, for exanple, by JaggbapR 203 ,
J. Appl. Phys., vol. 82, p. 182 (1997); Z mrermann and Ryssel, "The

Model i ng of Laym Diffusion In Silicon 5 Under Non-Equilipr]
Condi ti ons, @Jﬁhgagctrochem cal Society, vol. 139, p. 256 (1365’?’?39“9636

Zi mrer mann, Goesel e, Seilenthal and Eichiner, "Vacancy Concentration Wafer
Mapping In Silicon,"” Journal of Crystal Gowh, vol. 129, p. S82 (1993);

Zi mrer mann and Fal ster, "lInvestigationl@ 10 The Nucl eati on of Oxygen
Precipitates in Czochral ski Silicon At An Early Stage," Appl. Phys Lett.,
vol. 60, p. 3250 (1992); and Zi nmmermann and Ryssel, Appl. Phys A vol. 55,
p. 121 (1992). Exanples 1 through 5 illustrate the precipitation 15 portion
of the present invention. These Exanpl es should therefore not be
interpreted ithenlamditgnpensturdEXMPLED [ | faonsskogee koyssal s were

ull ed by the ochr.al ski met hod i an olished.to.form.siljcon 20
aafers. ¥heseA€£E%ﬁ%tﬁ¥§ t?ﬁé:%ﬁﬁﬁéﬁéﬁi&tog%géﬁ?fﬁfel8x%85FF8nl§F8pa(Sl),
Egg;d thgrnaLﬁmmm%?iwmﬁchfﬁsiatrﬁtﬂiﬁﬁgratgﬁég@ﬂdéﬁamt ﬁapid¢yaﬁzﬂhedd

, and subjLected to an.ox n stabilization an 0 ste under
the) condrt onbTEts G il R STt B o " e Ten bR L Ss T b ettt st T o of
the wafers (Owhehefcddedtiomso Sl furdthcd g oxtypent pnperatuake grasity in the

bul k of the wafers after step S4 (OPD), and the_depih of  the denuded zone
after step SAPYPACUFYY raRyt ]e\bcﬁl}eéa“%]n ai*"afb%f?@ Wgéf% Kbiztfzb%ev\o 00/ 13209

34 TABLE | 5 débd¥alld Jasdd Iasteraiml e i B Add61 ¢ i ehlbeShéct to
at S11, 000C1, 000Cnonein N2 +in Nz +-1% QZ- 1% (OZ35 seconds35 seconds35

secondsSZat 125(Sh BYERRtaDIIG n N thanh iR qdpeyY sE8THPTF sEEND0C secs

hr at4 hr at 4ydfe At siBO0C 5:8RKn +8Q e sdd J.*Hpﬁ‘lﬁi% & ehd6ylter enters
atl, 000Cl, 000C1, 000C n NZi n in NZ~i (atons/cm ) 7x101' 6. 67 x

101' 7. 2x491' CPIY AWRIGE ) BYLARL 4 v 09 6BaAdEtD (BRBPALE UL 1) §0950

Figures 2, 3,rédWhdl Shav CNssrsBGd Poisd Nes resal §hog drqvafers (these
figures are enlargenents of photographs taken at a magnification of 200X);

sanpl e 4-7 i sAsHawWbuH g R Tluaimne 8 greachadwnieh plgeends grlyanpl e
3-14 s shownylgy Ky thdih AYlidddbrddit U apeaeons o ghystalidgttice
20 vacancies 1 n the sanple 4-7 was mapped using a platinumdiftusion
techni que. A YA®anay ysidnmninaarcdhe Hafer surfaces), the wafer

15 behaves like a normal wafer which lacks pre-existing
oxygen precipitate nucleation centers; that is, oxygen
clustering is not observed. As the temperature is
increased above 800 °C or if the temperature remains
constant, the clusters in the vacancy rich zone grow into

20 precipitates and are thereby consumed, whereas in the
vacancy lean zone nothing happens. By dividing the wafer
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

25 is loaded into the furnace.

As illustrated in Fig. 1, the resulting depth
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

30 front surface 3 and back surface 5 to a depth t, t*',

respectively. Between the oxygen precipitate-free



Q 2 APR 2003 WD 00/13209 35 PCTNS99/ 19636 versus depth fromthe surface of
the wafer (a depth of O microneters corresponding to the front sBdeABR Me
waf er) appears in Fig. 5. EXAMPLE 2 5 To denonstrate that the precipitation

portion of ess of the present invention is relatively.] ent
of oxygen éﬁﬁggnzggtion for Czochral ski-grown silicon mafers%cbﬂgﬁﬁs fers

havi ng di fferent oxygen concentrations were subjected to the sane series of
steps 10 described in Exanple 1. The conditions for each of these steps,
the initial oxygen concentration of th@€0wafers (Ol) before steps S1 - $4,

t he oxygen precipitate density (OPD) in the bulk of the wafers after step
S,, and the depth of the denuded zone (DZ) after step S4 as neasured from
the 15 surface of the wafer are reported in Table Il. Figures 6, 7, and 8
show cross-sections of the resulting wafers (these figures are enl argenents
of phot ogr aphsgizken, a5 samhghb f)j cohena bé 200y iosabplehBeH centsaime i n

Fig. 6, sanple 3-5.is sh in FLg. 7, and sanple 3-6 is shown in 20 Fig.
80 0 2 APRESGODECAR TON Da It BELTARRS 1 1Y SOk (ORI USRET LRSS -
Sanpl €3-43-53-6 | Ifher doriddrix 1@ i oh 16f bRy Hés 1preeosl tooesl iwooci n N2 +in

Nz +in Nz + 1% QZ~1% QOz- 1% Oz35 seconds35 seconds35 secondsSZat 1250Cat
12S0Cat | 250&SF497 A2k i BARIDEEY sR cHuBey LR 195 FRe 2T G SHEP £2Y hr

ats, a00C 5*SOQecHHRO! O irs I PoAlde the Aido DOACI-H0OCT HOOLAEMIN Nei D
NZOL( at ons/ cnB) 6x101" 7X101' 8x101' OPD( at ons/ cnB) 4x1011x1016x1010~i DZ(depth

in ~Cm |- 4046 AP E: B 3o T o Weaen sPFeE EP 1 hat e hngreases tvatton
portion of thedys cherﬁgklf:a%&?én&néna‘.’&é‘:}éé’é‘ix‘éﬁsaﬁ@é@ﬂr\/ | i hdwlepgndent
of the conditions used for the oxygen precipitatestabilization and growh
step (S4), a e degtsampletap 8)whhi Pycchel tahe densitlendmdie range
gogggntzggg' on, L2QAnMR sHbl eded J QU SPIE 1980 RS Hp SLARS AeRChLbRd In O
10 routinely obtained.
The depth t, t' from the front and back surfaces,
respectively, of oxygen precipitate-free material
(denuded zones) 15 and 15' is primarily a function of the
cooling rate through the temperature range at which
15 crystal lattice vacancies are relatively mobile in
silicon. 1In general, the depth t, t' increases with
decreasing cooling rates, with denuded zone depths of at
least about 10, 20, 30, 40, 50, 70 or even 100
micrometers being attainable. Significantly, the depth
20 of the denuded zone is essentially independent of the
details of the electronic device manufacturing process
and, in addition, does not depend upon the out-diffusion
of oxygen as is conventionally practiced.
While the rapid thermal treatments may result in the
25 out-diffusion of a small amount of oxygen from the
surface of 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, an “ideal precipitating
30 wafer” is formed having a substantially uniform

interstitial oxygen concentration as a function of



WO 00/13209. 37 PCT/ US99/ 19636 Exanple 2 for sanple 3-4 except that a
proprietary, comercial 16 Mo DRAM process was used as the oxygeng? APR 2003
precipitate stabilization and growmh step (S4). Figure 9 shows a
cross-sectigg oghsope resulting wafer (this figure 5 is an en},&c’ggs{;ﬁg& of a
phot ograph taken at a magnification of 200X). After step S4, Sanples f-8
and 3-4 had conparabl e bul k oxygen precipitate densities (7x101/cm for
sanple 1-8 versus 4x101/cm for sanple 3-4) and conparabl e denuded zone
dept hs (approxi mately 40 10 nicroneterQﬂ: Exanpl e 4 This exanpl e
illustrates the trend that nay be observed in the density of bulk

m crodefects (BVMD), i.e., the density of oxygen precipitants, and the depth
of the 15 denuded zone (DZ) resulting froman increase in the concentration
of oxygen inﬁ&he atnnsghere during the heat-treatnent step_of the
preci pi t ati orPHIRRCR . LFAMeENgi FLALERAR SHESAG6F -wafeF seHRPRLubPELPEIE® 0

rapi d thernaltpaneaydag g@é@& VeeYiBH RegcesseaOREhti 089, T wafmns 20 in
Set A were anneal ed at 1200C for 30_seconds under a nitrogen atnosphere;

the wafers i iSet TRv@re sHRebprBEIahYEr URhECTENEOREBARFFRBARNI®F 20 seconds;
and, the “ﬂfei&téfbé%%iéiwﬁkﬁgéﬂnﬁﬁbﬁdtﬁé 480061 8F 8Re SpgPEMS 4Nder an
argon at nosphere. A pre-oxidafion step was not perfornmed 25 on any of the
waf ers i P t hereFiraes sefstha vAferewhaiphearaswiihbiBageaubyl Tapierens obel ow,
t he oxygen p | ad; u i S h e Bl i ven
Set. Once anﬁgg%?%Epaggﬁcéﬁgpgﬁgﬂ?ﬁ%ﬁg %%%?ggﬁgl yfggﬁ Eﬁgtééﬁékfzékeach
waf er was dett@rerisiel egnneansegiangdapl the3vathe which Taee resuhis are
present in T I PR; 20 elll 510
5 PCTNSO61 19650 Wt or RSBt Ciyodh PATLraf Py 3eCur SR Coret (3008

(def ect s/ cm 'DEE Bepr iy ( Aromohke ACSAt @pt GB6Lhex3DDTOMB000 regions of

ppt ua6. 10 . PPt 9 0 0 ua’ 1 0.4

Dbt a2, 99 10" NDATSTO" Dot H6" 08K ORNERB00- Dot . BOSATRRORIO0G =+1ieon

ppt ual. 72X1000BROO0 ppd uads i S5xEeEd HABEY00r ppt the . GEIEr NEHIXEH6

pptua2. 17X106 Q. pptua?. 65x10990C500 uad. 03x10970 00

pptual.72x105%3%%%Hb68%p%%%ig%§x§€8 ) wQPér Whlg% aé% &¥ékln about 3
microns of the silicon surface. 1In this context, a

substantially uniform oxygen concentration shall mean a

15 variance in the oxygen concentration of no more than
about 50%, preferably no more than about 20%, and most
preferably no more than about 10%.

Typically, oxygen precipitation heat-treatments do

not result in a substantial amount of oxygen outdiffusion

20 from the heat-treated wafer. As a result, the
concentration of interstitial oxygen in the denuded zone
at distances more than several microns from the wafer
surface will not significantly change as a consequence of
the precipitation heat-treatment. For example, if the

25 denuded zone of the wafer consists of the region of the
wafer between the surface of the silicon and a distance,
D, (which is at least about 10 micrometers) as measured
from the front surface and toward the central plane, the
oxygen concentration at a position within the denuded

30 zone which is at a distance from the silicon surface

equal to one-half of D, will typically be at least about



20 ND = not determ ned. The above data shows that as the parti al pressur&
of oxygen in the atnosphere increases, the nunber density of bul 82 APR 20

m crodef ects decreases. In addition, when the oxygen partial pressure
reaches 10, a, the number 25 density of bul k m crodef i

i ndi stingui gﬁ’a I'E}O romthe nunber density of bul k m crodef ecﬁéb\?\]/ﬁm'ﬁ‘s?%
observed in wafers which have been subjected to an oxygen 0 2 APR 2003 WO
001 13209 PCT/ US99/ 19636 - 39 precipitation heat-treatnment without a prior
rapi d thermal annealing in accordance ¥fth the precipitation portion of the
present invention. EXAMPLE 5 5 Oxidative Thermal Anneal Treatnent . For
purposes of illustrating the oxidative thernmal anneal treatnent of the
precipitation portion of the present invention, silicon wafers, obtained
fromsingle crystal silicon ingots grown in accordance with the 10

Czochr al ski h&E i PRA MSRGENRINAECH A & henyidit et s} X ¥R o a
rapi d ther malcAnRal +0%i &t ehhiddre lih Qafd dA@ified NRyAS erg weggranneal ed

in a rapid thermal anneal er under an ammoni a-contai ni ng atnosphere at about
1180C for abAXYIEHIRKAGIP HAT iedesdpityioptessitad (&9 interFetteisl ng now

to FIGS 11 adgkh ddndeyeRe Qs &ty edhitdhHosifeQldPWNG. Ak QGeN
stabilization and gromh step (S4) and an NEC-1 treatnent, such process

condi ti offs yiIeRt£1si 13 con vl dredsdy i8fF e $5dnt iSHH P e Vissh Rt Qfortehaind a
bul k oxygen [Wal) { A i e I out 1 X
101 atons/ cn@aﬁﬁﬂgﬁﬁ%@?%&nﬁ%ﬁ% %%@&Iflqgﬁgr%g,& a eéralcgded zone

may be fornmedanfe. after cooling (S3} is conplete and prior to step $4, the
waf er is subjecte i V€ r.mal eal .en. ferr] | to
Frcs. 25 13 and 147 &t Cl Sttt s TH° B B R O R

et ched sl i ghtdfy tihe grossertto premmss ary nont-niide ilddyey aeresgitereThiss waf er was

t hen heat.ed t r..a .3 .M r y.gen~cont ai ni ng
anbi ent ﬁohavﬁl%f%g(r%%osxé%agég%c%%@gn?l ﬁgﬁlo?ar%rﬁ&n%tkﬁﬁss %%%g:ﬁp?l% eﬁ( lgbor{:u € 02 APR
2003 WO 00/ 1326¢% iy PCRUSDINEIGRE Bod%aliimga maygl dodlidmanlstaapwealfer. |t

may be observed that, follow ng.an A stabilizati.an _and qarow.h step
() and an NBE. £t IRACITET pRbREed o RarTons Lyatd S sHSHE Sar or
havi ng a denudedudenea xept h hafl jalguinedd 5 camband dd obidlde ,oxygerogieaci pi t at e
o FI GB. |15 S M 8o ol ey b 0Py o SR "En S LSVt € th S Hitheal
to FIGS. 15 e b / h ' eal
step maysbe prisker,Med Gi:unesoRE sudd ehskle sThecawnwalieridlingl e- si ded

10 treatnent i s achi eved by shi el di,ng .t.he side of .the wafer which is not to
be troated FRERRSTShAMTS FI8 G4 Li4L000 ERORRER Feal SPIAETS Ao

manner as theel@tdk eIPWiall partial pressure of oxygen, i.e., a
partial pressure less than 0.01 atm. (10,000 ppma), more
preferably less than 0.005 atm. (5,000 ppma), more

20 preferably less than 0.002 atm. (2,000 ppma), and most
preferably less than 0.001 atm. (1,000 ppma).

In a third embodiment of the precipitation portion
of the present process, step S, (the thermal oxidation
step) is omitted and the starting wafer has no more than

25 a native oxide layer. When such a wafer is annealed in a
nitrogen atmosphere, however, the effect differs from
that which is observed when a wafer having an oxide layer
which is greater in thickness than a native oxide layer
("enhanced oxide layer") is annealed in nitrogen. When

30 the wafer containing an enhanced oxide layer is annealed

in a nitrogen atmosphere, a substantially uniform



in FIGS. 13 and 14, with the exception that one side of the wafer was
shi el ded by first fornlng a silicon nitride 15 coating u3|ng a #g PR 2003
tenperature, chemical vapor phase deposition (CVD) process. gpb

observed t hafp oofi8ldgOW Ng an oxygen stabilization and growth §&§,gs§9ﬁ%36and
an NEC-1 treatnent, the resulting wafer has a denuded zone depth of about

60 umon the side mhlch was not 20 shielded (front-side), while the
shi el ded side (back side) of the wafer essentially had no denuded zone. The
bul k oxygen precipitate density (OPD) 23 the water was greater than about 1
x 101 atonms/cnB . It is to be noted that surface etching of the wafer 25 to
renove any nitride |layer present is not necessary in order to achieve the
results of the precipitation portion of the present process. Rather, the
surface etch is optional and, accordingly, is not to be viewed in a
linmiting send@cre@set insthe HécﬁnFVhepnﬁGﬂéaaﬁhQP isnaghdwved Exanpl e 5,

B \aenUdSe ZARRRY e GLERS! hueky, Of FRAhy 12 88R 20030 00/ 13209

41 PCTNS991l ermal’ 'y anneal i ng e wafer int reserice o
oxi di zi ng at reeghdng. thddenheraklihnyg, tamnenade@ezoﬁgrtbemmarby athieer

mbodi t L.pi f i b
Further modi RS B RS B ERGERR CGXPdaTt oACtFaa sent SRSt GRITe. 't he
dept h of 5t heidemeded 2enesfuhcsanpl e§ dnfeahdng- Slwéxanphe91Wemay be

| nor eased bY oSLSGHENekAE SPIRLES 10 LhL S, LRELTRL 0| daliedl 1y gaLent

prior to the oXy reC| on heat treat CPkew Se, for
sanple 3-14 tha@E&anptevé)pxaddehaged andelﬁayhbeffonnednﬂybawm ecting the
wafer to this tgerna ation trea Qve it wll be

seen that th8“§&%6&ral ° Stga rtﬁgelﬁggﬁ?#Sﬂ éPené ﬁPg58d E?hVEFVOus
changes couldhberﬁadetnngthafabowélmon@oelaloaaaﬁEyacdnﬁéﬁce&se&nmnthout
cont ai nbd | n(THEDEEoUERRLEE) | BEPGAL BOVFHERr bFcPERERRLIY (UrPREREE and not
inalimtingogeaserossubectidn, o¥SthelVhtertVehht1id] 3/ kmdkikbAl1l 1
VILLEJty 11_1%n%gggrgglgnlglll occur at or within several micrometers
of the front and back surfaces and a relatively constant
and lesser concentration will occur throughout the wafer
15 bulk with the minimum concentration 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
20 lacking anything more than a native oxide layer.
Experimental evidence further suggests that this
difference in behavior for wafers having no more than a
native oxide layer and wafers having an enhanced oxide
layer can be avoided by including molecular oxygen or
25 another oxidizing gas in the atmosphere. Stated another
way, when wafers having no more than a native oxide layer
are annealed in a nitrogen atmosphere containing a small
partial pressure of oxygen, the wafer behaves the same as
a wafer having an enhanced oxide layer. Without being
30 bound to any theory, it appears that a superficial oxide

layer, which is greater in thickness than a native oxide



~5 20 25 ..... " .. pl1 11.1?.2nnn i 5. ~5.~~ US 009919636 0 2 APR

2003 4~ cla inl.f.: A single crystal silicon wafer having two ?rFR 2003
generally parallel surfaces, one of which is the front surface of #%e waf er

and the ot hayoohgshi ch is the back surface of the wafer, a Geaty@b, ne
between the front and back surfaces, a circunferential edge joi ns?%\gﬁlt"'ﬁe

front and back surfaces, a stratumextending fromthe front surface to a
di stance, D6, as neasured fromthe front surface and toward the central.
pl ane, a surface layer which at |east 4% part is coextensive with the
stratum and which conprises the region of the wafer between the front
surface and a distance, bl, of at |east about 10 m croneters, as neasured
fromthe front surface and toward the central. plane, and a bulk | ayer

whi ch Conprises the region of the wafer between the central plane and the
surface | ayekaYathe SR¥FERS RFng eharact whigbdiBhibhae npsridicationaetimis

subst anti al | ynd ree (hoRg9l PREE abRHaYReANEX B! 8aher B Rull bayer contains

aggl onerated vacancy defects; and, the wafer has”a non-unifoxmdistribution
of crystal |RXeSarHcRieRe wEarthadcwaéent pat ibnmay bacieemed in sheubu~, k

layQr being Shiddathibe afeahgaggoehef a¥AESNELES FF the surface

| ayer and wit he vacancl es vi ng ncentration pro g'in whi ch the
peak dersity of tle aceerdirceigith bhisethirfieevkbadiagntppbdnghet he

Concentrat ~.Qf = [ Si i f ity in
the direct éﬂf&lﬁﬂ%@éﬁ%ﬁé?awggf LRRObEEReRO hipRRRE SPERSESEE LY | ")
W ItVtt Wilthe atmosphere durimg. ther xapid. therndl 18nf680ing step . ..

~~~ ~ ] .12.2°N Sk, ~ 009919 f of claim
L wherei n pitre A Pouta il S BRRH e, BFesSiRE BF Ay TRSENENP
wherEin D1 i®&. G0) edtgt. abb® BPmal cr noekepsefeFfablywahepaptialaim 1, 2 or 3
wher ei i t....east-abo 5.mcroneter . The r.of claiml, 2 or 3
wher ei rrlh'(g; iéregs[s reeascffa %ﬁeiﬁt n?ﬁ?gﬁeﬁz‘ngg’.a%@-Tﬁg%PBP‘a t c7?him1, 2
or 3 where~.tthdDerdasats | mpret iaboly Afsruexedpt bosever,' thehpavaiel of claim
1, 2 or 3 where~.n the.concentration_of .interstitjal_oxyge dj at anaes
greater tmmpﬁ$%ﬁ%ﬁ%nﬁff?f%ﬁ?%épﬁﬁgﬁFa &Vf§885i205te¥%3§3 ngﬁta 0% of t he
concentrati ofemfodntmsmd) | | shd oky geSrenptbéebably kléagethall. 0Theswat ei  of
claim~., 2 or 3 wherein the concentration of _interstitial _gxygen

di stances gradter! ¢éﬁéJRPWﬁ%roﬁ§l£ioWPFﬁepﬁﬁF%?a§£¥fgﬁﬁsiEﬁag ge%§% about
BOv of tdhe cayicenty ao®@pmha) Nt &fidt mokt. pheb&ygehyi DesB8ethahubkobayer. 9.

The wafer of clai 1, 2 or 3 further characterized in that the wafer has an
epi taxial | B ont 14 fRRIMR) surface of. the wafer. AVENDED SHEET

However, it is to be noted that as an alternative to
utilizing an atmosphere having a partial pressure of
oxygen, the silicon wafer may simply be subjected to a

20 thermal anneal, or rapid thermal anneal, treatment under
an oxygen atmosphere after annealing under a nitrogen
atmosphere or a neutral atmosphere, in accordance with
step S,, is complete. The oxygen annealing step may be
performed after the wafer has been allowed to cool or,

25 alternatively, may be performed at temperature (i.e.,
while the wafer is still hot after the initial thermal
anneal step has been completed). Furthermore, this
oxygen anneal step may optionally be performed for any of
the above-described embodiments as a means by which to

30 further tailor or profile the vacancy concentration
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wafer of claim~., 2 or 3 further characterized ~.n that the fro surface
is polishe he water of claim7., 2 or 3 further char n
t hat the mg?g?&ﬁggga carbon concentration of about 1 x 10~~ g?@@%@%ﬁﬁ¥f 12.
fhe wafer of claiml1l, z yr 3 further characterized in that the wafer has a
carbon concentration of about 5 x zOS atons/cm. 13. The wafer of claim1,
2 or 3 further character~.zed in that t4% wafer x~as an absence of oxygen
preci pitate nucleation centers which are incapable of being dissolved by
heat-treating the wafer at a tenperature not in excess of about 1300 G 14.
A process for heat~treatzng a single crystal silicon wafer to dissolve
aggl oner at ed vacancy defects and to influence the_ preoipi~tation behavior
of oxygen in WHerifehrei aldisepsughent 2pAer Afll SPEBeesSSRngesHAEINGhe
c~iliCOn mafqbqﬂfgﬁqgré ggggg pggeggﬁlhﬁ pakaddelysurfaces) one of which
is the front surtace e waf er and the other of which is the back
surface of the\Mﬂ@#th%P%eh?F§E hpldnEobEnvepArtheuipsnthandybask arf aces,
a c~.reunf er iy Advedgenhoi ekg}gehhsnhegmngngegailessth 86ESoxaqatighum
extending fromthe front surfaCe to a distance, D;,, nead ureé romthe
front surfacfrfdhe owkt HcPResuEARERl 2pfanas a SeFbite REyertahtrhatat | east

in part ~,s ensFaV it Qet t 0 i se e region of
t he wafer beﬁﬁgéh théﬂf€%%% éﬁr?gézEgﬁ S8 9nﬂ@k§ghE%%Pé 11?h592 2000 .

..... . mma_u_rdl_ ﬁsn@ocgglsess szen@mg@@@s45a$5tuaseéﬁeet of measured
fron1the fro h a r which
conprises th reglo fé?ﬁeLQ %e?ﬁ%gﬁé h%ogé% FEQQaﬁEPgﬁgl%he§sur~aco

| ayer, the pwunssEngxmmmombmgatthesnabl9cauneabegmgnnhg aat ehei sunfiace

:E thsfrflﬁof t(gnqo %ﬁ%g@l elgma%&l ngAa]g?%lo ra;r(egovacanCéFdef ects in the

eatlng o anneal ed orn1cry Yiattice
vacanci es |r1ddﬁcsnnfameonnmaputherayere bandregvatirehichg fbllowbhgng rate

of the heat- treat 1 u waf e haV|n cancy
concentrati on pr%&% w@%ﬁle%g?glggeégadens??émegtat suy%%rl?H% contra
pl ane mntrltfdﬁnuﬁﬁﬁnnwmﬁlhavgngeaaﬂéytﬂecpeﬁmzngdlﬁorhehdlpatti®ml@f t he
front surface of .the fer he.diff icentration o
Vacancies n &t SIF <2 ks aRdiGa KEFEReRs Beife ERRRECREFALE R ras
treat merts of difei vaxf evaféra tenperature in excess of 750 Cis capable of
foxm-. ng a denuded, zone, 1N t he surface_ | aye usters or

T TR 2 o SRELS LR N N S R L S

clusters vacancies within the bulk 17 of the silicon wafer, the

depths t and t' of regions 15 and 15', respectively, may
be selectively increased by controlling the rate at which

20 oxidation of the surfaces occurs. The rate of oxidation
is in turn dependent upon a number of factors, such as ’
the atmospheric conditions, temperature and duration of
this oxidation step. For example, the rate of oxidation
will increase as the concentration of oxygen in the

25 atmosphere increases, with the rate being greatest when
pyrogenic steam is employed.

It is to be noted that the precise conditions for
the oxidative treatment may be empirically determined by
adjusting the temperature and duration of the anneal, and

30 the atmospheric conditions (i.e., the composition of the

atmosphere, as well as the oxygen partial pressure) in



35 ox precipitates in the bulk layer being primarily dependant upon the
concentration of vacancies, ~.5. The process of claim~.4 whereig2t \RR 208X
is thermally anneal ed in an at nosphere of hydrogen, argon or a m xture

i ~her eof . . %?Oﬁgﬁ)gpr ocess of claim~.4 wherein the wafer i sg&ﬂﬁés%%kgq’y
;

anneal ed at a tenpérature between about 1x00 C ~tnd about 1.

about ~, to about 4 houxs . ANENDED SHEET utrv a a vv save. vva- . ua

rra.au.a..r..aa a vrra..,aar,i 11-12-2000 11h1 trvr vtZ r . r r ~1'Jr
11.a2.?inn 'r.~~.nn US 009919636 0 2 ABR 2003 46 7.7. The process of claim
14 wherein heat-troating the anneal ed wafer oonprises: (a) subjecting said
wafer to a first heat-treatnent ~.n an exidiz~. ng atnosphere to forma
superf~.cial si~.ioon dioxide |layer of a thickness of at |east about 20
angstrons; and, (b) subjecting the product of (a) to a second haattreatnent

at a tenperat gegepftoadpt taskeabhet d4A0RE. t 18ndfbe processwelreey. 8Zm 17
where~.n the atnosphere for sajd second heat-treatnent is non-nitriding.

19. ~' he proc&SREHHiRY PRIEE RhABREPHLE HeXRI PR sPheP BreF35i St 88RoME

heat - t r eat ”E”Iemﬁ')’s‘ogé&”ﬁﬁiihbé £898ht hetboEr § AT pPe R XAMT & ERHET BRELigD. The
process of claim 17 whexein the atnosphere for said second heat-treatnent

i s nitr~. di ngPreasuneohr g¥E¥ISNoiN heRE - AKMREPRER(WELh PR s@8 t8ABErature

~.n excesg of ;600 <5 H'6H9Y @56@8@59&?, fRsrsespagsrybih dhe1pasd abothipan
about 5, 00 0 peens . claim17 wherein the second 'heating the wafer to a

about 117S C PrO¥92 ok3@@nPpma) pertibll were crBefemaPb0 3k eksafe 8PoBkygen
bei ng less 2?7y, odbe P&@§E§§mt9§,Céﬁar@é{il%@!ﬁréb&wn&hﬁéé&treat ment

conprises heating the wafer to a tenpaz:ature in e.ccass of about 1200 C an
an oxygen congbewf nd- @@ ABspRePerpox) a pkRi el of regard t Hani SotAMPRIDED SHEET

VLW B e TR L3l ] s 20000 8 47 1o
10 content, or partial pressure, for the thermal anneal step
S, are not applicable for this optional step of the

precipitation process. Furthermore, if the peak
concentration of vacancies for region 17 is to be
substantially retained, the temperature of this oxidative
15 treatment is preferably in excess of about 1150°C. More
preferably, the temperature is at least about equal to
the temperature employed during the thermal treatment of
step S,. Without being held to any particular theory, it
is believed that if the temperature is less than that
20 employed during the thermal treatment, the peak
concentration of vacancies in region 17 may actually
decrease because of the direct recombination of vacancies
and self-interstitials.
Once the oxidative treatment has been completed, the
25 wafer may be rapidly cooled, as in step S; above, through
the range of temperatures at which crystal lattice
vacancies are relatively mobile in the single crystal
silicon. By rapidly cooling the wafer, the vacancy
concentration profile is effectively “frozen” within the
30 silicon matrix, thus establishing a non-uniform

distribution of crystal lattice vacancies. It is



seconds with the partial pressure of oxygen being |ess than about 5,000
ppma. 23. The process of any one of clainms 14 through 22 wher ei ng9akRR 203
cooling rate is at; |east about 50 C per second through the tenperature
range at ) tal lattice vacancies axe rel atively nobi i iok4.coN
24. The prgggggﬁ%¥§any one of clainms 14 through 22 wherein s%?gbg%éfkﬁg
rate is at |east about 100 C per second through the tenQerature xange at
which crystal lattice vacanc~.es are relatively nobile fn silicon. 25. The
process of any one of clains 14 througif”2 wherein the wafer is thernally
anneal ed to di ssol ve preexisting aggl omerated vacancy defects in the
stratumto a depth of about |0 rnicronetars. 26. The process of any one of
c7.azma 14 through 22 wherein the water ~.a thermally anneal ed to di ssol ve
pre existing aggl onerated vacancy defects in the stratumto a depth of
about 20 ni crbhRereferezdesipabpeobassopl af 2w AVCTRSE eFAtehwishAsal ed

waf er conpri segi bj,ect i f LES acte ature of
at | east abou?ﬁingésggnggp%g@g?§§%gf$?bifs%%jE%%%%gé%ﬁ%tp?odgggggf (a) to
(2]

treatrnent atS@cPBfpeint grdesftatarveiadt thd-vaeamncy reartagthanionreat ment in

a nitriding u 1 L 1 SVENDED, SHEET, =12-2000 017
11.12 . 2 Usagggg?gg3%ﬁ%%§ &%ﬁ'@%ggcgiﬁaggfng atnn§§heren%a%§ﬁé g%partial
pressure df oxygeedef &refemsbluboneowaverpphire &lime paveess of claim 14

wherein the afz a rof < ted tyd di t here
havi ng a partll[%?ggrégg#g&gf %:%/ég}gﬁéer%é{g?hgdﬁer oqns?aétgll%ag%a%%%umﬁgogépm to
| ess than abotite 5¢000ipgnuat®. s chapgedesthd areseht ing eptofigla wapgbe
erystaZ silic r .di.ssol v te ec and to
i nfluence the9%¥%%%giF%@ﬁg%égéha%?ggg%?g§£€gé%“%%%ﬁﬁégwg§e? % ®a subsequent
t hermal procedssingedt pppofihe Sosbéicbbanaédr ttewiangerade onboldingacetea back

surface, central plane ba en the. fgont acrd bhack surfaco st ratum

ext endi nb@f rorprﬂ"ﬁ}%ef?‘gn?egﬁw\%%%% ogg 0‘?53%1(?‘&(:99&,’ 24 e]dos(?ro R%%e front

surfaco and tesesndf hercepttal aippane20a Wrfeaocdayrt ovhimdre at | east in

part, is 7.0 coextgensive with_the,strat nd ' i ses the.region of
Pheer Fb fe

h
the wafer between YHESf FBRt WAETF abe 479 9sﬁz;%@péfggéﬁgu?ﬁﬁsf?8n1the
front surfacethadranger dft bempenitatepl aneyhiadtd arysddd | Byetiadi ch

conprises the region of the fer between, the central, plane and surface ~. S
“aybr the prEtSRaCtBRpRTS oLt REVE b RO e HUaihs e (FAVSERr 10 an
at nospher® t ds{DisdALYshel cobslingeryes adseéLndt dppedtird@ce and bul k

| ayers; contro~.~,ing t cooljng rate of the heat~treated wafor to groduce

h .
a wafer havi ngt@nvat ﬁ69%¥oh% HEREF oD PO G PG dr afeephgkigRnsi ty

is at or nearot hengepheal. afh aneudy tdoddenso 42t Db eF Bb Vy
decreas~.ng in the direction of the front surface of the wafer and thr~

di fference i FiheledhcentPareBiedtlVackiti ¢RiinNg it sVENDEDP SHEried

out in the same atmosphere in which the heating step is
20 carried out.

The separate oxidative treatment is an acceptable
alternative to controlling the vacancy concentration
profile by means of adjusting the rate of cooling, as
described in detail above. Accordingly, when this

25 oxidative treatment is employed the cooling rate of step
S, may be greater than that herein described. 1In
addition, it is to be noted that this oxidative treatment
is preferred when the desired depths of t or t' are in
excess of tens of micrometers, several tens of

30 micrometers, or more.
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bul k | ayers being such that a thermal ?5 treatnment of the wafer at a
tenperature in excess of 750 C is capab7.e of foam ng a denuded zone in the .
suxf acE | ay¥? 0%a%xygen clusters or precipitates in the buJPRI/US3PEPE3 t h
the concentration of the oxygen clusters or precipitates in the bulk |ayer
being pr~.marily 30 dependant upon the concentration of vacanci es;
stabilizing oxygen precipitate nucleatpgn centers prsent in the pool ed
waf er by heating the cooled wafer to a tenperature of about 650 to about
850 C for about 1 hour to about 4 hours; and, 35 thermally annealing the
stab~. ~.ized wafer in an atnosphere to dissol ve aggl onerated vacancy
defects present within a region extending fromthe front surface to a depth

of at :least aboutr¢5il ¢eORe RcnHle RIREEsehdf Chei M Mhereyn the
stabilized wafer is thermally anneal ed ~. ~~ an atnosphere of hydrogen,

argon or a nmoffgred: byr £ OXLATHE St RBEYIL FRAMSD Whk? eRPPEPRCH

stab~.1ized vafge isclheERhhY, RRA RfAla o gL e ne, hetyesn, ~ ~. 00
C and about 1300 Gsfgr_agout %rto gﬁ%ﬁp hours, 32. The.pr5%§ss %?B%%éin1?9
wher ei n heat copegntagtipe Vaambarp gatisidsy) (Ryosilg atticly ineosrRerzllnw a
first heat-tneaipERbsg M ayPd Ui NG arwcpheé@ d dPrdn A supegficial
silicon dioxide aggr.of acﬁhicéﬁggslgé a 'Beast about 20 ahggfr%ns; and,
AVENDED SHEEVafer]hayipgoondio al nati ve oxids: (onone3n the w003 50

ooy o rEeppaocich O 5P SR AR ko %, cne
resulting wafer will possess a vacancy profile which is
generally "U-shaped." By subjecting such a wafer to this
10 oxidative anneal treatment, the vacancy concentration
profile may be altered, the exposure conditions being
selectively determined in order to yield a desired
vacancy profile which comports with present invention.
In other embodiments of the precipitation process,
15 the front and back surfaces of the wafer may be exposed
to 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
20 non-nitriding atmosphere. Alternatively, multiple wafers
(e.g., 2, 3 or more wafers) may be simultaneously
annealed while being stacked in face-to-face arrangement;
when annealed in this manner, the faces which are in
face-to-face contact are mechanically shielded from the
25 atmosphere during the annealing. Alternatively, and
depending upon the atmosphere employed during the rapid
thermal annealing step and the desired oxygen
precipitation profile of the wafer, the oxide layer may
be formed only upon the side of the wafer at which the
30 denuded zone is desired, e.g., front surface 3 of the

wafer (see Fig. 1).



33. The procdss of claim 32 wherein the atnosphere for said second
heat-treatment is non-nitriding. 34. The process of claim 33 whe0e APR HA03
at nosphere for said second heat-treatnment is primarily argon, heliumor a
m xture thewe®bn328». Tk~e process of claim 32 wherein the at ppsRReyBeiOr
sai d second heat~treatrnant is nitxiding. 36. 2~he process of cxairn 32
wherein the wafer is subjected to a second heat-treatnent at a tenperature
in excess of about 1.75 C in an oxygen containing atnosphere for a period
of less than 60 seconds with the 5 partd®al pressure of oxygen being |ess
t han about 5,000 ppma, 37. The process of claim 32 wherein the wafer is
subjected to a aecvnd heat-treatnent at a tenperature in excess of about
1200 C in an oxygen containing atnosphere for a period of |ess than 60

seconds with the a parti al gressure of oxy gil‘~ bei ng | ess than about 5, 000
pprria . 38. The procdesstdiPs RGt8AetBRrtel aLEREN2SIVALEUgRNS7 wherein the

stabilized Wafriciig dherdm :;%z&’oééggaJnQQ be gksselmedagsl ener atxﬂlc&ﬁcancy
defeats within a regi on AVENDED SHEET ...... .
wafer prior tg thermal@yaanngaangvthg wafer to disselye; -

11 12 7AA"'agglomeraCQdJJaéghgpogeE§%99991§§§§vérQ 2rABR-R003 51

extending froccl the fxont surface to a depth of | east about ~.0
m crons. 9. IFREFIHFBtelss Qﬁp%@bye@neléflélﬁrﬁﬁGQQe@h‘FBQGhtB?‘ whéesibhet he

stabi lized wafigfjdctddardral |y t@ﬁ‘i‘f?k?ﬂgt HegtS‘?Péé(@m@ é %’?;@ge%?ﬁﬁ%f at

def ects V\nthlnareglon ext endi n ronithe front sur
| east about E@lf?me(ﬂt(ﬁ% tchahde @%edsséﬁl‘ahvgoﬁéeéﬁménél msF@® t hr ough 39

wherel n sald SRk rde laa Al Mmepobeahiont <30 L 00 oREOOdLDI QUONILTE

tenperature rang |ch crystal“latti vacancl es are re atively nobile
in silicon. 4he 'Itmem cﬂ:fesasb@it ah§0one abogt agF8°Qof¢hraugsr B8 wherein sai d

cooling fat Océh%f%t :{éerfé at 00 fro PELSEEP | %‘é&gﬁgr%g LGIPRLAL LG €

xanga at crys t| vacanci es are relafively r~.eTnsilicon.
42. The pxocéds cm‘enqjemamﬁgeWhériehenddaéatttdiam@h'gingeth/aatamenbrrprines (a)

Sull oot 109 RaIRalad e T4 ReotatRelaeta et o B LEmVeraLiL sl o7
(a) to a secdmsd igmitvezhtaerthatdaraeiperaf utkee dieat teastmabout 115OC in
oD oo AT LA 80,1 9 AL L PLEgSuE S SHI0ED af bzl oo
heat - tre&'ﬁedmmua:emitn.ipjltrcbgp,at}mspherhohmmngn@r@armagl bAMEéJEEbﬁ-jEET ~
W IviY %Qpeﬁalng uponl{he~55561tlo£§ Jr Tna%a &Pl 51ssolv1ng
treatment to be used. For example, a typical set of
conditions employed for stabilization include heating the
wafer to a temperature between about 650 and about 850 °C
20 for about 1 to about 4 hours.

If a heat treatment sufficient to stability oxygen
precipitate nucleation centers is employed, then oxygen
precipitates may optionally be formed directly during the
defect dissolution treatment; that is, the oxygen

25 precipitation step S, may be replaced by the defect
dissolving treatment. Alternatively, if desired the
oxygen precipitation heat treatment, such as that
referred to above for step S,, may be completed prior to
initiating the defect dissolving step.

30 The starting material for the process of the present

invention is a single crystal silicon wafer which has
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rangi ng fromat |east about 100 ppna to 7.ess than about: 5, OOOUmemQQma
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nucleation centers may form in the single crystal silicon
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S dissolved by heat-treating the silicon at temperatures
not in excess of about 1300 °C. Certain heat-treatments,
such as annealing the silicon at a temperature of about
800 °C for about four hours, can stabilize these centers
such that they are incapable of being dissolved at

10 temperatures not in excess of about 1150 °C. The
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.

15 Various techniques may be used, however, to indirectly
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

20 precipitation heat treatment. Thus, the presence of
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.

25 Substitutional carbon, when present as an impurity
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 silicon starting material have a

30 low concentration of carbon. That is, the single crystal

silicon should have a concentration of carbon which is



6 }"?PE:

101 "109& () - g$109%& ()-$109& ()-!3,' 109& ()-!AE3,' 109%& ()- $109%& Q- BPF& 2993
ZX6PE: 111" 100& ()-!!1"109M& ()-810%& ()-15I110%& ()-z!1!10%& ()-z!,|" 10%&
()-9,  IWUGH bo/ikbholO! ' 4#100& () - ! 4#10%& () - PCTIUSI9/19636 :
| 1109& ()-f!. K7 ()-fL+1"109& ()-uV7: ! 109%& ()-gSs109& ()- " 109& () - Y10%&
(-1 10% () -9, 109 ()- 10-eyY.{Y:7:! 110%& ()-f! !109%MOn0& ()-f!#10% () -
#10%m& () - 10%& ()-! @ 10%Ju&' ()-g.w [gﬁ! 110% 10| | 10] |

10| |1/ "10% | & ()-!/"109%& ()-!&39% 10% r&%()-! 398 10%wwWu& () - ~~_=M ! | N@L10%&
()-F #109%& ()-1F #10%& ()- F #10%-& ()- 10%& ()- %S10%& () -

<[E}[OM ! | S@ y#109%& ()-!\ @##10%' ()- "I X@##109& () - @y#109%& () - ! N@&y#10%&
() - @109%& ()-cyz{|b@!SIF s! 10%& ()- 10%& ()- %smcm ()- 10 10 10

Fi}g?%%é?zf? #10023%%})7 A<b§%; ?%Q%m 6 ggﬁﬁerably which is
less than 1 x 1016 atoms/cm?®, and more preferably less
than 5 x 10! atoms/cm’.

If an epitaxial layer is to be deposited upon a

5 wafer prepared in accordance with the present invention,
the present process may be carried out either before or
after epitaxial deposition. If carried out before, it
may be desirable to stabilize the oxygen precipitate
nucleation centers in the wafer after the process of the

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

The measurement of crystal lattice vacancies in
single crystal silicon can be carried out by platinum
diffusion analysis. 1In general, platinum is deposited on
the samples and diffused in a horizontal surface with the

20 diffusion time and temperature preferably being selected
such that the Frank-Turnbull mechanism dominates the
platinum diffusion, but which is sufficient to reach the
steady-state of vacancy decoration by platinum atoms.
For wafers having vacancy concentrations which are

25 typical for the present invention, a diffusion time and
temperature of 730 °C for 20 minutes may be used,
although more accurate tracking appears to be attainable
at a lesser temperature, e.g., about 680 °C. 1In
addition, to minimize a possible influence by

30 silicidation processes, the platinum deposition method

preferably results in a surface concentration of less
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vol. 55, p. 121 (1992).

Examples 1 through 5 illustrate the precipitation
15 portion of the present invention. These Examples should

therefore not be interpreted in a limiting sense.

EXAMPLE 1
Silicon single crystals were pulled by the
Czochralski method, sliced and polished to form silicon
20 wafers. These wafers were then subjected to a surface
oxidation step (S,), rapid thermal annealing step in
nitrogen or argon (S,), rapidly cooled (S;), and subjected
to an oxygen stabilization and growth step (S,) under the
conditions set forth in Table I. The initial oxygen
25 concentration of the wafers (0,) before steps S, - S,, the
oxygen precipitate density in the bulk of the wafers
after step S, (OPD), and the depth of the denuded zone
after step S, (DZ) are also reported in Table I.
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35 seconds 35 seconds 35 seconds
S, at 1250°C at 1250°C at 1250°C
in N, in Ar in N,
5 S, 100°C/sec 100°C/sec 100°C/sec
4 hr at 4 hr at 4 hr at
S, 800°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,
Oy
(atoms/cm?®) 7x10% 6.67 x 10 7.2x10%Y
OPFD
10 (atoms/cm?) 1x10%° 4.4x10° 1.69%x10%°
DZ
(depth in um) 70 95 0

Figures 2, 3, and 4 show cross-sections of the resulting
15 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.
In addition, the concentration of crystal lattice
20 vacancies in the sample 4-7 was mapped using a platinum

diffusion technique. A plot of platinum concentration
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appears in Fig. 5.

EXAMPLE 2
5 To demonstrate that the precipitation portion of the

process of the present invention is relatively
independent of oxygen concentration for Czochralski-grown
silicon wafers, three wafers having different oxygen
concentrations were subjected to the same series of steps

10 described in Example 1. The conditions for each of these
steps, the initial oxygen concentration of the wafers (O,)
before 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 from the

15 surface of the wafer are reported in Table II. Figures
6, 7, and 8 show cross-sections of the resulting wafers
(these figures are enlargements of photographs taken at a
magnification of 200X); sample 3-4 is shown in Fig. 6,
sample 3-5 is shown in Fig. 7, and sample 3-6 is shown in

20 Fig. 8.
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TABLE II
r.{ —
Sample 3-4 3-5 3-6
15 wmin at 15 min at 15 min at
S, 1,000°C 1,000°C 1,000°C
in N, + in N, + in N, +
~1% O, ~1% O, ~1% O,
35 seconds 35 seconds 35 seconds
S, at 1250°C at 1250°C at 1250°C
in N, in N, in N,
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 +
16 hr at 16 hr at 16 hr at
1,000°C 1,000°C 1,000°C
in N, in N, in N,
0,
(atoms/cm?®) 6x10Y7 7x10% 8x10%Y |
OPD
10 (atoms/cm?) 4x10%° 1x10%° 6x10%°
Dz
(depth in um) ~40 ~40 ~40
EXAMPLE 3
15 To demonstrate that the precipitation portion of 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

20 was subjected to the same series of steps described in
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commercial 16 Mb DRAM process was used as the oxygen
precipitate stabilization and growth step (S,). Figure 9
shows a cross-section of the resulting wafer (this figure

5 is an enlargement of a photograph taken at a

magnification of 200X). After step S8,, samples 1-8 and
3-4 had comparable bulk oxygen precipitate densities
(7x10'°/cm’® for sample 1-8 versus 4x10°/cm’ for sample 3-4)
and comparable denuded zone depths (approximately 40

10 micrometers) .

Example 4
This example illustrates the trend that may be
observed in the density of bulk microdefects (BMD), i.e.,
the density of oxygen precipitants, and the depth of the
15 denuded zone (DZ) resulting from an increase in the
concentration of oxygen in the atmosphere during the
heat-treatment step of the precipitation process. Three
different sets of wafers were subjected to rapid thermal
annealing under varying process conditions. The wafers
20 in Set A were annealed at 1200°C for 30 seconds under a
nitrogen atmosphere; the wafers in Set B were annealed
under the same conditions 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
25 on any of the wafers in the three sets in this Example.
As indicated by Table III, below, the oxygen partial
pressure was increased for each wafer within a given Set.
Once annealing was completed, the BMD density and DZ
depth for each wafer was determined by means standard in

30 the art. The results are present in Table III, below.
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Wafer Oxygen Partial BMD Density DZ Depth
Set Pressure (defects/cm?) (microns)
A 250 ppma 6.14x10° 70
5 A 500 ppma 6.24x10° 80
A 1000 ppma 2.97x10° 80
A 2000 ppma 7.02x10° 100
A 5000 ppma 2.99x10’7 ND
A 1x10°% ppma 6.03x10° ND
10
B 500 ppma 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
C 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
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EXAMPLE 5

5 Oxidative Thermal Anneal Treatment

For purposes of illustrating the oxidative thermal
anneal treatment of the precipitation portion of the
present invention, silicon wafers, obtained from single
crystal silicon ingots grown in accordance with the

10 Czochralski method, having only a native oxide layer were
subjected to a rapid thermal annealing step (S,). In each
case, the wafers were annealed in a rapid thermal
annealer under an ammonia-containing atmosphere at about
1180°C for about 3 minute, and then rapidly cooled (S,).

15 Referring now to FIGS. 11 and 12, it may be observed
that, following an oxygen stabilization and growth step
(S,) and an NEC-1 treatment, such process conditions yield
a silicon wafer having essentially no denuded zone and a
bulk oxygen precipitate density (OPD) which is greater

20 than about 1 x 10!° atoms/cm®.

In contrast to the wafer of FIGS. 11 and 12, a
denuded zone may be formed if, after cooling (S,;) is
complete and prior to step S,, the wafer is subjected to
an oxidative thermal anneal step. Referring now to FIGS.

25 13 and 14, after cooling was complete the surface cof a
wafer etched slightly in order to remove any nitride
layer present. The wafer was then heated to about 1180°C
for about 3 minutes under an oxygen-containing ambient,

having an oxygen concentration in this Example of about
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100%, in a rapid thermal annealer. It may be observed
that, following an oxygen stabilization and growth step
(s,) and an NEC-1 treatment, such process conditions yield
a silicon wafer having a denuded zone depth of about 60

5 um and a bulk oxygen precipitate density (OPD) which is
greater than about 1 x 10°° atoms/cm?.

Referring now to FIGS. 15 and 16, it may be observed
that the oxidative thermal anneal step may be performed
on only one side of the silicon wafer. Single-sided

10 treatment is achieved by shielding the side of the wafer
which is not to be treated. The wafer shown in FIGS. 15
and 16 was treated in the same manner as the wafer shown
in FIGS. 13 and 14, with the exception that one side of
the wafer was shielded by first forming a silicon nitride

15 coating using a low temperature, chemical vapor phase
deposition (CVD) process. It may be observed that,
following an oxygen stabilization and growth step (S,) and
an NEC-1 treatment, the resulting wafer has a denuded
zone depth of about 60 um on the side which was not

20 shielded (front-side), while the shielded side (back-
side) of the wafer essentially had no denuded zone. The
bulk oxygen precipitate density (OPD) of the wafer was
greater than about 1 x 10! atoms/cm’.

It is to be noted that surface etching of the wafer

25 to remove any nitride layer present is not necessary in
order to achieve the results of the precipitation portion
of the present process. Rather, the surface etch is
optional and, accordingly, is not to be viewed in a
limiting sense.

30 It is to be further noted that, in view of Example

5, that a denuded zone may be effectively formed by
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thermally annealing the wafer in the presence of an
oxidizing atmosphere. Additionally, a denuded zone
formed by other embodiments of the precipitation portion
of the present invention may be further modified by this

5 thermal oxidation treatment. For example, the depth of
the denuded zones of samples 4-7 and 4-8 (Example 1) may
be increased by subjecting the samples to this thermal
oxidation treatment prior to the oxygen precipitation
heat treatment of step S,. Likewise, for sample 3-14

10 (Example 1), a denuded zone may be formed by subjecting

the wafer to this thermal oxidation treatment.

In view of the above, it will be seen that the
several objects of the invention are achieved. As
various changes could be made in the above compositions

15 and processes without departing from the scope of the
invention, it is intended that all matter contained in
the above description be interpreted as illustrative and

not in a limiting sense.
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Wa_claim:

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

5 and back surfaces, a circumferential edge joining the
front and back surfaces, a stratum extending from the
front surface te a distance, D,, as measured from the
front surface and toward the central plane, a surface
layer which at least in part is coextensive with the

10 stratum and which comprises the region of the wafer
between the front surface and a distance, D,, of at least
about 10 micromesters, as measured from the front suxface
and toward the central plane, and a bulk layer which
comprises the region of the wafer between the central

15 plane and the surface layer, the wafer being
characterized in that

the wafer stratum is substantially free of
agglomerated vacancy defects;

the bulk layer contains agglomerated wvacancy

20 defects; and,

the wafer has a non-uniform distribution of crystal
lattice vacancies with the concentration of vacancies in
the bulk layer being greater than the concentration of
vacancies in the surface layer and with the vacanciles

25 having a concentration profile in which the peak demnsity
of the vacancies is at or near the central plane, the
concentration generally decreasing from the position of
peak density in the direction of the front surface of the

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

20 micrometers.

3. 7The wafer of ¢laim 1 wherein D, is at least about

50 micrometers.

4. The wafer of claim 1, 2 or 3 wherein D, is at
least about 5 micrometers.

5, The wafer of claim 1, 2 or 3 wherein D, is at

least about 10 micrometers.

6. The wafer of claim 1, 2 or 3 wherein D, is at
least about 20 micrometers.

7. The wafer of claim 1, 2 or 3 wherxein the
concentration of interstitial oxygen at distancas greater
than 3 microns from the wafer surface 1s at least about
50% of the concentration of interstitial oxygen in the

5 bulk layer.

8. The wafer of claim 1, 2 or 3 wherein the
concentration of interstitial oxygen at distances greater
than 10 microns from the wafer surface is at least about
80% of the concentration of interstitial oxygen in the

5 bulk layer.

5. The wafer of claim 1, 2 or 3 fuxther

characterized in that the wafer has an epitaxial layer on
the front surface of the wafer.
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10. The
c¢haracterized

11. The
characterized
concentration

12. The
characterized

concentration

13, The
characterized
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wafer of ¢laim 1, 2 or 3 furthex
in that the front surface is polished.

wafer of claim 1, 2 or 3 further
in that the wafer has a carbon
of about 1 x 10 atoms/cm’.
wafer of claim 1, 2 or 3 further
in that the wafer has a carbon
of about 5 x 10! atoms/cm’.
wafer of claim 1, 2 or 3 further

in that the wafer has an absence of oxygen

precipitate nucleation centers which are incapable of
being dissolved by heat-treating the wafer at a

§ Lemperature not in excess of about 1300 °C,

14,
gilicon wafer to dissolve agglomerated vacancy defects

A process for heat-treating a single crystal

and to influence the precipitation behavior of oxygen in
the wafer in a subseguent thermal processing step, the
5 gilicon 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 front and back surfaces, a
circumferential edge joining the front and back surfaces,

10 a stratum extending from the front surface to a distance,

D,, measured from the front surface and toward the central

plane, a surface layer which, at least in part is
coextensive with the stratum and which comprises the
region of the wafer between the front surface and a
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disgtance, 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 the
surface layer, the process comprising:

thermally annealing the wafer in an atmosphere to
dissolve pre-existing agglomerated vacancy defects in the
gtratum;

heat-treating the annealed wafer to form crystal
lattice vacancies in the surface and bulk layers; and,

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 ox near the
contral plane with the concentration generally decreasing
in the direction of the front surface of the wafer, the
difference in the concentration of vacancies in the
purface and bulk layers being such that a thermal
treatment of the wafer 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
oxr precipitates 1n the bulk layer being primarily
dependant upon the concentration of vacanciles,

15. The process of c¢laim 14 wherein the wafer is
thermally annealed in an atmosphere of hydrogen, argon or
a mixture thereof.

16. The process of claim 14 wherein the wafer is

thermally annealed at a temperature batween about 1100 °C
and about 1300 °C for about 1 to about 4 hours.

AMENDED SHEET



{ 109688 (= 1 OUB&"( ) ~-fud00K $& (- #3Rz" Dv UlthithB {1~o%<$§c1i) ﬁoRé ST
{10200 ) - {109%$& () - {109%$& ()- {109%$& ()- ({_2vU4 L &$&UQ’009919636
{109x$& ()-#3Rz {109x$& ()- {109%$& ()- {109%$& ()-(089: @_ovu4# #
1109$& () - {109$& ()- {109%S$& ()-#3Rz {109%$& () - 87 APR 0
{109$& () - FLMPQRSgKVUA# # {109$& ()- {109%$& ()- {109%x$& ()- 2 3
{109$& ()-#3Rz {109%$& ()- ST gnuv|\8vU4# #3Rz$ { 10%$& ()- {109%$& ()-
{109$& ()- {109%$& ()-#3Revz{|[}~IL, 4 {109%$& ()-

46

17. The process of claim 14 wherein heat-treating
the annealed wafer comprises:

(a) subjecting said wafer to a first heat-treatment
in an oxidizing atmosphere to form a superficial silicon
dioxide layer of a thickness of at least about 20
angstroms; and,

(b) subjecting the product of (a) to a second heat-
treatment at a temperature of at least about 1150°C.

18. The process of claim 17 wherein the atmosphere
for said second heat-treatment is non-nitriding.

19. The process of claim 18 wherein the atmosphere
for said second heat-treatment is primarily argon, helium

or a mixture thereol.

20. The procesgs of claim 17 wherein the atmosphere
for said second heat-treatment is nitrilding.

21, The process of claim 17 wherein the second
heat-treatmenk compriges heating the wafer to a
temperature in excess of about 1175 °C in an oxygen
containing atmosphara for a period of less than 60

5 seconds with the partial pressure of oxygen being less
than about 5,000 ppma.

22. The procegs of claim 17 wherein the second
hoat-treatment comprises heating the wafer to a
temperature in excess of about 1200 °C in an oxygen
containing atmosphere for a period of less than &0
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25. The process of any one of claims 14 through 22
wherein the wafer is thermally annealed to dissolve pre-
existing agglomerated vacancy defects in the stratum to a
depth of about 10 micrometers.

26. The process of any one ¢f claims 14 through 22
wherein the wafer is thermally annealed to dissolve pre-
existing agglomerated vacancy defects in the stratum to a
depth of about 20 micrometers.

27. The process of claim 14 wherein heat-treating
the annealed wafer comprises:

(a) subjecting said wafer to a first heat-treatment
at a temperature of at least about 1150°C in a nitriding
atmosphare; and,

(b) subjecting the product of (a) to a second heat-
treatment at a temperature of at least about 1150°C in an
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of at least about 100 ppma.

28. The process of claim 14 wherein the annealed
wafer is heat-treated in a nitriding atmosphere having a
partial pressure of oxygen ranging from at least about
100 ppma to less than about 5,000 ppma.

29. A process for heat-treating a single crystal
silicon wafer to dissolve agglomerated vacancy defects
and to influence the precipitation behavior of oxygen in
the wafer in a subsequent thermal processing step, the

5 gilicon wafer having a front surface, a back surface, a
central plane between the front and back surfaces, a
stratum extending from the front surface to a distance,
D,, measured from the front surface and toward the central
plane, a surface layer which, at least in paxrt, is

10 coextensive with the stratum and 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 wafer between the central plane and surface
15 layer, the process comprising the steps of:

heat-treating the wafer in an atmosphere to form
crystal lattice vacancies in the surface and bulk layers;

controlling the cooling rate of the heat-treated
wafar to produce a wafer having a vacancy concentration

20 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
tha difference in the concentration of vacanciles in the
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surface and bulk layere being such that a thermal

25 treatment of the wafer 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

30 dependant upon the concentration of vacancies;

stabilizing oxygen precipitate nucleation centers
prasent in the cooled wafer by heating the cooled wafer
to a temperature of about 650 to about 850 °C for about 1
hour to about 4 hours; and,

35 thermally annealing the stabilized wafer in an
atmosphere to dissolve agglomerated vacancy defects
present within a region extending from the front suxface
to a depth of at least about 5 microns.

30. The process of claim 29 wherein the stabilized
wafer is thermally annealed in an atmosphere of hydrogen,

argon or a mixture thereof.

31. The process of claim 29 wherein the stabilized
wafer is thermally annealed at a temparature between
about 1100 °C and about 1300 °C for about 1 to about 4
hours.,

32. The process of claim 29 wherein heat-treating
the wafer comprises:

(a) subjecting the wafer to a first heat-treatment
in an oxidizing atmosphexe to form a superficial silicon
dioxide layer of a thickness of at least about 20

angstroms; and,
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(b) subjecting the product of (a) to a second heat-
treatment at a temperature of at least about 1150°C,

33. The process of claim 32 wherein the atmosphere

for said second heat-treatment is non-nitriding.

34, The proceass of claim 33 wherein the atmosphere
for maid second heat-treatment is primarily argon, helium

or a mixture thereof.

35, The process of claim 32 wherein the atmosphere

for saild seccond heat-treatment is nitriding.

36. The process of claim 32 wherein the wafer is
subjected to a second heat-treatment at a temperature in
excess of about 1175 °C in an oxygen containing
atmosphere for a period of less than 60 seconds with the
partial pressure of oxygen being less than about 5,000

ppma.

37. The process of claim 32 wherein the wafer is
subjected to a second heat-treatment at a temperature in
excess of about 1200 °C in an oxygen containing
atmosphere for a period of less than 60 seconds with the
partial pressure of oxygen being less than about 5,000

ppima.

38. The process of any one of claims 29 through 37
wherein the stabilized wafer is thermally annealed to
digsolve agglomerated vacancy defects within a region
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40. The process of any one of claims 29 through 39
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.

41, 7The process of any one of claims 29 through 39
wherein said cooling rate is at least about 100 °C per
second through the temperature range at which crystal

lattice vacancics are relatively mobile in silicon.

42, The process of claim 29 wherein heat-treating
the wafer comprises:

(a) subjecting the wafer to a first heat-treatment
at a temperature of at least about 1150°C in a nitriding
atmogphere; and,

(b) subjecting the product of (a) to a second heat-
treatment at a temperature of at least about 1150°C in an
oxidizing atmosphere having a partial pressure of oxygen

of at least about 100 ppma.

43, The process of claim 25 wherein the wafer is

heat-treated in a nitriding atmosphere having a partial
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