FCGHe3ezz{, zp6T3T! w ; *cooo00z* ARGON AMMONI A RAPI D THERMAL ANNEALI NG
FOR SI LI CON VWAFERS, Sl LI CON WAFERS FABRI CATED THEREBY AND CZ RAL SKI
PULLERS FOR I\/ANUFACTURI NG MONOCRYSTALLI NE SI LI CON | NGOTS Cross- Reference to

Ret at ed Appl i application is a continuation-in-part of
Application ngm 702, 503, filed Cctober 31, 2000, which is itself
a continuation-in- Appl i cation Serial No. 09/454,675, filed Decenber

3, 1999, which it8 OPz‘l s a 5 divisional application of Application Seri al
No. 08/989,591, filed Decenber 12, 1997 (now U.S. Patent No. 6,045, 610) and
clainms the benefit of provisional Application Serial No. 60/063,086 filed
Cct ober 24, 1997. Application Serial No. 091702,503 also is a

conti nuation-in-par tARxf;oRmMM@Niermﬁ aHEIrtMAQQ’lm@Aﬂ,mG Ffd[ksmMUNZG)
1999, and 09/ 320, 210, filed are thense

continuations-in-part SYAEERS, %La%{%%wél?@%ﬁ %BWG&FE&T@E@W\’ AYD

08/ 989, 591~ Appl i cat i on Sepiotiu Ry sRY/PARGRS FORCAANGRABTORIRG ¢ Of
provi si onal application 60/172,352, fil Decenber 16, 1999. Al of the

above-referenced applicati onsWIZéO&?%YSjP@bILINE SHACON INGOT Sof t he present

application, and the discl osurﬁoijgeLen% td gmél?;w!l&gtnl ons are hereby
|ncorporated herein by referen | d of the

| nventi on This i nvent iThis applictios xsta)commuaneh-acparmfkpphemmh&nalmmg nmet hods
and devi ces, and | a acturing met hods
and silicon ingot@é@dﬁﬁaél§$§°tr?§?ﬁy?fla&® h Fﬁé{sggg,corg% %bé’l?ﬁrpﬁﬁﬁg of the

| nvention Monocr yApglichtioheSesial N6.@9/4 54678, HiledDédembat 1 99N ehivhtigélf la i n
fabricating sem canduct or de\u ces t rical t a
crystal growt hgnt e@ﬁ’ﬁﬁ"ﬁﬂé"p Wﬁﬁ“?fh" W‘é‘i‘tg’l”gggal@g" 3@?%%%&9%?’%‘?&’ q?d??);
techni que. The ln@etv ws BARnRb 504556 18) hdcﬂﬂanﬁxb EHcQﬁﬁbﬂt%fﬁbOﬁEﬁﬂ%phéﬁti@nwaf ers
via a series of wafering processes such as slicin chi clea

pol i shing and t heSqrqak]go 6R(063,08¢ ﬁ&dtthqquZ{:z997 App 1cat10n Senal 0. 09/702, 503galso
is a continuation-in-part of Application Serial No. 09/320,102, filed May 26, 1999,

and 09/320,210, filed May 26, 1999, which are themselves continuations-in-part of

- 10 the above-cited Application Serial No. 08/989,591. Application Serial No.
09/702,503 also claims benefit of provisional application 60/172,352, filed December
16, 1999. All of the above-referenced applications are assigned to the assignee of the
present application, and the disclosures of all of these applications are hereby

incorporated herein by reference in their entirety.
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Field of the Invention
This invention relates to microelectronic manufacturing methods and devices,
and more particularly to silicon ingot manufacturing methods and silicon ingots and
wafers manufactured thereby.
20

Backeround of the Invention

Monocrystalline silicon, which is the starting material in fabricating
semiconductor devices, is grown into a cylindrical ingot by a crystal growth
technique, which is referred to as the Czochralski (CZ) technique. The ingot of

25  monocrystalline silicon is processed into wafers via a series of wafering processes

such as slicing, etching, cleaning, polishing and the like. According to the CZ

LT
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,. a 2 technique, a seed crystal of nonocrystalline silicon is imrersed
info nolten silicon and pulled upwards, and the nolten silicon is then
grown into a nonocrystalline ingot by slow extraction. The nolten silicon
istcontained in a quartz crucible, and is contam nated with a variety of
inmpurities, one of which is oxygen. At _the nelting 5 tenperature of
silicon, the oxygen perneates the crys?t al lattice until it reaches a

predet erm ned concentration which generally is determ ned by the solubility
of oxygen in silicon at the nelting tenperature of silicon and by the

act ual segr egahhiqie,ageddf drystat BF mohowysyadkire silivos @ imthictded ¢his mbitérDdilicohhe
concentration of ygen,. whi,ch rnmeates.the silicon ingot during crystal
growth, is graégi"él&)ét“ﬁgﬁrdf’l‘?@dé}lﬂ'E‘gfel“isqvo‘bfs thd\ By 3 Ho %rxsmﬂfqeé%s%i | i con
at typical teyRRWAdxta@ENYTRE molter SIMECHAR SoHE4iAd i @GLAE I, asd ure. As the
crystal grows fromthe nolten silicon and cgols, the solubility of oxygen
therein rapi gPyapERied MWL vapipy EBYPBRIFEERe PEWRISh ifroxysss- iAr‘\“teH’%Fl%%l ed ingot.
The ingot si s (ghp&fitheiontiBcNB iR oRygehMRhQRRItRY dighid] MifdeShlif it RhciRXYOEN in the
wafers is grown to oxygen precipitates during subsequent thernmal processes.
The presence p8lestmiosd epmgentradien phichsererally is peterminaddy thecrolubdity efi on may

degr ade the Lee | Lik: . I strate

| eakage curr g;%&fen 3@3@@@@’%&%’&%%‘%‘%@%3& ggglt?ds%gg%%&eﬁg%%ggg&acti ve
regi on (i.e. doefficiest diokjkgendysaidjfiedtsiieyn.chlre ddetdntatiomsif akygen, whigur i ti es t hat
ari se fromdevice, processing., This desirabl.e.function js ferred to as
Bettering. 2P<ENGlse&est fcgng%%{{‘frlngr?ﬂsail/?@wdbfs %eag‘ffﬁbﬁé’ﬁfﬂei %’ﬁ@f“%@ al Oxide
Sem condugt oronMaﬁh sdlrdfﬁwj sﬂic@? at tRpitflnérhpegaties Esiegufﬁlnﬂconm_im deviee 0>r§y_gen
precipitates at e wafer surface exist, in a channel, region, .ch_is

| ocated in arMepefactie APPSRV grpRs g%‘ﬁi“&)’ﬁﬂ'ﬁﬁ?tsgimﬂé‘?ﬂc&@gb'gﬁﬁiwmﬁ °four ce
region 12 andxggdhthéréin rA5d1p Aedréastd) WhbreBy Exylpi ¥B6tuRGAlin tBRosied fngete of a
silicon substrate 1Q a gate insulatiaon layer. 16, for 25 electrically

i nsul ating a gat e Thf &@etis gced gntg waterh oL hsirenaipine degtitiahexyeamin theyyafpise ak
down. |n addiifbQtm b &@geﬁfeaﬁnacgmrﬁg%@Jsb@eht:tﬁerﬁ{al ofRERT Thdlifr¥ienge that uses
t he MOSFET nay degrade. SO, oxygen precipitates fornmed in the bulk region
10a of thk wedfexyzenresipitaeeinghodryicsdciye regipe mgy degradgdhe gateraxideripiagritycan act
as a | eakage andAdf ﬁxﬁy e ﬁl?(fésigq%ie s%ﬁstg‘i% lEzﬂ(ta%é Attefit. % Ged ﬂ%eg'ategﬁ'esemp' ch are
capabl e of trappli ng” untavorable netal contam nants ofurfng ubsequent

sem conduct oroutkidei theedavie attactregiom(.e. ifbshulk fegionk they caregetteametalticof oxygen in
the Ingot 1s i 9rft’[iesttﬁa?ar(f&:.r}co%pﬁgv%elp?&egsin Q)ﬁsﬁ%ec{lsiﬁ??e%ﬁ%itoggergt{e%& ﬁ)hasaCt as
the intrinsic Bettering Sites can hncrease, so that e Bettering
capability i netteaiges. However, if the concentration of oxygen is not
sufficie oxygen. preci pitates na ot ' 8 o in the bul k region)
S0 that (1% get ¢ e EisasfioRRy ol EhonyenoR AR U Sebfeobitosant o

al | . Thus, it(M®S) thesisesiReddrting toFigure pewhen thookypal predigitaeasatthe wafer oxygen
precipitates difstri buiedhi n Fhe. buléﬁeai‘%? of thc&éwafer. fé‘n a wafer which
i s obtained BYACSESRERAGhaMs! regiehs VD KR Daesys KBRS B pr ocess, oxygen
pr e]E:i pi ta]'E eshséingdohdi\féuir(ﬂeb\iilfﬁl’( bBtJ\gédbntahGquafdgfqn 1R2ra6dra Ghaén tjég'ﬁn (4 Wﬁi&gaﬂd de) (0D)
surface of t ottom ( ba sjde) surface. In general, a ed Zone (Dz
10b shoul d beBR\AcHhe PR ?‘!ﬁeﬁ%@ﬂ s%‘tﬂ‘?‘&éB%%&%‘“ﬁWé&@ﬁ%F%ﬂga depth, which
i s devoi Pf dRcHRARE inSulbtitogityel &GGHO TR (RS Siliconisabsaal 10 angy brédkacki ng

faul ts and oxygen precipitates. However, vv%fers fabricated by conventi onal
met hods nay ﬁigd@ué'éawlﬁx%éﬁfﬁﬁh eharasterigticsof gmemory,devics thabises B t he waf er,
which can actp@sraTaRYEes@ | eakage current. Thus, in order to form
intrinsic gettering sites in the bulk region of the wafer with a sufficient
DZ near the surfaddsmpxydse pwaipitates formed iatheyik reien A8a af the wafes ovlésbnt r at i on
of oxygen, fof, ﬁéa?@h%%s@se@ne ik ln R EBPR SO CRORE Sk barlale AT LS 15
per mllion ato pptua) of nore may be thermally processe ?or a long
peri od of3Q i nstrinyic gétteging aitdsnghich erctcapablerdtraprindeniovoeabld metalzootatirghts| evel s,
such that oxygen precipitate .ge . in e. byl j f the
vafer . onevedung PRy SRRB TR Rey S B ok TR Sl R 0%
may strongly akypend tlaingdiés logh, dief dousdnontiafofiorygen ptectpitates whiglyea as tha a

sem conduct or. waf.er thernal I% %ocesseﬁg t}f{ tert]i s 20 cbo.tvencti onal technique,
the oxygen pr'8EInHE B84eE N8 SHESAR FEIPEASHNFT B ERPGTER Y NEWEFLr , from the
top surface tHowdver, fahd enc&itrafiaeef axfygdnhie nowashfficientyeyygee pesipltate ity wited i n
Figure 2. Particularly, conventional techniques in which an additional

hi gh-tenperature thernmal process is perforned for a |long period of tine may
degrade the device 25 characteristics. For exanple, slippage or warpage may
occur in the wafer. Mreover, the manufacturing cost may increase. Also, in
such a case, netal contam nants, and particularly iron (Fe), which are

-, S - .



4 atnosphere, and subjecting the wafer to subsequent heat treatnent.
HoWever, as can be seen from Figure 3, neither the DZ near the surface of

t he.waf er nor sufficient oxygen precipitates in the bulk region may be
obt ai ned by this conventional nethod. Summary of the Invention Enbodi nents
of the present invention provide a siljcon wafer having a controlled
vertical distribution of oxygen preciplitates which can act as intrinsic
gettering sites. In particular, the oxygen precipitate concentration
profile fromthe top surface, in which an active region of a sem conduct or
devi ce may beberpsedueetl intths huferegionpwt the thesgeiteringecapbility anayi Yeiredmaed wrfneny,
conprises fir d ty o f L rm ped depths
From the top Shae Bt EARl TREE NI be bR AE propBE PRI B SALES &
Denuded Zone «qx@gdn precipitatds dobgibulpdtintherbutkregivopf themhatece of the wafer and the
first peak and between.the.bott.om surface of. the er _and the second peak.
The oxygen preci pi? Q?ngeéévﬁ&c At ?lg Y ypar%qniv?né'og%]sfg\gﬁggméﬁ}b?ﬂﬁ’c #Meegi on

bet ween 15 t hgrodesy, kygan gresipiraxasidipeiis throlighahe waflr, GO0 B ppBohatdide) bul k

regi on of the wafer. Nbreover éidg?e odi ments of the invention, the denuded

zone bet ween YRacaRfiheorten pagk syiee- g egreralDemided evsi®Z) d i ncl udes

therein at Iesa.smd%e?rdwgh%mqﬁe fopistrfabe 36 8 pRlGineRpBATHIch S AosHded zone
bet ween the top surface of the wafer and the first peak is free of slip

di sl ocati on tReleferts (vapancy eeglpmenisel Histopations.siaeking fautsndxaxyery er al so
nol udes a_pl it Piowo! Litths FiLeiaeRd by edrdbdRallrithdas ififlified 0 (e

denuded zone, between the top surface o : and t Irst peak, and
t hat are TG eeoxygenQiecipitatgs nearrthe/sirface ¢fghe wafor obhinhream acttah @ soxsegdiieapageci pi t at e

concentration, eRtfi | e includes first and second peaks, a denuded zone and a

concave region between the first and second peaks, as was descri bed above.
A plurality of STIThugdn owder tarfenintrinsiclgatiaogisitestih éredhmtiudgidn abHthe wateet ween t he
top surface of.the fer.and the firs eak whi is close to the STI

regi ons, that wﬁ%@%“fﬁﬁe‘ﬁﬂf L5 B’etsﬁrgﬁce i°£ﬂ\gé" Eeé,eadw%grrﬁ%}agang %h'§grre STl regions
in the silicogneait@tior dTaky@KyRe exdniphs apir initialsoxgpe @hem@afiod sirl3gpway from the
STl region in Figure 2. I n sonme enbodi meEts f the i venfion, .t.he oxygen
preci pi t at® coshERlOR 2oms Prae) SF meTe may ke t progespedi{Px Hlopgegrindiol o 3

central surf agge 6f altutifig the Gper@ire betiwaad lowsand BiphiaVelsy sicAGiR: 85y gest Wween t he
top and bottom surfaces. Thus) for exanple, the first and second

pr edet er m nedPTEERHLE nggy@etgﬁlgrgg}@_th%(ﬁgpp of thegyafey I’E’r‘m&%ﬁ WE¥Y 8¢ t he
profile need fgicul® SHIsTRBEMiLieADZ Betathe tRADZ ma ktréhpf@ipend SH thE saent dept hs

ey be diffusion of interstitial oxygen. In a semiconductor wafer thermally processed by this
20  conventional technique, the oxygen precipitate concentration profile through the
wafer, from the top surface to the bottom surface of the wafer, may be as illustrated in
Figure 2.
Particularly, conventional techniques in which an additional high-temperature
thermal process is performed for a long period of time may degrade the device
25  characteristics. For example, slippage or warpage may occur in the wafer. Moreover,
the manufacturing cost may increase. Also, in such a case, metal contaminants, and
particularly iron (Fe), which are trapped by the oxygen precipitates in the bulk region,
may be released into the DZ by a subsequent process, so that the released
contaminants can act as a leakage source.

30 Figure 3 is a diagram illustrating a redrawn oxygen precipitate concentration
profile of a wafer fabricated by another conventional method, which is disclosed in
Figure 1A of U.S. Patent No. 5,401,669. In particular, Figure 3 is the oxygen
precipitate concentration profile of a wafer with respect to the depth of the wafer,

resulting from a rapid thermal annealing process on a wafer carried out in a nitrogen



provided for the first and second peaks. Al so, in sone enbodi nents of the

i nventi on, 5 the depth of the denuded zones is in the range of about 5um
to about 40pm from each surface of the silicon wafer, such that the active
regi on of the sem conductor device is forned to a sufficient depth. In

ot her enbodi nents of the invention, the oxygen precipitate concentrations
at the first and second peaks are at 1“ast “about 1 x 1 09 cm 3, and oxygen
precipitate concentration in the bulk region between the first and second
peaks is at least about 1 x 1 B cm3. In still other enbodi nents, a | owest
oxygen preci piniosplere antsbjetidg the wafer tdsabequmatien treginem. Howaler| 8aah an order

of magni tude, | owner, t itate concentration in the
first and seéﬁﬁ?ﬁ"&@ﬁ‘&agu%ﬂ‘?eg‘g f)\%ﬁz#’ aré%%%‘ﬁg?eﬁﬁﬂ?ew FTHer s ‘SEﬁ ments of
the present bRyRAbIeBDitdes inMkd BiEregionamndy telobRthed b tHid IAlEMBnA maaagen
preci pitate nucl eation centers, for exanple vacancies, which can produce
oxygen precipitate concentration profiles descri bed above t hr ough
subsequent thermal treatment. TdignM GNe GRBEEHL ration profile conprises
first and second peaks at first—and second predetermnm ned depths fromthe
top and bottom suEmbebmenss Ofﬁepma‘fnémvmt@@wmdwlgﬁonma&nha\tlhea vacancy
concentratio i ch is | ower
than a criti ga'ﬁ?%lgﬁg%ﬁ ?{nbﬁn m?fkger %&%%‘2&9 \E/}vte?érﬁ&{t%;m r}(I)Mé surface of
t he wafer an@eﬁtdmﬂxtassln mﬁdulamﬁe b:etgmpncxphae brmcemmlsmprfoﬁmefrm thehep waf er
and the second r.ofile h cave region

ea B canc cent I‘ﬁé S a CoO
bet ween the £ rf%f i whic 853?18’(’5 qsﬁmécc? ucg%ggdfen@m e fopped, E?etﬁﬁded zone
bet ween tibe Bokdrd Brfadé maﬁeslﬁéori\baexvva&@nsamkstdme saﬁnspeanmﬁk faswakdi ncl udes

therein at | east on, O as the enu ne between the
top surface G?COP‘IHB“’&%?"E'? e&ﬁﬂ&"ﬁ%@‘l‘f‘%‘f’pﬁ%‘g Rotiom sI“F BES Ot %EP"ia%r’dl sl ocati on

therein. In QésB&ftwﬁ?bRQb NEDEfudedZHel(DZ) istlﬁclﬁkfedSIﬂweE@le%}Ssuﬂﬁ& dffteel uded in
t he denuded zone ween the top surface of the wafer and the fi rst peak,

and havi ng SPafespdthe ﬁasﬁ pffaés and hefeveen W6 RpATR ST Aldbtwatr anddhs sAendi n ¢ he
silicon wafer.fih §tha Qtfe'cu&%nmi%n%mémm Q%@&a@é lteg ﬁb@tweérﬁat ion

centers describ tr| cal asymmetrical profi

provi ded. lSAcaluﬂrt&hstragdse@on@mabﬁ wehinbodn n@rﬂsmf@ﬂoﬁh@lkm&@mﬂthq \mfelntl on Rapl d
Ther mal  Anneal | nOMoRbN: IneoBRhT AT oRTntnib, R ORMIRA Sind iy mospher e of
a gas mxture conprising a Ic as a vacancy I njection effect and a
gas whi ch hasboﬁq:m aﬁfacﬂoﬁlhsmfer and the bdcomrhpeiak jngbidesahereinfag teast one tegiont op and
bottom surfac n r b Q nd about
1200C, to gener ‘Ie'Sl?ﬁﬁg avl‘fhef)e%s %\éﬁf@rd gc} bgﬁ%wﬁgt %sg%ce]ebrfl prve%gi%pl tate
growt h sites addthefigst pedxgeffercofislipdistocationahareint In ghar hmtoh(atnenth.ehmubdoaat ion
center copncentr.at rofile tom surface of
t he waf e(rilacor‘r"ﬁ‘rﬁ’iré‘eSo l"fCR’deia%{uﬁLé’eg)srrll‘%?pea &Lji{s&%f n(F?Qn%mnlg?nh‘

predet er ni nedeniepd Ashe, bebwdenalm top eurfaop ofthel wafet smithsfirst peake,sandthat ve waf er,

respectively he. nuc n.cen concentration remains

pr edet er ni ne(fref:BﬁggrfE‘P aly Wﬁotﬁ%‘?"gl’r?dlr‘éeni 0{}3@Pxffq%ﬁﬁreﬁlpb‘?tf’f?’lfﬁ‘l‘tr%'%cent ration
to make the PhfilORENESTirithad k@bndpiakaadlefided Pehewdd & ok region bithedn peak and
bet ween the bottom surfaces, of the wafer and th ecg)?gggeak Finally, 5
the nucl eat i &b fatind secapdpsaks apas deserhed aheve éd? WAl TeORAF | r st and

second pe3Ks,indited th BO8EHRARPIVME, HeBvedn eéltép Sue@LedT i wiBeandaficetirst peyiret ri cal

or asymretri cal
which is close to the STI regions, that have an STI slip that is reduced compared to

same STI regions in the silicon wafer that oxygen precipitates are present far away
from the STI region in Figure 2.
In some embodiments of the invention, the oxygen precipitate concentration
30 profile is symmetrical with respect to a central surface of the silicon wafer that is
centrally located between the top and bottom surfaces. Thus, for example, the first
and second predetermined depths are the same. However, in other embodiments, the
profile need not be symmetrical, such that, for example, different depths may be

provided for the first and second peaks. Also, in some embodiments of the invention,



profiles may be provided. In yet other enbodinents, the RTAis perforned on
a silicon wafer in an atnosphere of a gas m xture conprising amoni a ( NH3)
and argon (Ar)) to generate 10 nucl eation centers, which act as oxygen
precipitate growth sites during subsequent heat treatnent, such that the
nucl eati on center concentration profile fromthe top surface to the bottom
surface of the wafer may be as describtd above. In yet other enbodi nents,
the RTA is performed between about 1100C and 1150C. In still other

enbodi ments, the RTAis perfornmed at a tenperature of about 1120C. In ot her
1 S enbodi nethedepth thRZIéhuided mésf Brinrthe rdnge ofisboueah tadbout 40inyRordeachnds. | n
still other e od AB receded g%ﬁ{g‘gl dl%’é’peatl g. the

at nosphere ¢ f'gs‘ ?ﬁ?ﬂm%{ £ t@f@SﬁcuvﬁtregA t udAsRIge Saccor di ng
to still ot hﬁfméaem@dff@moaaptmrm%uﬁf ethBGiRERS 6fthe inV¥RIbh] B8 oxyResi | | Con waf er
is manufactured by performng RTA on a silicon wafer havi n top

surface and Bregatdtoeansentatens at hedirstapderspnbpeake yaph least F'Rj’uia?’g‘@nﬂand anmoni a,
for at |east ,@nyten fr¥EpitReQnERuaish iR thdRAVR ?n)n%bman thi GP& AL egRout  1200C.

I n ot her errbodl ments, the RTA,i's ,perforned at between about 1100 and about
1 150C. In speaks isat least abamy b Ohemi’s In $iidl qﬂmemoﬁmefl@rarﬂewesapxmout 1120C. In

yet other e"Px%%gﬁ cerfatiff in'tRe yo%bmrE@r?glstat‘f& it rdQB‘é(th‘? nlt?%eqy\;v ed from

the atnosphere sen3| ng nma determ e ess than
a predeterm timniabrghcs&nx)rgan penipgdte ooqummnps impthe siestand secardepeaktsnospher e.
Moreover, in oth enboql ment s,. r 1o heating of the

f ! he
at mosphere is i nclHSWEALE acordip th§0 e gipb a@r{ggxﬁég}tﬂgprteg?gwf@ %"y om about

800C to het werdabestirolldddisiribiibndTokjgeh pl'eiﬁﬁatel\vﬁléleﬂlbﬁrcent&%ttﬁf exagipfeor m ng
the RTA, the heating nay be decreased b%) 30 between ab é‘}:OC F{gr second
and about 70¥epRFiess¥hish gan Rreguce eXyasn Brecipitalg SoRCeRRIEn Pr

enbodi ment s, a@fvk HrobRGHBRGIRBthEME] oAkt Thélmﬁéyacoﬂ@éﬁtr%nﬁﬂéﬁl@d fromthe
at mosphere. According to other nethod embodi nents of the present invention,

a plurality eImesises Rsiandarcond peaks abfirs and seaepd arepsremispdelspiha fiem ther f or ni ng

an RTA pr oce&%p fbétom Zuraeés'oe&\e%fél }ekchﬂvél‘@fﬂfﬁ th@v@&c%&.&tﬁm&ﬁr in an
at m)sphere coO r-stng argon and ammoni a. and bel ow a terrperat ure that

causes subl i ramainsat @)preé«rti:mumd c@hesnirgttonf whigh ESHGWSTéMlE%CmPalsﬁOWe@UﬁIQNaf ers

onto the RIACHAIE b7 R hdTBY sibfcd OEQWP'M&H}HE sPPoék 3ha bliedond! L1 ons

that were descr er e I ments ers may be
sequenti al | ytlprbottmsw&ct' of theiprafeo awd the sagandhpeaksy Th@va@ammhwntr@ilosam ng the

RTA Shanber Sloghllsh 89l XL AR redREORL Yol Lo Bl BSLagThOd ETDOd] ment s, heat

treatment is per ornre duce an OoxyQgen precipitate
concentr at| oempodiherts; tﬁe’dmudeheomd:i]mtwnfthnﬂmttbm sutfecelnftiieovafeand dee of t he

T o S ERRPERE S Bha A P Fhuf bkt Py
respectivel ybet&;e@&hb&;b\seﬂacetohmetvmﬁcraud ﬂmd‘mﬂpedknslﬁeemfadhpldns&mdndme f| rst peak
and between the.battgom surface of the. wa and t he. seco e nd a
concave regi hﬁr"‘b‘bt g’ﬁr frﬂéso P 2 Fﬂflﬁgﬁéﬁg TRegRare %Mﬁt@ e"'ﬂ)c}g
asymetri cal z@fefhfeiv&eeﬁ tHé'&(}’pf mﬁwmﬁd\e@fer ahd thefiret peak, aadhodig $TItskip eHat fj he
invention, a,silicon wafer that Su t to an A Cess ording to
enbodi ment s ey mmwﬁ%# rr#ag»%ﬁéﬂwam‘(ﬁ? g 40 Pt sl g ot

whi ch i s 29ul bggheh pRBIpITRE hidleatibh béifeds udacm)ehcaboaeorsgmﬁwrmap& Spfideecdlg to an
ingot pulling rate profile where the pulling rate of the ingot is high

enough so t h&oflesmaytbegrevided nterstitial aggl onerates is prevented, but |ow
enough so According to method embodiments of the present invention, Rapid Thermal

Annealing (RTA) is performed on a silicon wafer in an atmosphere of a gas mixture
comprising a gas which has a vacancy injection effect and a gas which has an

30 interstitial silicon injection effect on the top and bottom surfaces of the silicon wafer,
and between about 1100°C and about 1200°C, to generate nucleation centers, which
act as oxygen precipitate growth sites during subsequent heat treatment, such that the
nucleation center concentration profile from the top surface to the bottom surface of

the wafer comprises first and second peaks at first and second predetermined depths



20 that formation of interstitial agglonerates is prevented, and the
formati on of vacancy agglomerates is prevented. In still other enbodi nents
of the invention, a silicon wafer that is subject to an RTA process
according to enbodi nents of the present invention may be manufactured from
an ingot which is pulled froma nolten silicon in a hot zone 25 furnace
according to an ingot pulling rate pro§ile, where the pulling rate of the
ingot is high enough so that vacancy aggl onerates are forned through the
di ameter of the ingot without formng interstitial agglomerates. According
to ot her enbdinthatep apdl bottem surfasas ofohe wafeGrespentizelyk Alouthk eucléatipn gr owi ng a
nonocrystalli ilicon.in . incl . |l osure, a crucible in
30 the chanbecggtgﬁécoln%es"grra tédntr%%%mﬁg‘i %@gﬁﬁrﬁé%ggl Cl%rclzt(r)agifagaw@éﬁ‘eﬁ l?’l% f 4n the
chanmber encl asitical cabenteation td inekecthel OZbbawten tholog serfwe efithe wagdrahd thand a

heater in the. chanber, .encl osure surrqundi the crucible. A ring-shaped
heat shield hfggsqe%a%bgavelegt rb8§}f“aéﬂrc%‘iml‘?s 9&33 8ﬁ§ﬁﬂ&'tﬁ%ﬁ€?@s‘{?é ﬁ%%lfyudi ng
i nner and putigé niteatioSdntt frofitiss AGoNgal¢ fegiod dktwakeths e LA feodd'RARseach
ot her, and a-heat shield housing top_and a heat shield 8 housing bottom

whi ch connectWhisfecarissprondsind byllt egiopabthe yyafes) 8YMBEtEirH§r dvmmerishe heat

shi el d housi £1ep hBgqipwards fromthe inner heat shield housing wall
to the outer heat rg?};}@e{%g housing wal |, and the heat shield housing bottom
sl opi ng downwar ds I y&sethehembasliraents, et REAispesformendpindgiliogh wafepindme out er heat

shi el d housi €] -ﬁﬂ?g? aS(FJ'Iﬁ [ I L.ncl udes a
not ch therei n”ﬂg%ﬂ‘ﬁ)g%re iog%]garsgrél%tu?%% 'T%gnlgﬁnér S ie%ltd 33(?@@%\/%ﬁ7r&§nd t he
heat shi el houkhtiog deatetsowhici\ac ap pxygen prenipdate gropytosites dordirg dabtjuenhi el d
housing withi,n the crucible. According to other enbodi ts he heat

shi el d housi n§*bEetS ’is'r‘f?'l tﬁ‘ﬁé@e Iﬁmkf’{l’osr?c CB%F fcfng?\ntrgg?na%r«gh{ﬁ?%thlc &Or?er heat

shi el d housi ngurfagd tb tHelbattord Isaffes ofl therwaferdndyrbe s ddicritied aboween k@ atheshi el d
housing wal |l toward th ter heat i el d housj |l.. .The heat shield
housi ng bot t &w%w@sn@ﬁ%&é‘s‘saﬂzﬁmage%ﬂ "ir'L(S’Ht Qﬁ??é%ﬁt”?%g' é‘hft@roq‘%at

shi el d housi ngnbainkentsdt RIIACH parfslRien wed @mbératitrd dTabsuit 2008 othéyi €l d housi ng
wall toward the inner heat shield housi n% wal | . .Czochral ski_pull eys

accor di nglx o wrhodumansnths Ry is performpe fariablvad Peayt it fecerkle. Instidladher hol der from
the crucibl e &ohodfntist he R ik %Fbc@de?'b?%idl?héhtih@ﬁlefﬁﬁhésﬂﬁkré &thprising
i

nmonocrystalline silicon ingot, v\,h0 h grows al ong and around its central
axis in a cyldmmenizeand asgeapal ahew SPUr pE Seeend-ngot - nol ten silicon interface

with the moiten Sidd6any il SRS\ bokiitnlserdeifesal ibifidager and outer

heat shield housing wa heat shield housing, the slope angles of
t he heat shi edilironowaar gmanyfacted by pesforming RJdcarasilon pvafer hayirg a tope  di st ance

bet ween t i L : j S , . d} nce

ot veon the ciiiay il pbltin pREE i otk Con B gt ot lof P2 e
bet ween t he nipdst ehousiive scomdsianil at hetwieemahouhblQ0°Gandabet H3UECnép othérl and t he
| ocation of t t.Shi Rl t I\l ed i ngot
is cool ed at J;'Ebrogﬁgengf &55‘{ Lr?‘eg ?‘Iﬁim%&?tn%@ g&%gtsagchtgwﬁé@?og%gﬁg%rlg of the
i ngot at the sidlintler embalimerdts the RAA isiperf@metl ergbentatl 2°€. do yetloeher ngot - nol t en

silicon interface.to, a predetermn erature of the ingot. K Brief

Descri ption o?mq%oﬁgnqﬂl‘saﬂﬁ% ° B lﬁ‘i”g’g‘%ﬁj‘? ]%f,g}) L™ lgﬁ'érlge%fr%%t}é%agwsr?aerﬁ structure
of a convant i adatnsivgtnedy Dpederniza tSacterammckhattiess thialvpyedeemniaedst or f or ned near
the surface of a si I.icgn waf er . Fig.ure 8eré)amill strating an

is,a di
oxygen preci pfPsFE2 SHYEALS RS 'Bﬁli’qaimﬁfph&re'c NE% B waf er . Figure 3
is ahdi agram édlﬂddﬁﬁelrn&; bl?kg' t@ﬂerﬁ?émggl’th@R’Eﬁj li&ﬁﬁl@é(ﬁ‘mmﬁfﬁhéﬁﬁd ifcregedht | e of
anot her conventi onal wafer. igure 4 s an oxygen precipitate
concent r at i on?9POY ¢ Bergreend.Jpy ?’@BWEJE\/&%F%?”%&@WQF%“Y %éﬁi’)‘gdi“ﬁgﬁla% of the
present i nvenfyo@in1564CI Wistedvek, 2fter ferf@Enia g alelR T theheRamdl HayhiedecbRhsedBpeal i ng
(RTA) process accordi n? to enmbodinents of the present invention. 5 _ Figure
6 shows a3doi brtwetafabeut 186 res pacpad ansrrbputdOT¢ perifaopd. fesgyampletabone depth of a

waf er, after 0 i Ji: r LD EL g i I ut in a
nitrogen (N2) @a@@t&@%ﬁgrﬁlgbhlwgﬁ’rf’er{egg?h%\sf\@ g‘gé‘g?‘ﬁﬁ’ ﬁlgﬁg{cl% lngglr)légent ration
profile with puggddom the atnfsplibept h of

According to other method embodiments of the present invention, a plurality

of silicon wafers are manufactured by sequentially performing an RTA process on a



waf er, after an RTA process illustrated in Figure 5 is carried out in an
argon (AR) gas 10 atnosphere. Figure 8 shows a point defect concentration
profile with respect to the depth of wafer, after an RTA process
illustrated in Figure 5 is carried out in a hydrogen (HZ) gas atnosphere.
Figure 9 shows a vacancy concentratlo:} profile after an RTA process of 15
Figure 5 with respect to a variation dof the mxing ratio of a gas m xture
containing Nz gas and Ar gas. Figure 10 shows an oxygen precipitate
concentration profiles obtained through subsequent heat treatnent after an

RTA process agsiey éfisilidord Wafershin di REAtcha@bertifi@n firdssHate doﬂi{ﬂﬁhé on Md h respect
to the kinds of gas us t he A. 20 Figure 1 s a

ed during
i |l ustrating #MESHE-aed %frd?e@f“’ ‘th‘QF’éﬁ“r plfehes splipatien ﬁfst"éﬂoﬁ@o(‘@G%B)“ near the

surface of thge sdriel 60RicHRMAFerdsntS e RFACKbES. QPH’CER]SA Iy 6&pdrfoRdeput in the
Ar atnosphere. Figure 12 is a photograph show ng éﬁgen precipitate

distri but i on widepanyaf die lewsﬂﬁéwﬂﬁcﬁéﬁﬁ@ﬁ%a@%u[j‘s@ embodimants,tsilisan nent
ft A the NZ
arter II;% Qﬁﬁﬁﬁgazrbggﬁq%&ﬂlsaﬂg plgo(ﬁgst%gdg %ggﬁ@dsﬂ‘x’ Rofith®br hbR wnﬂ%&@ﬁéaﬁ?ﬁg' n the

gas at n‘os ere. oW nNg oxygen preci pi
di stri bution the RTAwhareberwhsiitonhdhexidmder gone a subsequent heat treat nent

after an RTA proce rding t odi nment thelnvetlo n.the Ar
gas at nosphere. ﬁcﬁ? g“‘%i ?tbe'gm%tﬁ% %‘J’g‘?%p B @%Q&raatw&“d%ﬁer% ?ﬂef g’tee
di stribution RTrAao mﬂxe;e aaexmah@l‘bctpmtemmimnmm peofﬂuhsmqheaap sd’ﬂﬁ@é tot r eat ment

after an RTA process a cord n odi rrent ventiqn in the Hz
gas at m)spherg‘ %ﬁf‘ﬁ‘h? aqepofit ‘gailﬁ'h f&ﬁ‘ﬁ“% alﬁraégfsb?’{dat e

di stributij@n kot prafeRiminkd EdptHydFom!ihe & %oﬁo:ﬁum@ey&nse weedt treatment
after an RTA process according to enmbodi nents of the i nvention in the N,

and Ar gas at Fespiehea DZ bEEYV‘FP&Frt@P swtaces of thwaferand the ik endoxy gen

preci pi tat e dhaicnil doRBm QAo ¥R iR wathi ol tikascold {eAONE @nanbagibient heat
treatment after an RTA process according to enbodi nents of the lnvention in

the NZ gas anbetmenghesfirattand s¢sond peaks. Symmetrical or asymmetrical profiles may be
provided.

15 In other embodiments of the invention, a silicon wafer that is subject to an
RTA process according to embodiments of the present invention may be
manufactured from an ingot which is pulled from molten silicon in a hot zone furnace
according to an ingot pulling rate profile where the pulling rate of the ingot is high
enough so that formation of interstitial agglomerates is prevented, but low enough so

20  that formation of interstitial agglomerates is prevented, and the formation of vacancy
agglomerates is prevented.

In still other embodiments of the invention, a silicon wafer that is subject to an
RTA process according to embodiments of the present invention may be
manufactured from an ingot which is pulled from a molten silicon in a hot zone

25  furnace according to an ingot pulling rate profile, where the pulling rate of the ingot is
high enough so that vacancy agglomerates are formed through the diameter of the
ingot without forming interstitial agglomerates.

According to other embodiments of the invention, a Czochralski puller for
growing a monocrystalline silicon ingot includes a chamber enclosure, a crucible in

30  the chamber enclosure that holds molten silicon, a seed holder in the chamber
enclosure adjacent the crucible to hold a seed crystal, and a heater in the chamber
enclosure surrounding the crucible. A ring-shaped heat shield housing also is
provided in the chamber enclosure including inner and outer heat shield housing walls

that are separated from each other, and a heat shield housing top and a heat shield



Figure 17 is a photograph show ng the depth of DZ fornmed near the surface
of "a waf er which has undergone a subsequent heat treatnent after an RTA
process according to enbodi nents of the invention in the NZ gas atnosphere.
Figure 18 is a photograph show ng the depth of DZ fornmed near the surface
of a wafer which has undergone a subseguent heat treatnent after an RTA
process according to enbodinents of the invention in the Ar gas atnosphere.
10 Figure 19 is a photograph showi ng the depth of DZ formed near the
surface of a wafer which has undergone a subsequent heat treatnent after an
RTA process abasingibogorh ehizhizontienethe snef aridioater heae stiéld housingt wedls Hhe Beas

at nosphere. Figure 20 is hot ogr showi ng.the . t h.of formed near
the surface oFﬁéd ﬁ%"fsg‘lg t%ﬁ%‘ﬁ"%%%ﬁ%@?r@g}?éméeggf?éél@aagﬂils"}ge‘&a?ﬁwlé’at nent

after an RTA piteRashithl [R@6iag tal Gant ehetidaoshidl®RéiBing boldie slopiM@BswRri) the NZ

gas and Ar gas at nosphere. Figure 21 is a photograph show ng the depth of
Dz formed neafromike iangr hgatshighd housing wall g-the putpnheal shirdd bpyisias wallyBiequent  heat
treat ment aft gpo ARLEIRPHRGERsABGRD Mcldicl £ nSRP AR LR iftdrsetfish dfENt i on i n
the NZ gas and ff—|2 Sas 21; rmspherse.% Fi gur.e6222\. 'S aephot ob[?éfoe%&?h%ﬁ\}mmﬁg t he
shape of a COPutershegt heusingrwallandithg eaDehickh Bousing boo22 B suppovignentter shape of
COP that has . . . r according to enbodi nents of
the inventi onpﬁﬁg?ﬁggﬁé?%‘égagﬁ% phlg;r{@ljglgﬁggoﬁi 23A is a photograph show ng
t he shape of a COPA¢carding taothgr embodimertts; tizeribatihepld ouRid B bethomwinclulies sshape of

the | nvent i on tERBERS REeadhe fher AP RO BEE e 505 R Rt g ©

phot ogr apho0shehwiingr hdaeshidid heusing vealltoWardnhevutahegshield wusiiewaldTHeilgatr € 24B
shows the shape COP that has been changed after an RTA process according
to enbodi ment §f_11513f*\9%@_gibﬁwntaf§8m?wefﬁéwm?g%o e IR PrBEPRE 0. Fi gur o
25 is a flow dowshailithdt YopéstolwRvar dha RtouRP hédh sMEIH R6SirRGrad WA tie0

enbodi nents of the present invention. 30 Figure 26 is a conceptual diagram
i |lustrating #negheatshishkhausingdileen a rel ative point defect distribution in

a silicon ingot, a@ﬂ)cﬁﬂﬁﬁ%d\ﬂu@exrs%%éo?diﬁé Qeenﬁﬂéhimeﬁlﬁto?;lﬁfin\fepﬁorj% [eiee

tenperature gradient). Figure I's a schematic view illustrating a
convent i odal &sedbplden fagan the cracibir, o] gsew the molten silicon into the cylindrical

monocrystalline silicon ingot, which grows along and around its central axis in a
cylindrical shape and forms an ingot-molten silicon interface with the molten silicon.
At least one of the lengths of the inner and outer heat shield housing walls of the heat
shield housing, the slope angles of the heat shield housing top and first and second
20  portions, the distance between the ingot and the inner heat shield housing wall, the
distance between the crucible and the outer heat shield housing wall, the distance
between the molten silicon and the inner heat shield housing wall and the location of
the heat shield plate are selected such that the pulled ingot is cooled at a rate of at
least 1.4°K/min based on the temperature of the ingot at the center thereof, from the
25  temperature at the ingot-molten silicon interface to a predetermined temperature of

the ingot.

Brief Description of the Drawings

Figure 1 is a sectional view showing a structure of a conventional Metal Oxide
30  Semiconductor (MOS) transistor formed near the surface of a silicon wafer.
Figure 2 is a diagram illustrating an oxygen precipitate concentration profile
of a conventional wafer.
Figure 3 is a diagram illustrating an oxygen precipitate concentration profile

of another conventional wafer.



11 Figure 28 is a schematic view of another conventional CZ pulley
accordlng to Application Serial Nos. 091989, 591 and 09/ 320, 210. Figure 29
is a schematic viewillustrating CZ pulleys according to enbodi nents of the
present invention. Figure 30 is a diagram showi ng major parts of CZ pulleys
of Figure 29. Figure 31 is a graph show ng variation of oxygen precipitate
concentration at the peaks after the A of Figure 5 with respect to a
variation of the flowrate of Nz and Ar m xture gas. Figure 32 is a graph
showi ng variati on of oxygen precipitate concentration at 10 the peaks after

the RTA of Figure ﬁgd%&&oﬂﬁ%ﬂ%‘i&g&cbrélma&é e%hééﬂﬁatﬂin pré¥8e BF difibnviied0 Of NZ
and Ar m xture gas. Figure 33 is a graph show ng variation of oxygen

preci pi tate cisaerdingtagmendiments ofdhpprgient gvemriont he RTA of Figure 5 with
respect to a vari g3 ifa diflech:Ar dRadidRermii M&h@mﬁ)g aph showt ng

vari ation of oxygen precipitate concentration S after the
RTA of Fi gur eacbordinglto erelsiiroents of the pmsdnainventionf t he annealing time. Figure

h showi. f h
peaks af et Cho RFIS & Byl R R PREDREIOY B BrE oy B "

anneal i ng t enpeifet, ufie.anRTYUpRcES illstrated indfifurs b @daizd \var inatnitdge (NHXygen
preci pitate concentration at 20 peaks after the RTA of Figure 5 wth
respect to va#aSaMBAE ranp-down rate. Figure 37 graphically illustrates a

time-tenperature g endviia ;rowddfekmhéakra g;ﬁamb Rekh &A% € e ddph of
enbodi nents of the present invention. l%gure 8 graphically illust rat es

t enper at ur e d‘é’fféhﬂ@i@é RIA pregeseHlugirated isiKigirs & cpasted paign @n aiger M) gtAneal i ng
of Figure|@7 %Sﬁ’hgll .Ng to enbodinents of 25 the present invention. Figure
39 graphlcally i I'lustrates annealing tine dependence of oxygen

preci pi tation accdiiglirn§ shawvsargsintidateat conegntration psefde mith r¢spece tot thedepth of

wafer, after an RTA process illustrated in Figure § is carried out in a hydrogen (H;)
gas atmosphere,

Figure 9 shows a vacancy concentration profile after an RTA process of

15 Figure 5 with respect to a variation of the mixing ratio of a gas mixture containing N,
gas and Ar gas.

Figure 10 shows an oxygen precipitate concentration profiles obtained through
subsequent heat treatment after an RTA process according to embodiments of the
present invention, with respect to the kinds of gas used during the RTA.

20 Figure 11 is a diagram illustrating dissolution of Crystal Originated
Precipitates (COPs) near the surface of the silicon wafer as the RTA of Figure 5 is
carried out in the Ar atmosphere.

Figure 12 is a photograph showing oxygen precipitate distribution of a wafer
which has undergone a subsequent heat treatment after an RTA process according to

25 embodiments of the invention in the N, gas atmosphere.

Figure 13 is a photograph showing oxygen precipitate distribution of a wafer
which has undergone a subsequent heat treatment after an RTA process according to
embodiments of the invention in the Ar gas atmosphere.

Figure 14 is a photograph showing oxygen precipitate distribution of a wafer

30  which has undergone a subsequent heat treatment after an RTA process according to
embodiments of the invention in the H; gas atmosphere.

Figure 15 is a photograph showing oxygen precipitate distribution of a wafer
which has undergone a subsequent heat treatment after an RTA process according to

embodiments of the invention in the N3 and Ar gas atmosphere.



Figure 40 graphically illustrates dependence of oxygen precipitation on a
rati o of argon-to-ammonia flows during rapid thermal annealing according to

enbodi ments 30 of the present invention. Figure 41 graphically illustrates
dependence of oxygen precipitation on ranp down rate according to
enbodi nents of the present invention. 12 Figure 42 graphically

Il lustrates peak bul k m cro-defect (B\)IQD) density as a function of initial
oxygen concentration according to enbodi nents of the present invention.

Figure 43 graphically illustrates slip length at the bottom surface of a
waf er _versus tenpghalidi€a byt BohHgn PR Gath e ikt ‘68 g
enbodi nents of the%preseln?gl n(\)/éer?]ﬁ oﬁ - oa?é;ﬂ?e Sr ap@ca l'y ?F‘feust rates

slip |ength weiduws undsegene a sehyadiehtchegtiteaimant @)ﬁ@ae@&m migcesacerdingitorent s of
the present. | MERHARor L AHE GG, WARNLAK! i, Keliigbes ol p 1 engih as

function of ranmp accor S of the present
i nvention. Figur e§1g46:Al7asmipkﬂnﬁ&ra;ﬂleshxwmyhetdytptjxgxf;ﬂﬂ]@bnpéd)teagnhaptlrrﬁcobf waf er

g aphi cai Ty 14 VOGP SEE SrgeREe A req P IBACEGMsr! S R e’ -,

densi fi cati omccokdifg fol egbodinfeBA df thednntGSinIBCN] g atmospiedne. of f ield effect
transi stor devices_ that can be fabricated n Si Ip(ﬁcqo fers according to
oy'mq,

enbodi ments of t h&BFRSHE p BhptogeR wipgah negitne siréase af profi | e

of oxygen prefithdvii@chas nn@erméarsuw: &h@é&ﬁu&%@ﬁﬁ&&ﬁm& pr8cegfrbodi ment s - of
the present invention. Figure 49 concept ual IX i I lustrates novenent of slip

in shal | ow t rasesding @cﬂnshori@wnmféwn‘@ég%@ the Apgagatmesphare.ench di sl ocati on
pi nni ng afgeor di ng F'[g(areelrmg)gbﬂﬁgééplp;homﬁ tm&ﬁﬁmeT%ﬁﬂéd&grthe surface of

a wafer which has undergone a subsequent heat treatment after an RTA process
according to embodiments of the invention in the H, gas atmosphere.

Figure 20 is a photograph showing the depth of DZ formed near the surface of
a wafer which has undergone a subsequent heat treatment after an RTA process

15  according to embodiments of the invention in the N3 gas and Ar gas atmosphere.

Figure 21 is a photograph showing the depth of DZ formed near the surface of
a wafer which has undergone a subsequent heat treatment after an RTA process
according to embodiments of the invention in the N, gas and H; gas atmosphere.

Figure 22A is a photograph showing the shape of a COP in an as-grown state

20  and Figure 22B shows the shape of COP that has been changed after an RTA process
according to embodiments of the invention in the N, gas atmosphere.

Figure 23A is a photograph showing the shape of a COP in an as-grown state
and Figure 23B shows the shape of COP that has been changed after an RTA process
according to embodiments of the invention in the N, gas and Ar gas atmosphere.

25 Figure 24A is a photograph showing the shape of a COP in an as-grown state
and Figure 24B shows the shape of COP that has been changed after an RTA process
according to embodiments of the invention in the N, gas and H, gas atmosphere.

Figure 25 is a flow diagram illustrating preparation of wafers according to
embodiments of the present invention.

30 Figure 26 is a conceptual diagram illustrating a relationship between a relative
point defect distribution in a silicon ingot, and the V/G ratio (the pull rate of the
ingot/the temperature gradient).

Figure 27 is a schematic view illustrating a conventional Czochralski (CZ)

puller.



Figure 50 graphically illustrates a cunulative failure rate versus refresh
time for a wafer which does not have an M shaped oxygen precipitate
concentration profile and for wafers which have an M shaped oxygen

preci pitate concentration profile 25 according to enbodi nents of the
present invention. Figure 51 is a cr os1s sectional view of a conventional
rapi d thermal annealing system Figure 152 is a schematic view of a nodified
CZ pul l ey according to enbodi nents of the present invention. 30 Figure 53
illustrates details of nodified parts of the CZ pulley of Figure 52.

Det ai | ed Descri pt iKguro?28 Baetkmatid viembefdnetbert conViéntiomal €dauutler asv@ding on now

w il be descr d_npor ft reference to the acconpanyi ng
dr awi ngs, W'cﬁt'°&£f18W%%ogn%&%ﬂﬁaﬁlﬁ'?)g/%?E[bn 13 invention are shown.
This i nventl on rramgtho%marsphdnmnervimd:illesiranng CAmpyllels béerdipttof or ms and shoul d
not be construed as |i to the .enbodi nents set forth herein; rather,

t hese embodi n@ﬂ"t’oéi"%‘?”ésoglrtmrﬁséat’%e“flﬂ%t this disclosure will be thorough and
conpl ete, and wi | IFjfus ByisGQiapesn sksving ARRr Pirtsldfi € Zi giVIeRbF PRule@ot hose skil | ed
inthe art. 5 In the drawings, the thickness of |ayers and regions are
exaggerated for cligurey! isja) geaphrilipwwE Yaraiog of pEyEeR Riscipiteneoncentiipnaighout . | t
w Il be under Vi

substrate is &E %ﬁégg?%yggﬂggfa ﬁ}e%m gﬁ%ﬁnggsvaﬁaét@no‘?%elf{oﬁgﬂgﬁ%ge 2directl y
on the ot her mde%’enm(tlmgasm ervem ng eI enents may al so be present. In
contrast, when an o'l n'. ot her 10
el enent, there ar eﬁ %%ﬁsaéﬁﬁhg&@ggﬁaﬁeﬁ g%grgé Preg}‘f/{;fﬁg%%/%?&aggtg%

enbodi nent0 dethe pedke dftarnie RTA o€ Figatec’dwitterespent tonoiatigten dof tle ntiging rstivesft ar y
conductivity ﬁy&edj g‘érrent as well. Figure 4 schematically shows an
oxygen precipit $8%°ati on profile of a silicon wafer according to
enbodi ments of theFigires®Rta graphashbwing vaﬁhidiﬁ@fbi}@eﬁ pieSipitate cqticeMtiation &0 t he
oxygen precipitate concentrati ﬁgwug ofiles of the silicaon wafers

manuf act ur ed B Peaks 2RSS oW BRSS! o RYREROR oL thepRTUP Fiti gur es 2

and 3, there exi stripouslRc owiAg Vhridtidn df DXy bREItAE Eorideifallod #&Nge from
both the top and bottom surfaces of the wafer, and the oxygen precipitate

concent r ai$ onthe aeaks afies ks RTH ehRiguseS WitkrepRsGHaarpraationof thespnelinpting: and a
bul k region. Al so,fijfe 5HR dthgh s%QWrng%moh%wg@@n bleipRRt BdRedtanbsat 2 | arge

anount of oxygen précipitates are present
the peaks after the RTA of Figure 5 with respect to a variation of the annealing
temperature.
Figure 36 is a graph showing variation of oxygen precipitate concentration at
20  peaks after the RTA of Figure 5 with respect to variation of ramp-down rate.
Figure 37 graphically illustrates a time-temperature profile for rapid thermal
annealing according to embodiments of the present invention.
Figure 38 graphically illustrates temperature dependence of oxygen
precipitation for rapid thermal annealing of Figure 37 according to embodiments of
25  the present invention.
Figure 39 graphically illustrates annealing time dependence of oxygen
precipitation according to embodiments of the present invention.
Figure 40 graphically illustrates dependence of oxygen precipitation on a ratio
of argon-to-ammonia flows during rapid thermal annealing according to embodiments
30  ofthe present invention.
Figure 41 graphically illustrates dependence of oxygen precipitation on ramp-

down rate according to embodiments of the present invention.



whi ch are enough to produce a gettering effect on nmetal contam nants. Mre
pafticularly, with a conventional oxygen precipitate profile, netal

contam nants gettered by a single peak positioned in the central area of
the wafer may be released with subsequent thermal treatnent processes. In
contrast to the 25 conventional profil ? enbodi nents of the invention which
i ncl ude doubl e peaks in the oxygen pr ipitate concentration profile, netal
contam nants rmay be released in the direction of both the surfaces and the
bul k region of the wafer, so that the anmpbunt of netal contam nants rel eased

to the surfaces cmgulsbmzrge@bm&dy ilfds@ateLpedk bslk MitroRfeh@VMDS Qdnsigy Kapi d
Thermal Annealing (RTA) process 30 according to enbodfgr?qents of the present

i nvention. A Regieaetingil ?‘yéﬁFqnéH}t@“WCf’@F%&EémhﬁfvmﬁétsGg@lPrels?ﬂtt he RTA
process, firshvatsi!icon wafer according to the present invention is | oaded
into the RTA furnace, the tenperature of which is set at, for exanple,

about 700C, for aFiguerrthgraphicaily diusirytes stipdength a ¢het hottpmrsatfagefiavaftte RTA

Lemparature g EoBRLEERF el Mol AR Rodng B S IR T ES ned”

at 120C for aprpeestdmteation.ned period of time, for exarrpl e, about 10 seconds

(rrr), and the te ragure i e is rply decreased at a
Fate of anout - 33CHRRS A TRGHE \ishe) L PRI drn Srdmope ot v)
Finally, the awéﬁrngt@embﬂdﬁﬁdﬁbﬁtmmgemn&nmﬁ furnace (V). By enbodinents
of the RTA process_ illustr ure the distrihuti on of the oxygen
preci pi tate nucl edi8uWst %@ﬁﬁq‘é‘?“gy(&@ﬁ"ﬁ %‘Bﬁ‘f"rg{h sgfunclion of smpsdaym refey st a

Ori gi nat egy Prﬁ%rggngegéaﬁoogggﬂss)ofmrgganﬁf,@nﬂ(,@sent near the surface of the
waf er, can be dissolved, as will bhe described |ater with reference to

Figure | |. The priseesddAqnd 468 arcafaydopogiphy ghotegraphsof syafeg boftaney y
ilTustrative. ,d % g{e goglm&tgg%@ﬁgﬁﬁghmtlg,p enbodi ments of the present
i nvention, the nbi ent gases, flow rates of anbient gases, m xing

ratio of anbient é’mﬂ srammcauw ugtrates %mmalaltwgcltvéﬁ‘?pémﬁmneﬁhanneal ing time
and/ or ranp- dg)\p@ %toﬁ .e., cooling rate) all may contribute to attaining
a profile accor |ng o Figure 4, as will be described below. The RTA is
carried olf at at HlWSAaiscawtosi-ﬁﬁﬂﬁhai wiewatf flellesfectamsistor-deviesthdscanFor 15

exanpl e, the erformed. .at 1150C fo at. | 30 seconds, or at 1250C
for at |east ?@6“%68%% Jrafezy gccor 1o \%QPO&WFI% th BB diy at a rate
of at |east 30C settguremsghgaphmﬂlynmwmm aprofile@f axms prdeipithatepincivwalersofa

vacancy i njec |on fectd Bfg} gurftacF hof thlg. ter and a gas which
provi des an i ‘?‘érf P EFOQrIIRg o eeradrisria ot PSRTSFF LEFM™ used as a gas for the
RTA according to W%&@tﬁlyﬁlhﬁtrﬂéﬁﬁﬁ&neﬂﬂoﬂshy&ﬂihabdiw trkriithSsyidion

embodi man&& ' (ri]eivEcI;:s? %nrcsg.lﬁ\lzof trgnc?l Jls?ocgﬁgndplr?nsmgt Qc%ox%ﬁasg tg/grln Qdurr]xer?ts op t%e
present invention.

Figure 50 graphically illustrates a cumulative failure rate versus refresh time
for a wafer which does not have an M-shaped oxygen precipitate concentration profile
and for wafers which have an M-shaped oxygen precipitate concentration profile

25  according to embodiments of the present invention.

Figure 51 is a cross-sectional view of a conventional rapid thermal annealing
system.

Figure 52 is a schematic view of a modified CZ puller according to
embodiments of the present invention.

30 Figure 53 illustrates details of modified parts of the CZ puller of Figure 52.

Detailed Description of Preferred Embodiments

The present invention now will be described more fully hereinafter with

reference to the accompanying drawings, in which preferred embodiments of the



vacancy injection ef~" ect, and argon (Ar) and/or hydrogen (HZ) gas is used
as"the gas which has the interstitial silicon injection effect. Figures 6

through 8 illustrate the point defect concentration profiles of vacancy
defects and interstitial silicon defects with respect to the depth of the
wafer, 25 after the RTAillustrated in,Figure 5 is carried out in N2, Ar

and HZ at nospheres) respectively. In I1—'|'39ures 6 through 8, the plot (a)
represents the vacancy point defect concentration profile after RTAin an
inert gas atnosphere, and plots (b) and (c) represent the vacancy and
interstitialinPQiioh ad8h&WH. TR GREAIAGNhGIEEE, b8 SmbsBSPRGldny Alffteril ter the
RTA in the correspondi ng 'ags at nosphere. 30 As shown in the enbodi nents of
Figures 6 t hicgngndghoulhgonhecanuipedas initelip dia erebodirantsrsat fooh berebvex curve

i ndi cat ed byra(h@),}he?l; Lfbodiént ptdVidedSo tHAEfhis &%&s&fe%ﬂ ﬁlrogoupﬁ%d ow at the
top and bottom surtaces of the wafer, and was high in the bu regi on of

t he wafer. Wnempldthand withBilliconvey dife scope FThe thventiae to theserskiledinthé er eased to
t he tenpegatyr t o) j i i t.nypspher e,
15t he et 1 Higs Sl B MpdSbe Bect hilefo b eldiferbBERE AR, TRTP Get et o
i n the waf er pumbeesrefes eslike Slaneatstthroughoit. | Ik tvill bd undasod tmswhen dnow i n t he bul k
region of the wafer) the vacancy concent.ration.renains. | ower than the

equi li brium ‘(SIS‘HE‘Eﬁ‘B%‘é‘Pia Wef'ﬁegt‘?{gorﬁﬂ?%a eé@fcg .egﬁ%we%‘}g, OO enent of
vacanci es i SelasritMEcanaRIdirk&ty dnthé aBer elmdnb6r Rh@hing 2lesents by alsh Be
concentration of vacancies near the surfac& of the wafer reaches the

equi | i brium E’G??éérk‘rcaﬁtfaéh,“’hflab‘i elppent gyrefers &ﬁé’!"‘“ﬁaﬁﬂ?al&@tﬁ@theé_nper ature
of the RIA fLUERakan&EateRloYnteRehiRgSRRents PRs&AUMokddVE MR eRBEdMERAL | ON of the
interstitial silicon is lowered, for exanple by Frenkel reconbination

bet ween vacafksyribeddnd tustrated herein ingludpcigrcomplamentanecondueqtity ¥PEn t he vacancy
concentratio L jce the nobility of the 10 interstitials present in
t he bul k regﬁg%ﬁéﬁa}tﬁgw\e\%fer is low, like the vacancies therein, the
interstitial concBgiredtschematicallylshovsdnoxyeen precipitatadansentratidnegrofila@fiat he

equi librium cpncentrati on. ver i itial c {rat.ion near the
surface of tﬁlglc%‘?ag?r & %oé%lﬁég)o %Qﬁbé)%é%eﬁlw(ﬁﬁfﬁﬁ%re(ﬁ:{)lﬁ%@ﬁ ?'a?‘lg}gﬁ%rmﬁg%%oes t he
vacancy ¢8onceimfitead iteroxpgmarprédigtaeinohaagatiadn grofilesweffthe silicoh walies t he wafer is

hel d at the hi te rature for eriod qgf ti up .ta. the point (b) of
Figure 5, di W@g?%‘ﬁg%@éﬁ’%og‘ﬁ%%aﬁtﬁ&mbﬂeﬁ @ﬁ%ﬂgﬁ’ﬁdﬂglﬁuﬁf &Pg{l ?’ti al' s reach
the equi | i br theregBNDENIdEAZbRS SDZAi £ pretiéterminddadepthTagafiot botie theltgrd down to
the tenperature of the poi (c) of Fiqure 5 the interstitial point
ofecta. whi £ hogom swipdss pEibe beter nd oS beemits<anifye PagoRaton B Equi | i bri um
concentrat i OBouble fehies 4t EdWWoaAtaZEs BebWRAleatLIDE and©BEIX @dgiont Pso/ aLtBeBYIkPOi Nt
defects) which have a small diffusion coeffi Ei ent, becone supersaturated in

the waferY | FFEjoRDLetwest the dopble Pepksyadares Amey oF SX¥eth BICFIBIRISRIS BIEXAL| es i s

high in the Qaick afeREb&Ph 9brddli& #\BktBring diROENMEhetalREAMTRNEshe nobi ity of the
vacancies is high near the surface of the wafer) the concentration of

vacancy point defMeresartieiagy.avigh 3consentiordl oxygrapresipitaicimsefle,mesal .
concent rat i 0Borfdmihdlfs SHHBRABY alsHBRGPeM pshionddinthe difal\tRaIPME B GRAL F at i on
profile after the RTA'in thée inert atnosphere can have the convex shape as
shown i n Fi gbt wlsagdt¥ithaybieqeent thernnl traatmentrprepses-Hnggpisastto they t he case where
the RTA Fi i 2all rduftfo i iNenbés whic Ehsubld\i ich

per meat eggi nth%Htg le()ﬁ?)ltﬂ%?(m?’egl oﬁﬁgpis%ﬂ?ﬁ{é\%ﬁa er cmpﬁes v?nj%fa%ggé%y
silicon to prxecpresipiite eoncentraidn sﬁoﬁlepmqtahtqmardear(lﬂn&r\bﬂ)ﬂea%cé inthat the
vacancy concani il b Al e AFachiild FAAIRReloh o MSIAL: so\EAMM Sy 41 vacancy
concentration T NCreases near e surtace~of the wafér due to the vacancy

i nj ection ef tretat cdayantihantdNZlegsed to the saxfacesesntbe rédueedvacancy concentrati on

profile in the N _. 16 _at nposphere, has t. 0 ite.shg | ot i ndicated by
"b") to that of tHEGAFL? gﬁﬁﬁf&{ @ﬁaelﬁefbﬁ%%?ﬁsmaha% @glefp)ﬁi’g?cé?s I n addition,
when t Ee 3T Aa@bﬂﬁ%&& e@iaoﬁh@m of 15(; b&sdg@ gfveﬂtiﬁhd A dftgnid‘il?ci&llly ﬁ;radatﬂi: R3EA

at nospheres as shown in Figure an . respectiv , _the vacancy

concent r at i offase PREF H3pd ﬁ?g‘ﬁéﬂc‘%ﬂm‘feﬁ% f\ﬁ%{?éﬁlcaﬁé’a{%bxﬁcﬂ’g‘qgﬁ? g}"‘st itial

si licon inj eplekdinédiRAlis IohdbdRmb e A fumte NEE tetpeREEOSH WiaH i9Bet@f, vVacancy
silicon and interstitial silicon rapidly occurs near e surface_of the

th

waf er due t ofarigxammple, @pauti7P9°%), fospistapdhy nepip@ €y Sheneths drcppepture HehgRIAs used,
the vacancy GoRLenthallyIRcrEAR, BS ARhAE 2l Bedle 8f atBuCIOPEALAD 2 EMpepiliE at | on,
which is the equilibriumconcentration at a particular tenperature. 10 In
enbodi nents of the invention, the RTA of Figure 5 is perforned in a gas

m xture atnosphere, for exanple, NZ and Ar gases or NZ and HZ gases, and

t hus the vacancy concentration profiles in the gas m xture atnospheres can
be obtai ned by conbining those of Figures 6 and 7, and those of Figures 6

A I - o o o Y "




bottom surfaces of the silicon wafer. Also, it can be noted that the
vacancy concentration fromthe top and bottom surfaces to the first and
second peaks is |ower than the equilibriumconcentration at a particular
tenperature. Also, in the bulk region between the first and second peaks,
t he vacancy concentration profiles ha¥§ a 20 concave shape. The vacancy
concentration profile of Figure 9 can'De obtai ned according to enbodi nents
of the invention, because the RTA process of Figure 5 is perforned in the
gas m xture atnosphere containing the gases providing the vacancy and
interstitial oFhiduf PI50bA{18C trha) 1Rl EBpdrRture (O RMAIRE at VS0 IfoRal 09ari thmc
scal e, the vacancy silicon 25 concentration profile obtained fromthe
vacancy sil i qoteienpiaet pepiad ef imetfos ¢xample, Appupsseeands Phandthet o t he

T Feon | e i AR EAPRIA {ALLOR HIAL Lk ERBPh A AE S WA LRRI T o1 L1 !
silicon injection e fect in Aror s at nosphere, e vacanC)P Silicon
concent r at i onhgtempérhtereiof tHeestandisyt pariod {¥an Firaby,itiet wafet is tinladded ifdoinathen

concentratio file,..n the.reqion f.ro e top..and bpttom surfaces of the
wafer to & p&eﬁ%ﬁ@?“ﬁ? We)d B&eﬁ&q‘?ggﬁgﬁ(gwﬁi‘? prtoﬁeesg\l)glétéﬁ‘&‘g'“ﬁﬂ"f%gﬁhe
concent r at i onfigeititioh 6f theexyFes petipRae hudldation tditers Ciindle Sbitidllad, afd VéigHn

concentration profile fromthe predetermned depth toward the bul k region.
Thus, in the WERGFHEENBIgAEd R@a'rpﬂftﬁ%&%g»m %Prgwgreﬁaf@eé%rfaef otthe waf ers,

the vacancy sjdfiCQR b6 ARSI AlwifibeidesciBéd Mot WA refree tPELGW 1@, Criti cal
value, i.e., less than or equal to the equilibriumconcentration value at a

particul ar tenper dheprecesgiye temperaturg rapgeoffigyie f isonerglytibusirafive; Hlopevari t i al
siliconesyy B : Sl | ration
Sro BYRAA Jc&ﬁ%xﬂgmiﬁfé)dﬁﬂé& oéﬁr%f‘pgrﬁsggﬁ?ﬁ%uéﬁ, 'tﬂeq{?ﬁhsgﬁa}gﬁiﬁ&t

sharply increases to be”equal to and | € an the equi rrum
concent r at i orgases) flpov rah efiambient gasesminingfratioef ambiear gastseramptipaatdi f f er ence

bet ween the v | ot -1 J [ trati v reaches a
oot mm v uc ieAge 1Rl Ehtidd fie Sldror S EANFRILA & LBlod BT | °PC
becones st eepniy dohtibute eatiaitisgg sprofileakcading afigueAcasviill &é desoribeddalosy. (i r st

and second pegk are f.orned he, vac oSellcon concentration decreases
beyond t he pggfjg%’\ﬁé?r&e A a[)?};[‘f?s?aé’al‘t(a)ﬂ%g)tlof ?‘fi?asraa%(%tr?csﬁ?))éﬁ?/ ncy
conce gt r ags Orbx&iﬁﬂfz,i thﬁ%’i‘ﬁ i@ﬁ&ﬁhﬂ&?ﬁtb@i%ﬂ@d& at keast30 rsedﬁn@ndr £ 2500 fcpaakz. f
According to other enbodiments of the invention, the vacanc i nt defects
of 10 the waflédt %@ﬂ@rsﬁ"t%d%%%‘éﬁhep‘f'@%‘ﬁf? \i §P‘8{;’§t?ﬁ’é"r gfﬁ%@%@‘g%yd es in
subsequent sem condus hipkudR¥htaRinFaNHAS MicH peovidela O4daRdy iWRELR efftdi®o Vacancy
poi nt defects becone nucleation centers for ox%gent_t}%re(;i pi.tates formed by
T4

t he subsequeribe tWiaseR{[the;yaiereand a8as vbich projadesag bsiljcon dnjegfion

concentrat i onsffeth uE@dQQQVga&Bﬁmem&c&ﬁﬂ@it@kﬁ\%&p&ﬁ@mﬁ@dﬁr@&hpn- Thus, the
oxygen precipitate concentration profile can be inferred 15 fromthe

vacancy chcdRtantien. dpsemesmbadiments, pitroger @) sapivused asthe gasvdvichdies st i on and

t he oxygen prgeise i th&rob&y 429 L hip: Si
(silicon subs‘?r%?iégn?éfﬁ?(rgaﬁ-%e%ﬁ%rgmgﬂg%z9( gg@g(?r%y\é pr gc‘{sﬁ ztﬁa?tlé; + Sip
(interstititavhighas thennterstitial Fihicen injectian effeal. expr essi on says that as the

(O ot case, t ho RESETRIS Al P o R eicP bl s BeF O on
preci pitate cwaeanendefedts and intenstitisd sidison defectswithalgspeet to thealeptb ofithemwaferessi on, Q
25  after the RTA illustrated in Figure S is carried out in Ny, Ar and H; atmospheres,
respectively. In Figures 6 through 8, the plot (a) represents the vacancy point defect
concentration profile after RTA in an inert gas atmosphere, and plots (b) and (c)
represent the vacancy and interstitial point defect concentration profiles, respectively,
after the RTA in the corresponding gas atmosphere.
30 As shown in the embodiments of Figures 6 through 8, the vacancy point defect
concentration (convex curve indicated by (a)) after the RTA in the inert gas
atmosphere was low at the top and bottom surfaces of the wafer, and was high in the

bulk region of the wafer. When the temperature of the RTA furnace is rapidly

increased to the temperature at the point (a) of Figure 5 in the inert gas atmosphere,



25 is a constant. In enbodi nents of the invention, the oxygen precipitate
concentration profile was obtained after subsequent heat treatnment on the
waf er whi ch had undergone the RTA process of Figure 5. The conditions for

t he, subsequent heat treatnment were determ ned taking into account the
conditions of the thermal process cycl in 30 sem conductor device

manuf acture, during which oxygen precipftates are fornmed. For conparison
bet ween wafers, after the RTA process of Figure 5, the subsequent processes
were carried out at about 800C for about 4 hours and at about 1600C for
about 16 hourg. L&D N, _— javestigate
the effect oftﬁ% h@llgoglgmﬁox%ﬁ}rgﬁdﬁ%&%ﬁaﬁﬁév hi)c? ggg?\% plowgg{eggkthgw%@%w rate
and mi xi ng r ahireased. Sidve tiggasolrilitytofivacapeiesds thyy inrthe bl rdgioA gftteoeds, thé Fi gure ~
were varied. Fiqure 9 shows the C on tration profi.l fter the RTA
of Figure 5 wienty supaRptpE i PEAUn SPRERER Rl in TPt gas 5
m Xt ure cont adegiongHMNLev@A SheaticveAtengefs/acdntigtiisactdd resr the guraphohowafeg t he
variation jn oxgﬂen pr eci %i tagt concent rlsti Ogi at ,Lhe Peaks wi.th respect to
a variatioh of° PHdherpifniration of yacapqirped; e siriacg akthe patepregeheaths, (a)
represents thguidaeReYneRnaRal fagidly0 OmhObthbchawles tHeempdrathd@f R of NZ
and Ar is 70:30, .(b) represents when the mxing ratio of NZ and Ar is 10
50: 50, and (climaspshapbiinereasrs the qquilibrivm senceniration of thepmtarstitiahpsilian ig0: 70. |1t
shoul d be nOt fodefelt 3br Aimba Sy WerkONHE R BetvBE SRS and ferRBaks SN T
toward surfaces of tha fe?{, and the vacancy concentfation of the peaks

i ncreases. Thsilicangwith the ingespsenio thef vardnsy Boteentyation.eAtshesimpeiipemohilite of thiet at es
due to the,su f I s wth the
ner case T MG RIRE bisBnb iiaE G et M Iows IR M XecdROETRRER ' o' on
of Figure 31 the irtdratitinbevneenwatiomina alsbudldregibh eemadnsfhigheh gran tHeenuitibriuns eat nent  at

about 800C for about 4 hours and then at about 160QC faqr about 16 hours in
an NZ at nosph%(}ngerg'f’?@r PFQPE‘@V %ebqterﬁti“&lb?%]c Q%ﬁgn E%ﬁg]eé?f"g FOEg’FéV,a}ef he RTA was
performed by fehéhas (g edNiittnpamcdntestion, @s ddes thervacqneyl poricadtaation naabtet 50C sec,
an anneal i ng tegper ture of about 1250C, an annealing tine 20 of about 10
seconds and a’ FF‘p"f frat e of about 33C/sec. The flow rates of the Ar/NZ
gases in fhe Ar/ NAvRdnthéHySfeMBheld\aBihk Bfhtémpteatdre £dr a pétidd ofime ufftb4heand 5/ 5
liters/mn. The result of Figure 31 shows that the oxygen precipitate
concent r at i onP9iRdPH Figurand, dHTusion oceres wigh that bpth Vasangies and dfterstifialsigachyr e gas.
The oxygen prggiqlifiRhuf CRBGERiSRL IA@cﬁna.i. whleB WirEpidlg cBdled MvPBAes Was neasur ed

25 after the RTA'was performed in the sanme condifions as for the data of

Fi gure 31 excleppemtigofthepoint (RRf Gigyeess, the intprstitph oint dafente Wish bavsdppl i ed at a
flow rate of Q"%gl’difﬁlsi%éxl:oéﬁ_cigr{t,zpea - e, equilibfidm|cbAh#4Tn: ik bdaudedr | OUs m xi ng
ratios. After the RTA of Figure 5, a further thermal treatnent was

per f or ned2&t Boweatey Hpweyer the ypeanesheointalefests onack bave pemplb difission a Nz
atmospher e TOR e blophle shibdihitard?iniRONSte!, R parblould, 3R fpBSLANT maSS T ow
of the gas m xture at A TRT mn, the oxygen precipitare concentration

i ncreases Wwi t supeisguiatiar efayseancips isthéghrimthedubkfregion ofthe wefegadowévet,ure. The
processing copditigns of.the RTA_ [.NC i e. A Xi ratd o,and flow rate
o “gae. mxt ur Eccaish By 8Pl andi i Hah Bk Sk e B WAL | 12 (e
ranpdown r at ecanoehtiatien dfivkeancy pointhlefec@immeldiatelyweachessndveagailibrivim vary t he
posi tions gf Qeakrls&[ {'it ¢ 19, t he,vacancy concentration profile, the vacancy
concent r af? on“REFYYAUCH at g dropped lemperatline; - cancy concentration val ue at the
bul k region, the sjhus thf vadgicy dextedtaition pradiledfiet the RT A thdinguatmosheghows t he
vari ation of oxygen precipitate concentration at, the peaks 5 after the RTA
of Figure 5 m“ﬁ‘%v%‘ég&@tvefﬁ‘aae ?Fa"?‘f"é(?f 8y Fs ‘?Wé(’"\gghp-up rate. For

conpari son, the otAigs aPsHRGASS Fipbre® thé tROVhaE R BT ROAFMEES ikept constant,
i.e., the m xi n? ratio of NZ and Arnlﬁases was set tQ 50:50, the annealing

t enper at ur e wAdTos@ed ingn Mo garatmpspbers egps Whishmerreales dntg ghe bulk regionselc onds and
the ranmp- §@Wnie dafer Wasbin&lwilOvacancy silicon to produce smaller-sized silicon nitride

(Si3Ny), so that the vacancy concentration in the bulk region is lowered. Meanwhile,

(o

the vacancy concentration increases near the surface of the wafer due to the vacancy

injection effect by the N, gas. As a result, the vacancy concentration profile in the Na



33C/ sec. A subsequent thermal treatnent was carried out for all of the
waf'ers at 10 800C for 4 hours and then at 1600C for 16 hours in a NZ

at nrosphere, which was the sane as in the previous neasurenents. The rESUlt
is shown in Table | . TABLE 1 Ranp-up rate (C/ sec)Oxygen precipitate
concentration at peaks (ea/cnB)102.0 x 10'"302.5 x 10'"502.1 x 10'"702.0 x
10,'"902.0 x 10" 15 Figure 33 and Tabl'® | indicate that the oxygen

preci pitate concentration at the peaks are not influenced greatly by the
ranmp-up rate. Figure 34 shows the variation of oxygen precipitate

concentr at i ORdspliefinal BRkppadite 8hapeifloRhdicatd 6y W5 & Ratk the wagspect to a
variation of the annealing tinme. For an accurate conparison, the other

processi ng cdriciebindheoned HEoRsrier e kept constant, 20 i.e., the mixing
ratio of NZ and A, Q8865 WIRR tt?e%TA‘Bro%Qés%@FigPE&%li%?%?%dﬁdlix?t%@ﬁ\“@r?d get to

50C sec, the annealing tenperature was set _ and t he ranp-down
rate was set gamat®8phgecas showubsEguent andh&respectivelyathereataneyaeneatratiend out  For

all of the wafers 800C f.or r n en 600C f | 6 hours in a
N~ at mospher & fo} rle‘ilh“%ggo%t A ‘ggfﬁg&gstg}h% “ﬂﬁrté 'garl 5@%%’%‘3”%%‘333{68 hts. The
result i s sheanicilar, Siadelaeéhmb2atibABE £ac2ney sAoAnmeintersigiallsilieOapiiy

precipitate concentration at_.peak ea/cm=) 1. 0 . 055.0 x 10y- 102.0 x

0~ 300, Bt o'ooeupee e Jtaet ot B Maes Aol sicar ischon skt 2B oxygen
precipitate Gaas el th vREndH cohdtatrittdakean bé mialhkdintdne g eritidl ddneendaigal i ng ti e,
and the anneal ing shoul d be continued for at |east 5 seconds or nore for

ol
the oxygen prigushds theequilibspapeancentialion 3 PIFtURs lempestiens or nore at the

peaks. Figure 35 ghowsdidias\oritledhiedfon theRVABRFRIRS iPbdrRkhelinGQAcent rati on
at the peaks after the RIA of Figure 5 with respect to a variation of the

anneal i ng t enpistuggaimespharerforexamale Notnd Atgasestdidn apd Heeasss, argl thertdie t i ons  of
et 1o 50 50, phy PRSI prba i b B REn G EreR Lot PRty DT e
was set to 1Gombinmgdmse effftigurbet amhi andihase eftfeguress @dis. tAs sBRGI mdiguré\
subsequent t rb?fhg%gca}mgy%%})&%ﬂsti&apﬁofﬁgg 5f' Lﬁéngfé}s fglgfcat%& %n t% ggsr}x%xture
15  atmospheres show first and second peaks at a predetermined depth from the top and
bottom surfaces of the silicon wafer. Also, it can be noted that the vacancy
concentration from the top and bottom surfaces to the first and second peaks is lower
than the equilibrium concentration at a particular temperature. Also, in the bulk
region between the first and second peaks, the vacancy concentration profiles have a
20  concave shape.

The vacancy concentration profile of Figure 9 can be obtained according to
embodiments of the invention, because the RTA process of Figure 5 is performed in
the gas mixture atmosphere containing the gases providing the vacancy and interstitial
silicon injection effects. Comparing, using a logarithmic scale, the vacancy silicon

25  concentration profile obtained from the vacancy silicon injection effect in the N> gas
atmosphere, to the interstitial silicon concentration profiles obtained from the
interstitial silicon injection effect in Ar or H; gas atmosphere, the vacancy silicon
concentration profile is less steep than the interstitial silicon concentration profile in
the region from the top and bottom surfaces of the wafer to a predetermined depth.

30  However, the vacancy silicon concentration profile becomes steeper than the
interstitial silicon concentration profile from the predetermined depth toward the bulk
region. Thus, in the denuded zone near the top and bottom surfaces of the wafers, the
vacancy silicon concentration is maintained at or below a critical value, i.e., less than

or equal to the equilibrium concentration value at a particular temperature, by the



wafers at 800C for 4 hours and then at 1600C for 16 hours in a N2

at rosphere, which was the sane as in the previous neasurenents. The result
is shown in Table 3 15 TABLE 3 Anneal i ng Tenper at ureOxygen precipitate
concentration at peaks (ea/cn8)12.S02.0 x 10'"12005.0 x 1011501.0 x

1011 007.0 x 10'10007.0 x 10 ° Figure 35 and 'Table 3 indicate that the
oxygen precipitate concentration at t A peaks is influenced by the
anneal i ng tenperature) and the annealing tenperature should be high (at at
| east about 1250C or nore) for the oxygen precipitate 21 concentration of

at |east |09;&QRbMatdDNRh Ak itBStiRe SHiSoncd NBeRRRGR! deRtlcl SOME IR VAR AN ti M
are closely associated with the oxygen lE)rem pitate concentration.

Consi dering tstieor eonaéntratién shagly mc@ases tq baegalie andbhigher theatthefegpiligriver t ai n
C.Oncent rati Oraoﬁ)cfent?aff%ggglu .r ?ﬁénpgtta\?égfgth otf% melr emfg?engéa‘getggenrtﬁéjuced at a
hi gher anneal’ T ng tenperature, reas the annealing tine can be

| engt hened atvaantyaudrintarstigéallsilicgn t@wperatibu vgudsoeachescemxamnmoeivedret,r at i on. -

Fi gure 36 _sho t he variation of oxygen precipitate copceptration at the
peaks aftr SHEHIASHCE isPE concgiaop BuBCrecl e art ah e mir ik

ranp- down r atsgicok@nc&@aRG, ips4a (filshghdakddd ppal@ras $irihgd.COMNatarpSiliodn t he RTA
were kept constant, i.e., the 10 m xing ratigﬁg)f N2 and Ar gases was set to
50: 50, the r&AReDiRtiondecreases keypng the perks dveard the ulkipgioniso lat 2FRIEF%t ur e was

set to 1250C\affict AficaiiaBed pradiielib BBtaiiebbeimbenttRe At HRAGERME pedksSUbsequent
thermal treatnent” was carried out for all of the wafers aF 800C for 4 hours

and then at 1600CAfrenrding theshersmibedisnerts of thedaysrtiens theiacanky print defrsts9dne as in

Ramp: dour ey st (RLEESiR Sy dapriils valnaaah ot s sl A1 4
(eal/ cnB) 108. Gemicoh@OP dévice m@iufE0re. 2inyothied worly 3the vacanqy podg defgcty bacome
nucleation centers for oxygen precipitates formed by the subsequent thermal process
cycles. The higher the vacancy concentration, the higher the oxygen precipitate
concentration. Thus, the oxygen precipitate concentration profile can be inferred
15  from the vacancy concentration profile of the wafer.

The vacancy concentration and the oxygen precipitate concentration have the

following relationship:

Si (silicon substrate) + xO; + yVs,

20 « Si0O; (oxygen precipitate) + Sij (interstitital silicon) + o

This relational expression says that as the vacancy silicon concentration (Vs;) and the
initial oxygen concentration (O;) increase, the reaction proceeds to the right, so that
the oxygen precipitate concentration increases. In the above relational expression, o
25 isaconstant.
In embodiments of the invention, the oxygen precipitate concentration profile
was obtained after subsequent heat treatment on the wafer which had undergone the
RTA process of Figure 5. The conditions for the subsequent heat treatment were
determined taking into account the conditions of the thermal process cycles in
30 semiconductor device manufacture, during which oxygen precipitates are formed. For
comparison between wafers, after the RTA process of Figure 5. the subsequent
processes were carried out at about 800°C for about 4 hours and at about 1600°C for

about 16 hours in an N, gas atmosphere.



Figure 36 and Table 4 indicate that the oxygen precipitate concentration at
the peaks is not influenced greatly by the ranp-down rate. However, the
oxygen 20 precipitate concentration slightly increases with the increase in
ranp-up rate. Figure 10 shows the oxygen precipitate concentration profiles
obt ai ned through the subsequent heat treatnment after the RTA process
according to enbodi nents of the preseﬂ I nvention, wth respect to the

ki nds of gas used during the RTA. In Figure 10, (a) represents the oxygen
precipitate concentration profile of a 25 wafer fabricated in a Nz gas

at nosphere) (b) repre { - r o] I n.a N~ gas and Ar
gas at nosphere, (c SOF%S’?%Z(‘%%{HS%SP%%% &3 aﬁ%@géﬁ@pﬁgﬁegl t|hﬁ péeg‘i'\ﬁ gas and
22 Hz gas at imeptiar, e floydite ampmedentago bfthe gafmiatuwadsed diriartheRTAd in an Ar

gas at nosphere angﬁéﬁ represen .theag of ahéwaf er fabricated in a H- gas
at nosphere. EXES eSO CTE VRECRTASUR 4 SO R BSTGY SRCeHEbOen PRfs nent wer e
carried out Qfethté RTASERUAS Swith dpect (ver AR NOT GEaRiIXingGatiuTdhd ggns. That
is, the RTAwas 5 _ perforned at 1250C for_ 10 seconds, and the subsequent
heat treatsneﬁ‘?‘xvééer‘@“gé‘r"?&)‘?l?@ﬁ apgh e 8as- FiBuEratlds p BRARh shaijeg thepargdioeis or 4

hours and at hGLAGrdHitadt@oRQHirStiond he B With répEet 319 Wiiatibn JBRL Bow- TABLE 5
Gas usedpeak oxygenC)(ygenDept hs of

DZsCOPpr eci pirttapepr/Ne mpitergas. pnm) di ssol ut i onconcentrati onconcentrati onabilit
y(cm 3)in bulk regi ' ! ' ' .

10" 60H ghNZ3 x 103‘?}‘?&'&@1@? gerslé'zt%@f 2?:%?%@%%?@ Hig"g‘r’ g’hkg‘p‘_’[‘g“ﬁ’g“%

10" 10Medi unNZatio ¢, and ADis'Z:30, () 'rdisédensh whén the ppinieg biio SN pandi Args am

il lustrating dissol.uti on of the S _near,. t surface h i Licon wafer
15 the RT of OER gt Oustitestous Hen Fm R okl RaBRL AR 3070, LMo berer al ¢ he
COPS whi ch armptel akateskhe N co@ehthudion geasegy thevpdakdshift toavatdsutfeei B hge have a

br oken oct ahedral vojd shape, and a silicon oxide |layer 22 js fo d on the
15 inner si deVasn 2pd ks yreans .CO'NeEB?t“W‘?EWePF?é‘S F?ﬂ&affrso?é%‘és’ﬁ?dlﬁgm B‘lr'tﬂ‘gd in a
Ar or Hz gas pPRsWERE @leBxyp¥rr&ipitated duddIRSsubseqidnt frobdisesiaft it &rinkd,al” si | i con

injection effect to the surface of the wafer, the COPS, which are present
near the sur fSAaBIYgkecredses with Bie inctpase iy tasz SADEENUBNY: 1 i bi ng a di ssol uti on

mechani snsof the @RPSygtn Pietiithte caiedtiiBon HOMEIre BNat the peaks was measured
after a further thermal treatment at about 800°C for about 4 hours and then at about
1600°C for about 16 hours in an N, atmosphere after the RTA of Figure 5 was
completed. Here, the RTA was performed by flowing Ar/N, gas mixture at a ramp-up
rate of about 50°C/sec, an annealing temperature of about 1250°C, an annealing time
20 of about 10 seconds and a ramp-down rate of about 33°C/sec. The flow rates of the
Ar/N, gases in the Ar/N; mixture were varied to be 1/1, 2/2, 3/3, 4/4 and 5/5
liters/min. The result of Figure 31 shows that the oxygen precipitate concentration
increases with the increase in flow rate of the mixture gas.
The oxygen precipitate concentration of Figure 32 at the peaks was measured
25  after the RTA was performed in the same conditions as for the data of Figure 31
except that the Ar/N, gases in the gas mixture were supplied at a flow rate of 3/1,
2.5/1.5,2/2, 1.5/2.5, 1/3 liters/min with various mixing ratios. After the RTA of
Figure 5, a further thermal treatment was performed at 800°C for 4 hours and then at
1600°C for 16 hours in a N, atmosphere. The result of Figure 32 shows that at a
30  constant mass flow of the gas mixture at 4 liters/min, the oxygen precipitate
concentration increases with the increase in the ratio of N3 in the gas mixture.
The processing conditions of the RTA, including the mixing ratio and flow
rate of gas mixture, the ramp-up rate, the annealing temperature and time, the ramp-

down rate and the like, can be varied at various levels to vary the positions of peaks at



20 whi ch oxygen is incorporated at the initial concentration O during the
crystal growh, is cooled) the oxygen concentration of the ingot becones
supersaturated at the cooling 23 tenperature. Thus, the initial oxygen
concentration of the water fornmed fromthe ingot is also supersaturat ed
beyond the predeterm ned solubility of, oxygen (indicated by "S" in Figure
11 ). However, the initial oxygen condéntration near:the surface of the

waf er is equal to or less than the predeternmined solubility "S" due to

out -di ffusi on of oxygen through the surface of the wafer. Meanwhile, in the
bul k region gfe JighcyRideentrdiBf &w&etne%wnat e&&a&memm SURP)akd Nt 0 the
void 20a and is used to ormF he silicon oxide layer 22 on the inside of

t he void 20a. VaNﬂSbconsmﬁr@eOltWéuq ahitheibalk regipmdhe deefalenydsd izore andér thehe sur f ace
of the wafer {kghat is, a region between the surface and dashed line "T" of
Figure 11 ) |s 1ess than the predeterm ned solubility "S" of oxygen, 10
oxygen is d| ssol vEuru3 shdws the vmdtmnoﬁo‘(ygctdprettay:ﬁe cc(metttrasbmm)xe paaksred in

the void nd sgﬂ{ﬁ{rgneoés é fon i S on the inside of the
voi d 20b ”Pﬁ 1L § VY t”eét"tc O PRt %‘aB‘Pf"é’dt“e % he gas which
is provi ded ctu Agsoh, e G pascessaiSconditions of @R TA weltckepi dRistart, Ld)ahyoi d 20b
decreases and the void_22b f| nal | y di sappear 15 Due to the CCP

di ssol ution eRirEETatiogh N2 RrhAREISEEYRS S&t:teéBéPnée prpealingFampgrAEs Was seH pr esent

i nvention CarlZ?@’Ce?ﬁE%ﬁﬂi@ﬁingttﬂn@ﬁfﬁysek!orl@%ewndy\@ffﬁﬁ§ramﬁsquw viad sekabl e 5,
such COP dissolution effect may be enhanced using the gas_than using the

Ar gas. Fi gurid&C/aee. Arubssghent thegpal tugpeenigrassagied ﬁB\/ﬁOhQ“ t’fhtbe WaigEeat

precipit r f
subseque?litoehgéa%to‘&t @ggkﬁe&%\%ﬁ}??ﬁ% IEWC\I@TAT% an%hg@egﬁﬁ fé%gve“’ﬁ&‘g?aéc% tate
concent r at i orsagpe of inltiesprexiousi ngrasweriénts. | Thepeguitiigshoan in Falete 12 corresponds
to the case of using NZ gas, Figure 13 corresponds to the case of using Ar
gas, Figure 14 corresponds to the case of using HZ gas, Figure 15
corresponds to the case of using N2 amBIAEIgases and Fi gure 16 corresponds
to the 25 case—eof—usihgN2—apdH2gases—A-So cach—H-gyre
shows the tdp surfglg%“lbt‘f’fat‘f'e( @8 and {Gree Iérﬁ?lplﬁﬁ%?oéig?m@mﬁ,\gtpfﬂé bot t om
surface of tlhe wafer. Figures 17 througt 21 are photeagrAphs show ng |t he
depth of DZ fornmed near the surface of tthe wafers \Ahnrn no- nvunnn
preci pitates exist, whi chl®ave under gong the subsec?u(eﬁtloheat treatnEnt
after the A, and have thg oxygen precijpitate 30 cofiggpPration proifil es of
Figure 10. Iln particular, Figure 17 repfesents the case of using gas,
Figure 18 represents the 8hse of using Ar gas) Fi g@&-BxI® represents |the

case of usi ng—kE—gas——H-g%ﬁﬁ—Tepresams—rhe—casz-ng—NrmﬁAr
gases, and Hi gure 21 represents t he case of using and Hz gases. As can

be noted frdm Table 5, thgoDZ is barely formed in th@xM®'’at nosphere. 24
Fi gures 22A “hreugh—24B-are—photographs_showng—the—shapes—of—as—grown
COPS, and those of COPS that have been changed, after the RTA of Figure 5.
In particud ar, Fi gigues3?ahd Tabld 1dadicatehatahentygéhprecipiiats codaertatibl 4t ths
performed in the NZ at sl[l)hgre, Ké}gglres 23A and 23B represent the cases
where RTA is RsaFsags atdptjusnasd gpeatl AP IR fospher e, and Figures 24A and

24B represent the AR HORE the vikatidE P& gkl prREiFRAS bsticentrafitn 8I1AMPeaks) Tabl e
5, the COPS are not substantially dissolved.in the NZ at nosphere. Al so, the

di ssol uti on citer the RG4S F%’f%?rtYHPFFSP“r?tQag‘S’é'a'I‘H% f {heangeaing Ymer Eotdfbre the NZ
gas is mxed apbdrite Qomprishid ﬂ%acﬁher?fb@eésﬂg Renditidid bihe RTA Were e TofsMdnt,0e
conpletel y dissolved in the H a here. Fromthis result, it can also 10
be inferrdd tisatthemitingiratip fi agd é\égaseff waxIPLto] 39: 0nibe SDRIER IR WasSEHocan
assist in co I et 154154 hp bR walf Figure
5. Enbodi mn{@gﬁg,%& thﬁ:ﬁ egntkﬂﬁenvteﬁtl on ctgx c({)wnta&lg%eﬁge gl S'EI‘%?%U'[I on of the
oxygen preci piet ataégl/feor n&@dbscqmnsmbsr@quea’tmemttv@squbp@icfels@ afyld waferswhi ch are
usual |y perfao n em co uct C per f ng the
RTA process of Igﬁ(gCFE?r l?our naP[ Qﬁié’){#r\?\g;&% &nﬂ %H]r?tsﬁ’%re w lcg\(;}ez% all wafer
preparati on du¢ sang aﬂllin thl prevnous measurements The result is shown in Table 2.

25

TABLE 2



t he RTA process according to the present invention is carried out, and
préparation of wafers which are effective in applying the RTA, now will be
described. Figure 25 is a flow diagramillustrating preparation of wafers
according to a enbodi nents of the present invention, and particularly,
ill'ustrating a general wafering 20 prgﬁess after crystal growth (S10). An
overvi ew of the general wafering techfitfque is provided in Chapter 1 of the
t ext book "Silicon Processing for the VLSl Era, Volunme 1, Process

Technol ogy”, by S.Wlf and R N Tauber) 1986, pp. |-35 the disclosure of
whi ch i s hereby Tncor rern by i 25,
the general |wafering Ag‘%%@ grulﬂﬁcl udes th?@?%gﬁ'p'gﬁﬁ“w‘gﬁ‘{éﬁ {g%gsg of
growi ng an ilngot using a 25 CZ puller, a sI|C|ng st@ka@HZ) of slicing t he
ingot into wafersr—ametchingstep (SH)y—of Toundingytt T6® edge—of—eagh slice
or etching tthe surfaces o# slices. Then, after a first cleanlng step (S16)

of cleaning|the surfaces 6f slices, a dgnor killings. gt&dp’ (S18) is carried
out , and t hd fnn surfaces-—of the \AD'FDIC whare cam r\nhr‘lllr‘f or—devigcesg are

oo &St o CoO——YT VWHCT T o T o ooy

forned, are pollshed (SZOV’ and the pollshed maferéz%féocleaned in a second
cl eani ng 30 [step ((S22) WEn, The resul jant waf er s x4 g packaged (S24). RTA
of Figure 5|according to enbodinents of [the present invention is pernforned
in the donor k||||ng stepﬂ1818) RTA accordlng to dthel0'@nbodi ments|of the
present i nventioef—ca—be—carrted—out—tna separate—step—However—+t my be
preferable to performthe RTA in the donor killing step (S18) in view of
costs. In 25 gengnal3)4 aild Mable Riindi¢arcthatahesxygeropracipitae egsernfaticaes t i ng
oxygen conpone taln n the.silicon, jn in the
form of ions pﬂﬂr}?sl %i%‘bﬁ?ﬂ*?@ﬁﬁ%%%ﬁ%?@?gmkl%%@ﬁ %’ﬁ ?fFfé}ﬁd act as
a donor of e'aﬂ‘eﬁs&@@@coh@s orAdré Fir @k dxyEei prédipita@@ncanfraforoofagRAst POREH’Pi t at es
vi a heat treatnent during the wafering process 5 in order to reduce the
possi bi | i y &F morgrtthegsakby as donor. This heat treatnment is carried out at
about 700C for abeiy 33 R6FOMETadtioRBF Sxylgtn ARcifitfioh UbRBkatiohiabiaEe 27 is a
schematic view of a conventional CZ pulley, in which the crystal growth
(S10) is per foseksafier ths REAKHigure Fiviglurespezyrio & vegiation qfthe anpealiog i ncl udes a
furnace, a cr, u I d a
comput o 10" taSeiul Fur MihedRERORL ofke -G ERAITBR o SRR IANAELT 20 (o
as a hot zoneohswmadce theThiginggatioxdMNe ahdiAngases WatietidS9: 50, the same-upl e, a
cruci bl e 106 0 i be nmade
of graphlléb S&qo g?&{slggr%‘%aﬁ%ﬁ ff'a?tlﬁ%gl% %ﬁset?%'?g%ggrmgb%lgtl Qegi‘ﬁmg)?:& Eml%r?ga first
direction 112~asetsdnamﬁlse¢\ A(suﬁseangnﬁ thaket tratme was ¢8ted out foalleftisy ext er nal

cool i ng neans rovi de
addi ti onal thvt‘-l-,are ?tsg Sq,\?l buf 'i"gﬁl(%d)t %{gtﬁo(ﬁ‘chﬁﬁﬁéﬁms%gwlja‘}#‘aﬁr a heat
absor bi ng matveithavaskidsaime ap irothe dev@ddmbasonaienﬁshé‘hmlsultjlsshGWrbmtTabh.B. The
crystal pulling mechanismincludes a crystal pulling shaft 120 whi ch may

rotate about the axis in a second direction 122, opposite to the first
directionsll2, as 20 shown. The crystBABLEIBI i ng shaft 120 includes a seed

hol der 120a @at+—the—end +hnr=mf The—seed-hol-der—120a-holds—aseed—efyst al
124, which ils pul | éydl.n?qlla&] ﬁmﬁﬂFtP@n silid (Q.i(ygen prec1p1tate concentration at peaks
(ea/cm’®)
12.50 20x 10"
1200 5.0x10°
1150 1.0 x 10°
1100 7.0x 10
1000 7.0 x 10’

Figure 35 and Table 3 indicate that the oxygen precipitate concentration at the
peaks is influenced by the annealing temperature, and the annealing temperature

should be high (at at least about 1250°C or more) for the oxygen precipitate



126 in the crucible 106 to forman ingot 128. The environnent control
system may i nclude a chanber enclosure 130, the cooling jacket 132, and

ot her flow controllers and vacuum exhaust systens that are 25 not shown.
The conput er-based control system may be used to control the heating

el enents, the pul I ey and ot her eIectrlcaI and nechani cal el enents. In order
to grow a nonocrystalline silicon |ngé% the seed crystal 124 is contacted
to the nolten silicon 126 and is gradually pulled in the axial direction
(upwards). Cooling and solidification of the nolten silicon 126 into

monocr yst al | icoed®atioh bf #QeusOm i oaﬁ\oiehﬂtﬂerﬁeﬁ{sf TbeannddlidgatmpRituleRfd i ngot
128 and the nolten silicon, 126. shown in Figure 27, the interface 131 is

concave r el afimFare doseheassasiatedivig) tIhF EWC'_‘L?B’C‘PA“‘EGWFF’E)‘W‘@H bsieRngr eci pi t at e
concentrat i omdeQid Jrgigdte ﬁha\e@n béndtt iAot @@euhen&la&ﬁadmﬂ*owg@m at | east
three types of silicon wafers, through enbodi ments of RTA according to the
present | nvechmﬁatesbeeliﬂfeiﬂeml timge CaR‘bArecb‘éQﬂilark@ﬁthare%@aimt%uref 26 the
present 1 Bvent.an. &,g@mgﬁ\léﬁgzeﬂu@ﬂ&e% theREJ &i8Gbwer il lind AmBltaGR 3pa d0F et S
such as inter |t|a rates and vacancy aggl oner te exl st;

"sem - perfeck%nmmt@mmumuwmlch vacancy agglonerates are present in onIy a
vacancy-rich regi_gn vm3t hin a red terg1 d rec l{gt omtgi nter of the
waf er, and no vacatff 6?9%?‘5 HkF ypration g ’Syg| P Fipfie encenitayen, [Pea‘feég are
present out siagter the RTUAE R (QYe § wnhrersp@tmvmdomomaé@npwiamhateomral ns only
vacancy aggl oner at es thrgugh t he waf gQé%% interstitial aggl onerates.
However, t he CPREASAR theek q{tqrqfﬁss,lrgg %8 ltlP"i‘srﬁ t B Ve R INaR et  and

i ncl udes @l | nﬂﬁ(ﬁ@%tﬁ;fof‘l‘gfaﬁd Ar kfdedWhCiat fol®: 0! ihe ednky- ? fife Wdigeddb esENt

i nvention can be aqg escri bed above, enbodi ments of the pr esent

i nventi on ar 0ui/sescthe anneglingtempeyatusyas §eY tedZ&Qg%thﬁﬁwﬂm&ta@%was set
concentration, E@r%fcbﬁa% ASsubl M\‘.ht tHerrdrdl Q‘dﬁt‘?neﬂt widtafidd 68 YoPSI GHGHY wXed aPY

perfornlng an process o Figure 5 and t he subsequent heat treatnent of
si | i con waf8€0°G for hhowhandiberpatd 6e15€ fi)mkﬁelwwson a Maatninsphasg Which wasltheo, as for
the COPS, e i gwafer in which
COPS are prgis%gl%]1 Q}f,ﬁtﬂirﬁ’ Lw{)'%%%g'ﬁ%ﬁ%slgﬁ:%%dhq%&m }e??oz;%d not present in
the DZs. 155 In order to prevent the defects of silicon wafers, many
practical investigations have focusedngggg crystal growt h process for a
hi gh-purity ingot. For exanple, it is ely known that the pull rate of
the seed crystal aRsing-Bewi angeC/adc)r e gr gddxgespretipitdtecdnodntraioneat péake ¢t ur e
shoul d be cdntrolled. The control of thg pull rate é%? f the ingot |and the
tenperature |[gradients (G of the ingot-nolten silic erface are
described 24 in detaiT 1ni;§ The N@chanlsqqof Sw rl Dedbeaps Formation]in
Silicon" by _Q;gmLh__MbL__5%v_;9&;_4q;_
625-643. Al qo, an applica®®on of Voronkdqv's Theory:%%§l%e found in &

publication [py The presentginventor et gr. 22 % 107
70 3.0x 107
90 3.5x 10"

Figure 36 and Table 4 indicate that the oxygen precipitate concentration at the

peaks is not influenced greatly by the ramp-down rate. However, the oxygen
20  precipitate concentration slightly increases with the increase in ramp-up rate.

Figure 10 shows the oxygen precipitate concentration profiles obtained
through the subsequent heat treatment after the RTA process according to
embodiments of the present invention, with respect to the kinds of gas used during the
RTA. In Figure 10, (a) represents the oxygen precipitate concentration profile of a

25  wafer fabricated in a N gas atmosphere, (b) represents that of a wafer fabricated in a

N> gas and Ar gas atmosphere, (c) represents that of a wafer fabricated in a N, gas and
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used in Figure 28 are used to refer to |like elenments, and only the
differences fromthe CZ pulley of Figure 28 will be described. As shown in
Figures 29 and 30, the changes fromthe CZ pulley of Figure 28 include the
shape of a heat shield housing 300 and additional installation of a heat
shield plate 360. The heat shiel ding housing 300, 15 which has a 90-rotated
trapezoi d shape, |like a ring, i ncl udes®&n i nner heat shield housi ng wal

310 and an outer heat shield housing wall 330, which preferably are
vertical, and a heat shield housing top 340 and a heat shield housing

bott om 320 W@ mels, thBhifid1 BRYgeaRInddtrRlontE e WwiTeGbehdaGibni kg wal I's 310
and 330. Here, the heat shield housing top 340 sl opes upwards at an angle

of ~i from t AeBohisRlse s¥reEturateshieyond the Predpsrminehsolubilits phowsersindicaisd | 31Q to

the outer he%& "§'h|1.n¢’|iéii1réqplq.s GV the 33€al o%?@eh%oﬁ&ﬁtrﬂ%tneﬁ'hﬁgu@fa@&fsi ng
I a fromthe horizontal fromthe

bottom 320 sl opes downwards at an angle of n al
i nner heat shhevaferripeasiabig ofdess than thetpredetsemipgd eqluthbityt"SS fuedp gutdiffssiory wal |

330, formgeng i , aking- shield
nousi ng. 300 Sk et PRARRYE SIARDIH SHEMeghVAIE, 1B e HIRREHNGe ° 1 Gy
and may be f ovafeghofupematbaredfoaygdntie supplisbintda the véid 20a aind ie hgbdh@fosmne 300 i s
fixed to the top._of. the at . pack,202 by . uppert . nenber. .350. The heat
Shield pl at o S4B PideiRves a2 o WBantaeel ptoif a8y PRRS einke MSTErA e e 540 of the
heﬁ[ Zhi gl)d_rhh@h&htlﬂ?i_oﬁﬁ&rm&fh% (ﬁ'ﬁlﬁﬂ \iézﬂﬁr (]tlﬁi! kst re%ﬁ)?x,be_ﬁﬁe@%ﬂﬁ stufﬂ&eisg@o'[ dbgi)ng
pul | ed. e configuratjon of .the ull et sho n, Fi gures an

can all ow t hé’aﬁlﬁgf‘f‘% eh v 1 I‘r%le?sﬁb%‘ttg‘? B’eg‘?{m‘é{fggf’i“ﬁ’ﬂ‘éy %1 PE0BEY0| ds,

whi ch ar e gpr eo%?%@n id Alsshlved BiY If et SilGAoxide SayBC@BT shblvif) BFAGIR iieQidad 20b0 t he
square root of "the initial vacancy, concentration at the ingot-nolten

si |icon i nt erandgiapltgngpusinsiicands proyidsder thedpside afheryoid b dyedo theot of 29
the cooling riﬂtreﬁtiﬁgfl silibh ihfa0Rm efféSt &Qﬁ&%a%%‘i’ch‘% %Jav{dea §ersHRGRe RPAFI gure 11, as
l ong as the size of voids present in the ingot) which are formed during the
crystal growtpigcesss Asaaesulirthe pignofthpreid 2Pk defreases and the void 32bdingly t he pul | ed

i ngot cont ai Qﬁsaéé’ei ds, the voids can be dissolved fromthe DZ through the
RTA process acc di ng to enbodi nents of 5 the present invention. Thus, in
arder to reduce t BbaeitheCOP dissoldgon effech ¢hei b procedsiacdordisg wesibodiliests

according to odi nents of th res i nventio he ¢oqlin e of the
i ngot may be q?ﬁerpéeégﬁb‘?ve%éo“t%%%gétf?aﬁegtt?a %)?lgf’ dstqr?gv a}feﬁfjots%ﬁgpg%i%? a

t enper at ure of, acth@UP dasokution biffect miay be erdfanded essing thet Hogay than asiegshe ArTher ef or e,
if the VIGratio is constant for a 10 predeterm ned defect distribution,
the pulling r&te of the ingot (V) should be increased. According to

enbodi nents of t h@igfee$2 tHroughViBikd ghotographo slibeving the byger pfeeipitite cooling rate
of the ingot fo.at. least 1.4K/ m.n or nore based on the tenperature of the

i ngot at n%Cbne %%?@Pnﬁoﬁéqee%?f?rs't“@%‘dﬁye? rsoﬁﬁﬁlgs\"l?%‘ﬂﬂef‘h A EAPRPAE e at the
i ngot - nol t en th&RFTA dnd Bavel thé &E)fgaﬁﬁrebi@itae péRefERibN prdilesiof Figgreadute of the
ingot, at least one of the length a of the inner he%;;%‘g shiel d hougi ng wal |
310, the | engieficdlapFiguprel 2soprespondsio tafags of uingY2egs- Negure Baromresnoadsifgl e ~i
of the heat shi gkdofiRingiAtGad, FRouRAY corfRShoRBDiothcadé of iithgiBahs, Figupd 5 housi ng

bottom 320, the distance between the ingot 228 and the inner heat shield
housi ng wal | <QFespordsdo thie sesgof using Ne pybaneaseie2td Figip |16 comspedatathe outer 20

heat shi ej4 Wf%gn% llm@ﬁ,g%asw%ga HeALKE 6 Ak BEWE ShovisRe lop SifacBBE out er

heat shi el d housi ng s 3 and 330, the distance b between the inner
heat shi el d Hbeiwafandthé rightOhesent shows the bettom siirfapeefithowafer.and t he position

of the heat shiel g y Ei.gure 29,
due to the high cgﬁ% #eggﬂtg?%hgﬁ%{%@l °}{)‘%§T"§gs‘|‘°‘r¥g‘6@g3§§? ﬁgb%ﬁ(hnlg{ila rr ate of

t he i ngot carnhbsurfacesfeieseafersf wherer@omigen piepipitates exaatgwhidf hage B@letgond . 00
mrmn, so that the productivity .of in increase.. ] n addition, a
processi ng rrggegfu Se’rq8$m B"éa??r Apeqafist %‘E IgﬁAsgl?ﬁhpﬁaﬁlg?%eoﬁ é:ei/'\l/r;ﬁrgecr'%t,a{ev\,hi ch are
manuf act us0ed doycentigtiohprgiiles oftFigute F). duiperti28lar, Fagurddky gepresandeaht dase ot he growt h
of the ingot.

using N gas, Figure 18 represents the case of using Ar gas, Figure 19 represents the
case of using H; gas, Figure 20 represents the case of using N, and Ar gases, and
Figure 21 represents the case of using N; and H; gases. As can be noted from Table

5, the DZ is barely formed in the N, atmosphere.



Enbodi ments of the invention that were descri bed above, can produce silicon
30 wafers that are well suited for fabrication of high density and/or high
performance integrated circuits therein. However) it has been found that in
a nmass production environnment, silicon wafers that are produced according
to enbodi ments that were descri bed abgé(g, may have undesirably high Levels
of sl'ip in the device regions 30 th of. The slip in the device regions
may be caused by self weight-induced stress of the wafer on its support

pi ns and/ or support ring during rapid thermal annealing or by

STl - densi fi cat i ONFignRYLEA t1FbUghSHIB afé psRogrhphe Shawilg ihaBapEs dhe-gfdld abi l ity
and/or yield of integrated circuit devices that are_manufactured fromthe
vwafers. 5 _ HEsodndrthose pf GPEythabhave Besn gharssd: aftsathe KT tdiguiat-elns that are
fabricated agaMRSladERGks 2SH 2ADOYE rephBYnt HRUSSesWHIR T AR (R inddGRMedi OXi de
subl i mati on on the RFA chanber. Mre particularly, native oxide or other
silicon di oxiNetri@pey, Higuses BheandPBrrepresgniethe prsesaivereiRE AngperfoemeliA process,
and deposict h ) i iw@:t&' RTA
chanber cgn (r%% u%agld%{g‘{’ﬁ?ﬁ%égﬁg?@% Zr“ghf‘a’ggf‘?%f;&%ﬁ orgeggvgg%ttfé itity of

t he RTA procesd H; amwsphere. necshewh iralablé §,abpi€0Ps ot ectrsubgpnanlly dissotvepiracenment

of the RTA ¢ er. Enbodinents of the invention may arise f.roma

real i zation Bﬁeggz 1%851’5?’& BB e 'stsﬂg{?oq %‘qﬁes‘fé]gbst B Slﬂ?%tg&%gﬂsﬁ@m&?ygen

preci pitate canesphdré aheére theNOdak isomixed Wit iArer Hy gl amdrif patic0aty, praks, a
denuded zone a concaye regiqn pet n the first and 15 second peaks,
can be perfor(?@% ?ﬁgﬁwnéé{?fﬂgg%éﬁéecg‘f‘ tﬁ’a‘gmﬂ?%ﬂﬁr Er%mrF%‘#n‘bc ni a ( NH3)
and ar gonyo( Are.inferdddB4t réduding dhedsifes BT DS fh RE asirbwR el chMN&lis@nd argon (Ar),
as was descri bed above. By usi nﬁﬁammnl a vacancy injection gas rather

A . ] as a
t han hydr ogerfomplstelyrdisgolyingthe §Ofp gusingdhe BrAduocsss of Figd¥ee} t enperature, such
as_between about {1@Q4nmRRd o?ﬁl@%Pesg:?t%ti&fcaQ%EMﬁ?ﬁxe%ﬂ‘%ti&;Qﬂﬁ‘e and about
1150C 20 or between about 1100C and about 1120C, or at about 1120C, in
contrast wi t loxkgegipescipitetep &armed viasubsgauenpihernmp procesppydds, weickarh gsuallpf or e used
with the nitr . 1 ture RTA
pr ocesses. t o REoA R sehfiaRRuaTRORR Slifaldt, B) boRHe MIEEs pEIRESE 00
di oxi de sifbl iFimtré Hon a silicdrewafed Uoelebdinentaoefi oyerall yafeApreparetiangluyipg whighyi el d and
reliability Lt egrated ci.rcyi hat . . 2F romthe fers can
be incr easedqgen%f‘érpg}cﬁsé aﬁcé)écgn%{r%cfh%B{else%%m?%l&oggﬁgg%g&&g?rr’ﬁ r? AR P }eA?s can be
decreased. Nowaferpavhich arel efifettive imapmyidg thg RTA,@nyodil bedéssrilek. t he i nventi on,
silicon wafers havyin n o en precipitation concentration prqfile that
Uncl udes 1irst andi B iae pasdieerar it prARESoRel AT iR g 8 ur f ace of
t he waf er ancnibadindents SF tha @adsent ai@nidéh, et pustbnalarlycillbgiatingna ganefabasfesiig t he
waf er ang%gt(he second ea%j, ang @uﬁgggave rgvgi gjn bet \geer} the first, and
second peaks, P& f%?’% G 4 axervieMd dheg5prR WalingJesmialtisor di ng t o
enbodi ment s Qrovided ih CHAPMri 10T thel tBRbEEKTSHRAn Prdessing forae\VLIIER Ot dlahe sur f ace
ol i p. whor eash PS8 R083Y o RE SOLPAAEHR Shdaitsh 1SH PRES bIeCiEIoRT 6F and ¢ he
31 first peakyigh ik h&8byhcsthorited hérleROF rkRRentd) ReBiring ¥ Qurd2Y, Ttﬂefgghéﬁﬂ y, a
slip-free region_having a thickness of between about Shm and about 40pm

fromthe top “feringgeccsts ingludeqiiecrystal gropeh feRRIOLeS eravng muineeiasingds nay be
formed thgy eidy phifep a'sﬂ&?f%ﬁ%ﬁl!} @ﬂs‘ﬁcin@ﬁ{efiﬂém@aﬁﬁgﬁxgélt_?lﬁﬁé steplisi4ylo¥ -

Moreover, a plurality o ow Trench Isolation S ( regi ons may be

formed in thaowsingdbeedge nbeash sligecs etchiag thesusfages atdices Thew afierradirstand t he
first peak, J i Hﬁagug I : sanme STI
regions in tﬁ%&g{ﬁ?}ﬂg@%lﬁ%@é#ﬁ\ﬁ I C fageffgg%gggggﬁwgﬁ Sstéﬁ;gstégbg? esent far
away from t hecaBiEd onggrdahe toprseffaeabf the wefees, Bhtre segiconluctar devicesae of STI sl i p.

Mor eover, e di nents .0 [ nvent i on I the RTA to tak lace at 10
bet veon aboutoTToR: i reh et BEEBeOR LR i 2 b8 B0k 10s0c
or betweel0 abwmpt(S22)0Therarid redubart whi2O4te packagedaB4)t 1120C, to generate the
nucl eati on center ncentragion profil hat described. above. However,
because | ower tenﬁgpﬁa?fﬁ{‘] € ne§Fe ”%@&H‘?’(’é‘meﬂls\éﬁ?f‘eBées?"éHUE'étt?”é§ descri bed
above, and sigeifomieddh thsiddforsillihg step (318). NRIPA B&ofdirthe @thepémisddingdntsadfed. 15 In
particul ar, epbodi nents of the invﬁnti.on gerformﬁﬁ RTA Proc ss on the
silicon wafert ‘ha‘\??eﬁb'“ée"f'B‘bczg'{}chéEﬁ SHUINZ SERATIDMFR U PHE: 1Y R at nospher e
conpri si ng argeeragiath pioRRinR R PA ifthe 6y kil BRO4p (Bi18)En SRGWTASss, aRd bet ween
about 1100C and about 1200C or between about 1100C and about 11 SOC or

bet ween about 1100C and 1120C or at about 1120C. In sone enbodi nents, prior
to perform ng the RTA, 20 oxygen is purged fromthe argon atnosphere, to
reduce or prevent interaction between the oxygen and the amoni a. A sensor
may be used to sense that |ess than a predeterm ned concentration of oxygen

oy - . Al 2+ - - e T Ty




Figure 37 graphically illustrates a tinme/tenperature profile for RTA

according to enbodi nents of the present invention. It will be understood
that RTA processes as illustrated in Figure 37 can produce the sane
M shaped profile for a wafer that is illustrated in Figure 4, but can allow

reduced slip stress and/or reduced silicon dioxide sublimtion. Moreover,
embodi nents of the invention as descriB&d in Fi gure 37 may 10 be contrasted
wi t h enbodi nents of RTA processes that were descri bed above in connection
with Figure 5. Referring nowto Figure 37, prior totinme (a), a wafer is

| oaded into apnBEAIGRARNREg Rferd (T 1R6@ss GT¥6RVeRThgdxFRA\BRbLRAALonfliiRHE Z RTA
furnace, the | grrpé(atqre ot .v$/rr1i ch i s gset at ,e f_(%r i%grrpl tg, aEéooll}t lIJ%BOC, for a
standby peri oid the sikoeolinges witichure present B thefoon@bionpintinggubsaqueent i me, an ar gon
flowis preseqf,u ag.ut& dgbs§ @Ié.\caqi%aqpﬂa 2 PUSRY 8 clocfiihd Bnbllheq L1 e period
|, between tines Fa and (b , an oxygen purge nmay take place to purge
oxygen that nimpudtytionh, frfaisegén pretiphi@esnad ket seatthant digngothbenfarisgproceasent i n

t he RTA atposphere. The en, .pur take place. i ntai ni ng the RTA
tenperatur® a (l"?fétosrteg‘ffag@l @éﬂ%‘@%ﬁk‘@?gwg & Pgﬁglﬁ‘é%ﬁge&p’?‘?“ﬁg period I,
such 20 as t ersaicRnatSbo@TI0W fobybaat 8Iysedbridg oAmsRIIS o RTA ffieceRTA chanber

t han can sense that an_oxygen concentration within the chanber has

decr eased bel ow a_ﬁ%‘éﬂ%? E_rarFF‘i‘Fé‘éPti&I’ﬂﬁ%? 2 copaptignal Fé§§“‘i’hi&r‘r"}li%hﬁ?'y€6‘nt! nui ng
with the descgioii @10)af pérkie® Adshodn ih RRuRNY, Bk CZPRSXDOGRIRIE g€ period I,
the tenperature in the ElTA‘fur nace is rapidly increased, for exanple at a
25 rate of abfnracsecrystat pybnpmechagigm; spenyirpnmaat contreHernd pcommitern| t aneous
with the ggnp [{:gpsg, ( [ Ugh 4t will be
under st oogl@t h%#p% ?102 st %tt@mb?hg%@ﬁng&%g%e@woccSrtbg? ?E@@??ﬁgg%egi nni ng
of the ranp- uphe iptzane fumadei ingludels p heater Hdya erucible 18iwhich malide madpofup bet ween

times (b) and_(c),. or . . n i fter tine
(c). As shomq‘lgaﬁ& ﬁsélﬁ?eg{ag??éﬂﬁgﬁ%%\%g%%%{ﬁ 4 %ft%%fdd%%%u? ﬁgliaﬁeﬁgg’é’? nni ng of
ranp-up at ti romtéstapout@hiakik ircofitst dicdction Wi2tas shdwen. descri ption of Figure 37,
the RTA i s maintaiped duti ti interval, 111 between tine points (c) and
(d), for between a‘gﬁﬁl&h"gilz\?ggé’éegﬁb@’éﬁﬁdﬁ %"t’“ﬁﬂﬂﬁ?m INg MEBFYN BRVAHown i n
:Fiogg re 3?1% t heoolﬁizig\.()%meétrmgrdi e rﬂasrtpe%vgcgl aduiltibnapugﬁﬂmatskéyouiwn.b,emwgsbkabout 1
and about 1 or between.1l1 ) and .115Q0C. I.n ot her
enbodi ments, 1% 'f"ghi’rﬁ?ar‘\\f,‘\g‘f’%é'tg'B%‘F%éigﬁ’%%‘t‘dlﬁadgﬁ’ﬁﬁalébﬂ“ bout 1120C. In
yet ot her enbgdirigtiyns. RTA is perfornmed at about 1 |20C. These RTA
processes may be contrasted with Figure 5 above, which perfornms RTA

processing at aboutherpstepullingmeshapispindydes & Frysiak Ruling shatrROpHyeleaaes, such
as are 5 desciddi@shobithbads inRAdeEdHdiRet@NA23, 2ppayind toih8 Birkt dBekrige sy, hped above.

Still referring to Figure 37, at tinme interval |V, the tenperature in the
RTA furnad® i ghosmadpe Grystalaubllingshaft 120 ipeudeg awppd holdsy 1202 abibe endithergok ot ¢ of
bet ween about TAOGEFRAIGIF0 LR 2 LOFLTRE! 128 Whil & HENT M Fhnoflerf @i@nabout
33C sec, to the tenperature of the sfandby period V. Preferably, the flow
of ammoni a i s13feintheziryeille 106 toform an ingotdd of t he ranp-down period 1V, at
time (e). However, no:ol r i - down
period IV or duri n]gf%{g @%&Ho%ﬁ?g%&f@lﬁlﬁa&@%%? ﬂaelggl{rgn %s&réglé”? iatgg V, an
anmmoni a pur gecqlieg packdn 132, aaketbenflaxcenntrblers andavapluan éxbgust siisteqsahiat aiene (e) .
However, e |.a r & her of .

Pr ef er abl %/gl once ‘ﬂﬁne' g‘%?g%?lé %%atssg%goenﬁjogs&'gtaﬁg@yﬁ%élse&é? g‘?&‘%’gh‘e%é‘h{'}ﬁ oaded
from 15 t he Rdléménts, tiseqmllert antliother ¢légtrical and mechanical elements.

In order to grow a monocrystalline silicon ingot, the seed crystal 124 is

contacted to the molten silicon 126 and is gradually pulled in the axial direction
(upwards). Cooling and solidification of the molten silicon 126 into monocrystalline
30 silicon occurs at the interface 131 between the ingot 128 and the molten silicon 126.
As shown in Figure 27, the interface 131 is concave relative to the molten silicon 126.
A controlled oxygen precipitate concentration profile as shown in Figure 4 can
be obtained from at least three types of silicon wafers, through embodiments of RTA

according to the present invention. Specifically, RTA according to embodiments of



It has been found, according to enbodi nents of the present invention, that
RTA profiles of Fi gure 37 may be used to produce the same desirable

M shaped oxygen precipitate concentration curve of Figure 4, while allow ng
slip and/ or oxygen sublimation to be reduced significantly and/or
elimnated. 20 The processing tenperature ranges of Figure 37 are nerely
illustrative. Mreover, in RTA accordi ﬁ@ to enbodi nents of the present
invention, the flow rates of the anbient gases, the mxing ratio of the
anbi ent gases, the ranp-up rate, the annealing tenperature, annealing tine
and/ or ranp- dbwsrefeat iavmyneﬂmerdpbuetdaotadpafetcaiwafagn whizhebideRctaswhragdi Ng to
Figure 4, as .w 5 gescrl bed, bel o é Fi }%ure 38"5? aphically illustrates
tenperature dB‘ﬁ@Hd e o'dfraﬁiﬁﬂfje'ﬁc?ﬂcé@? PRSP AX PR " SSM-RETREL t Wilsrrial

anneal i ng pr ogia&@svainchiagglbRerdiés a@qﬁ@ednmgnwe vecRRedHaB RN ithjdhe present
invention, for various rapid anneali n? tenmperatures (i nterval |1l of Fi gure

37). In all imedesromed radiis Siorethe FHYETOF s Wadr, andmeveeancy ngl%ﬁeﬂtt@ﬁnﬂnéeconds
was used, g tlhte@tlﬁﬁrﬁgglgﬂ\é\&eg aeSrdsBnti s e ViR vaééﬁcs)fncﬁ?)e R&{a wiond, and an
30 equal flow of h and ammoni a. Figure 38 graphi ;hows Bul k

M cr o- Def ect \(/BND)OHMSJI\M agancy aglomqe@ﬁ&ryolubﬂl@cwzsferawethwwmrstma!| aI

defects) for t ure 4
(peak BAD) . RS, LAy SO B ik Ende N ot it L AL WEVEHaled, BT 0
the first andndedssad t);peakfswz(fbmlt«wﬁihﬁ))he pﬁhepbapﬂmeepsesedtamean@ aadeci ated with

h BMD dicates the th ded f Fi
& "BND def cctPPAG AYHTRELIVR AERETRY LR ARG W e Beed |

vol ume (cro 3)cob&olmdlo&ygﬁnwrd&q)1dage cbﬁ)cemraehewﬂmg; shewlriigFigere 3Bwhich can be seen
that the rightnost pair of hars shows a % havi ng a deug’th of about 23pm a
peak BND of A5 Ghieved by;perforning en B 8 BracesmbFBUBT > 390k Subseausn heas: i n' an

at mospher e oftréafrﬂémopdm&wa@ee@wakh%et;ﬁémﬁnweuﬁ&&Bblagﬁﬁd Afsosziaom in
Figure 38, simlar characteristics nay bhe obtained in an atm)sgpere of

argon and armmighthg COPs, eahedimentsad the PA"csé'é}r'Weﬁ@‘Prme‘éld%F wafenin wiNeh ©PBS i | e may
be obt ai ned bulig e%%%f'ﬂ@lﬂf fdhaRol B&ehGARRIREUr € that is used
with the ar gatr{egl%geqﬁnto\rmt}ltgn atrrmsp her e. 1 ureo 8 g I so |I%strates that the
dept h of t-‘he DZ) tlherdiﬂothVRntBM}im qfhéxcp‘eakfeemawa@@aloommgﬂtlbeaj as a

function of t r 0 Ht 1150C
can control fﬁdqp?eg“{ﬁog? h Eff gﬂg?eg?%ﬁ?ﬁ a| ni ﬁ'tm%(f% gé;u%}qﬁ%ﬂ and peak
BVD rel ati velwndclgrkso\amthat tﬁopulbw&mﬁlti@ semmmn‘aﬂmwmﬁ@mmegmddnahmut 1 | 70C,
t he depth of the DZ, the the relatively
et { oot od_ by Y Exg st iR sPoifod R, A Bl o RTRAPAEISD bk el 1 250

t he depth of etddehdZthpI&atneagmBenm (&) ofthcnmsmngertsln’qoematnﬁarceaanidsdnlbed BMD peak

concentrat{on_and.,B k, conce tlQn,ifcrease th.i
t enper at ﬁde. 'IE;% Nge eﬁBﬁ'S&? w'?l eec“n stloélﬁﬂggicohg laiﬁ’e’pendence of

oxygen preci plo'uﬂlhl Mrmalcﬂrdmthbbsmnﬁmjlppmssmm Alsbeaxperpeﬁmbn ofivention. As
shown in Figure 20 39, at an negl.i ng .tenperature of .1120C usi ng equal

fl ows of argg%“gﬁf?vé q{p’gayllyg?qqq t‘“?g'ébtl n by he presep) ipyRnier g2 S[DZ dept h
appear to be &titled"HfecitTTRYNHR TefddRR lmnemhma@eﬁsnw BeRic¥smis bARe Seconds to
thirty secong@ Accor di nglg, to.i ncre se t B}utilpg nneal i n times of ten
seconds may b¥cppdniematienal Y'QB‘?%!’“H@“@ YORT "g" 4 00\?&‘@’50 § l58hdence of
oxygen presi pMhefidlORowrhbeNss-25 1999, bos 19f mrs@ealaaﬁomm&egmﬁdmm@ccor di ng
to enbodi nents of the pr esent i nventi on. shown, the DZ depth, peak BNMD

and bul k BVD @Wﬂ%‘t’%ﬁﬁ@ﬁﬂmf‘&’ﬁewﬁif@‘f‘ﬂ)ys'éfécﬁ‘éﬁd'éﬁ*ﬂai BH AW @i 0 of argon to
ammoni a over geWif-RNEFolk fEritled, QﬂmlleanHﬂﬁG%log'i@a@mé:ﬁL kattidal laliGt T AL €S

dependence of ox%'v\:n preci pitation on the ranp-down rate in interval 1V of
Figure 37. As(Vé vae@h@rrechapguera%ssfomdbe little 30 dependency of DZ depth,

peak BMD or bul k an] es from
about 10C to abou?h/%@&pl)gerf eco Accﬂ??glge );r,{\ﬁsegtl@gg%ﬂl%{l) e used, for
reasons that bmw&enlaeelataeq:omodcfcqtrdlsddiuaom inpedileoan ifgogandghel ¥/@raiphAsal | y
|IIustratespakB an. of t e ini exygen
concentrat i on%Pernf'}I:Pg‘égqu&é\ﬁﬂgéngPt £ r?rgt%gngc}'o ablperaCmgca:llc\(/)/;ﬁ "My to 35
enbodi nents ofV/Gjtea pio&ﬁ@ﬁﬁcmrﬂgiemtslfmmmeasot fmpaNSé@Iratd))wHelre’lme vavdhayat es peak
BMVMD density, and the | Vfﬁ/% Z% ‘ %dest%

shown, al t houRSEHAUGTS ROMRA CHIER §°§"°ty oBcee"F%fogt e‘fi\ﬁal\chd HAYURRT 2'6f t he
initial OXY g efriéd) G forh VOO ratienwiege e tdraltiaDdodeénitatiérhie abailels cBMElappears to
be heavily dependent on initial S oxygen concentration. Accordingly, the
initial oxygen concentration can be used to control the ratio of the
peak-to-bulk BVMD, fromas little as about 5 at an initial oxygen
concentration of about | 3ppma to about 10 at about 9ppnma. In particular,
the |n| tial oxygen concentratl on may be sel ect ed for exarrpl e, to be about

o o v o o, o, o o,




36 Figure 43 graphically illustrates slip length at the bottom surface of a
waf er versus tenperature for RTA enbodi nents of the present invention that
use argon and ammoni a at nospheres. In Figure 43) slip length is nmeasured at
three positions in a wafer indicated in the upper left corner. These
positions correspond to the positions 5 of the wafer support pins in an RTA
furnace. The first support pin 1 is ad@dcent the gas inlet of the RTA
furnace, whereas the other positions 2 and 3 are renote fromthe gas inlet.
Al so shown at the right of Figure 43 is the slip | ength neasurenent for an
at nosphere of: J € -Ar.l i 4 at in an

at nosphere ofmge?%%ﬁ cgﬁ nﬁ%‘tﬁngge’g?tegﬁg% a?ﬁ'?ge gﬁg{eﬁuﬁed?}gwm‘r&nég‘% gg&produced
at position 1thewidth&omaVéG)* tal{lVEBstreaprdsentsim Bemeptvabtlels idterstithdirglatabnt r ast

at reduced tepperatures of .1120C IR th.ess t 5mm be
produced usi ng&%ﬁlsg(érﬁalgﬂaedadﬁér%cﬁg%n%? r’%@ﬁﬁ%’g %‘rs}ﬂ) ac %/?SY n@??gi)é*n{ggms% s of

t he present ipwemtwiith isAn%.$.P. dirg(Girfe die dxggeh prédpitaleshmm at t he bott om of

t he wafer can prod]_%ge a slip-free region at the to&éof tr}e wafer, to a
depth of 4dpm 15 HAgaditsnirgiyhe presepy ipventign capbe;appliqddg a prrisst Walthat er may be

produced. Fi gyfiRoutfefBdtsRitichatab ¥ VG ratidtdeteRf tifel B-Barlden@Pohan UeSs the
argon-to-ammoni a_gas rati o, accordi n% to enbodi nents of the present

i nvention. Asingeidgipwthamseauparigchyaier which hag a VAs mtioiagludingghePrhapd.isad pr oduced

over a wi de rangewRire 94andyHobRireratds A Brfldl AIARK He Rt d oS! 1P

l ength as a fu%%tte}vor{eo%%?ayrarapt@g-h-domﬁa rsate, 20 accordi ng tg"“éh’%"ﬁ%f’?}%ﬁ?‘g of the

present i nventhoyetheAgiticnh Y/Geatiod¥ /Gt erarespandingdovihecritieal yagan¢yhpact slip

| engt h. | n,order . i de a slip length of less than about 1.5mm a

rarrp-dovvn?? atg(’%(%?ntt%fl&fgést about 30C per second shoul_d be mai nt ai ned.

\II—'\/lnguL e_sI I46At ansl 4amlf.r’t_rfacte.va)fersm;dienmpgfapbvyfe(sé(ﬂpchgra?ppm&hhe tlmfprenaritgr _b?t tons
ich illustrate sli an ]| .LONL esSpo 0 argon and nitrogen

25 at m)sphere'“é{?m‘fﬁ‘s%%.‘,d?SB’?be\fqg’hgggglgn%g' ‘SFPQ'CWR N Og)r?g%sg]oﬂ‘dand ammoni a gas

at nos P_her e at f&)ﬁﬂﬁk@oﬁgﬁ-piﬁﬂh&&ﬁ'ﬂﬂﬁsAFplﬁﬁﬁﬁﬁNbS_I61_)/5520,2\};!0 @Ecwmzo,mofiﬂgaur e 46A,

significant slip . can be seen at e first sition of .t waf er

cor r espondi ng™Fis 'HOHOFA .eﬂn&r%r@?ﬁeﬁ%ggga‘iﬂd{g?ﬁ@ﬂﬂ“ g‘f“ef’ %‘“t'ﬁp of

Figure 464s |pmaRAatrast, in Figure 46B, the only defect is the pin mark

itself at the three-pin positions on the wg{_&%re. 30. Accordingly, wafers
having slip-free a0gwrgds sagchmatisyievarf adpestiliedkdZ Pllssdiseloseddptiet of slip

reduction accedthidiohSn-SaPAHIiERIBLS iPhhich 8 nitmeRt21k WSk E& cdnparedird | be
described. In particular) by providing an M shaped oxygen precipitate

P ) ApeC
concent r at i onths/G puller shiown insKigwre 27 e Briryy. 195 ghovadn Siauye % thegedéfiediZeci pi t at es
beneat h the DfyeshoPinkildedddnW, 4 ESRG ISR Alchitisrh, AhlehvitliitleibSnfbiie MY be

r educed

20  and a computer-based control system. The hot zone furnace includes a heater 204, a
crucible 206, a succeptor 208 and a rotation shaft 210 that rotates about an axis in a
first direction 212 as shown. A cooling jacket 232 and a heat shield 214 may provide
additional thermal distribution, and a heat pack 202 contains a heat absorbing material
216 to provide additional thermal distribution.

25 The crystal pulling mechanism includes a crystal pulling shaft 220 which may
rotate about the axis in a second direction 222, opposite to the first direction 212, as
shown. The crystal pulling shaft 220 includes a seed holder 220a at the end thereof.
The seed holder 220a holds a seed crystal 224 which is pulled from molten silicon in
the crucible 206 to form an ingot 228.

30 The environment control system may include a chamber enclosure 230, the
cooling jacket 232 and other flow controllers and vacuum exhaust systems that are not
shown. The computer-based control system may be used to control the heating

elements, the puller and other electrical and mechanical elements.



37 and preferably may be elimnated. As is well known to those having skill
in"the art, STl may be used to isolate devices, such as transistors, from
one another in an active region of an integrated circuit substrate. As is
wel | known to those having skill in the art, in STI, a trench is formed in
the face of a semiconductor substrate and then is Stilled with an

I nsulating material, such as undoped A8 icate glass (USG and/or High
Density Plasma (HDP). The trench also may be lined with a different

i nsul ator, such as silicon nitride. Due to thermal expansion differences
bet ween the sili camnordedtegroansimbhecrystdlinestlicoq inpat, eteisa¢dSgrvstdd 224H8 trench,

conpressive and/or tensile stres be i,ntrod d at the interface

bet ween t he tPBATR @ ?‘ﬂlée"ssd!fé’féaga&/d 'i@raﬂ\aé{ é’t‘f‘ﬂffﬁ'ﬁ‘ t?ﬁ"‘&‘ﬁﬁ%“é‘oi‘n the trench
i sol ation requsward®dy Cb&ling ahd &mdlﬁxmoeﬁ of themaReeGliconas Md®mohdieystarigach and/ or
ot her process, condltlons For exag‘% Table 6 illustrates stress

di stributi on Silifonosquest thefiperfaog 28k bytaesn the ot 228 and thepplion sificondér e t he

aspect rats o Ih@&{tﬁé‘tstﬁ%ef('fz) lmﬁngl@%évttﬁe@@ pller208 8r FRuP 24 furufep shown in
Table 6, the-stress i1s highe I n - waf er is |owest in wafer D 17. 15

Tabl e 6 Devi oecludeenmwllilgmogsxnmﬁnﬂhedmﬁS(bwﬁeﬂﬁ which parsixs i%81000Ti me

(m n) 555555ai 1 0'-8.27 x 10' Max Stressxy-2.96 x 10y-1.78
X 109-4.22 x "ff)‘g1 2 gor ?%thkgvgsﬁn%x 10-6. 25 x 10Qccei 7.34 x 10'9. 84 x

10" 1. 12 x 10' Fi gigaret?d gaaqﬂiem% iny:mdflaumtdrfacﬂﬁ Mlkﬂa@orﬂi’mgtd’le trench after

filling filmdensif Table 6. i 47,
Phe | engt nofRETTRRSHE ReRlar Rl BEEa0 it diBor weafiedy W hout

Wi shihngstT 1|c0 3qaa_h9unﬂe Gy panst dgh@ogmmﬂmﬂgafeaumﬂd 30, liké eeférbiRohimedlst hat slip
in the evi ce can pe reduced usi n ox pitate concentratlon
profile accor‘ﬁ?‘ﬁ’g‘ 1P AD YA UFRYIP EFf‘Hfto{'] E%&‘H?/‘E%g\“gﬂﬂy aﬁéétjff'é‘é‘c%ﬁ%&

pi nni ng phenaep@lefByFipak 28 Mm@des&ﬁbdaaws s, Flg'lii’es@%éG@@O msee&.hﬁge& at e
concentration pr ofil e accordi nbodi nent s gr esent i nventi on,

can provi de dteihe pdler Qf@‘%‘@@%ﬁ‘cb‘ﬂe the shapeof F@éshi?ld using30Perdi pi t at es,
but can proviggidnd YalRiHbrdERa shiéld¥ate 38( €The hestRhielding housing 300,

15  which has a 90°rotated trapezoid shape, like a ring, includes an inner heat shield
housing wall 310 and an outer heat shield housing wall 330, which preferably are
vertical, and a heat shield housing top 340 and a heat shield housing bottom 320
which connect the inner and outer heat shield housing walls 310 and 330. Here, the
heat shield housing top 340 slopes upwards at an angle of § from the horizontal from

20  the inner heat shield housing wall 310 to the outer heat shield housing wall 330, while
the heat shield housing bottom 320 slopes downwards at an angle of « from the
horizontal from the inner heat shield housing wall 310 to the outer heat shield housing
wall 330, forming the trapezoid shape as shown.

The ring-shaped heat shield housing 300 may be filled with a heat absorbing

25  material (not shown), and may be formed of carbon ferrite.

Also, the heat shield housing 300 is fixed to the top of the heat pack 202 by a
support member 350. The heat shield plate 360 is disposed between the heat shield
housing top 340 of the heat shield housing 300 and the cooling jacket 232, around the
ingot being pulled.

30 The configuration of the CZ puller shown in Figures 29 and 30 can allow the
cooling rate of the ingot to increase. The size of voids, which are present in the pulled
ingot, is generally proportional to the square root of the initial vacancy concentration

at the ingot-molten silicon interface, but inversely proportional to the square root of



precipitates in the wafer bul k adjacent the active region. Mreover, the
spaci ng between the oxygen precipitates can be very small. It is theorized
that these characteristics can cause a high line tension in the bulk
region, which in turn can cause novenent of dislocations at the trench, so
that the dislocations are noved away 5 fromthe device active regions and
are pinned on the oxygen precipitates. &lgure 48A is a cross-sectional view
of field effect transistor devices that can be fabricated in silicon wafers
according to enbodi nents of the invention, and which have been anneal ed at
800C for foufeR6Ying rat@-@ﬂh@-m@&o% dbcribed W?tHrré:fereB& 6 ®ibafe DX ¥y B tﬁg' pitates
to form As shown, the device active area, corresponding to t% top DZ,
general |y i ssizq@fevoisls prsssnyivthp inges. Hhtcataéﬁsm"b‘tﬁdlﬁlnaifgwr‘@éggl‘owh d$§ oxygen
precipitates : espondi ng
Po the. 111 ot "k BHEEpleBerfpc i, ARGl A e e o Ll el
illustrates eanumdshdp@tfrqm dfellJZethufusszhegéTA proems;acmactmgtmembadmhsrofof Fi gure
48A, acco$d|9€ ? odi nents of the present invention. 1 ~ Figure 49
concept uaf | y PFﬁ?&be%gmpotentlal novenent of slip in STl devices as a
result of trench mush@eaibt ©heducathe Bixe oflCaids iithginga, whibPRideEiRbE of the

present inventio out w to be boun ry of operation,
in Figure 493¢ ﬂn qgéo Bdb‘l?%‘%oﬁhhﬂg"ﬁgﬂt HVpRiog, ‘gﬁ&‘{ohﬁﬁ?tbﬁ’ﬁgﬁﬁ‘éﬂ‘ m3¥or

exanpl e, aft gg inklRed CAS the ic66lingQMe of the hﬁgogﬂll@reﬁdeUa't&Epémh@rgrﬁﬁedt Gclpe trench.
FA may be a maxi mum at the corner of the 20 _trench, as was shown by the

si mul ation rthegenter oftheringot may inereases 7herefpre 5 the Y /Girgfigris copstantfora j s t he

i nteractiygn s pr eci pltates
and iy e gPSAAEPARUIERR dhiudiof R ptling ARV PREREPE B0, P11 2125,
where the quameasedes are indi cat ed in Figure 49, where eo and eo indicate
strains, and 25 t Vv L othe@S
ilustrated in Fm&oﬁdu}ggto ggxb&ﬂ%x@r?{s 4P gggreaenl?'irﬁjeﬁ?% fn o'?dem)o %ﬁ&&bheﬁ_.r >R
FLT~. - L' M’nﬂmgrdt_eﬁdfth&ngdteo hulmtté%mnmnme based amdxeltanm:raftmramfthen of a
material constant .G the Burgess vecto

di sl ocati on Blgﬂ&aé ce“I‘FfL}Eere?fﬁtgﬁo?lﬁg émcfb K3 Hhé%“‘i?éa[t%ghtﬁﬁ te‘ﬂm%nem pi t at es

decreasegs t kiicoiEgnifidedea plfedéthﬁndxddrtanp@ﬁtmemf thelirigait,ae ree:asﬁs of thbieagthan cause
di sl ocation gD g?nrr]lgr lllegt shield l?olugljn(g)(gvaa}l 3?8 Lge Hengtgg of ?\e outer heat shield

housing wall 330, the angle P of the heat shield housing top 340, the angle & of the

heat shield housing bottom 320, the distance d between the ingot 228 and the inner
heat shield housing wall 310, the distance f between the crucible 206 and the outer
20  heat shield housing wall 330, the distance e between the inner and outer heat shield
housing walls 310 and 330, the distance b between the inner heat shield housing wall
310 and the molten silicon 226, and the position of the heat shield plate 360 can be
varied.
In the CZ puller of Figure 29, due to the high cooling rate of the pulled ingot,
25  the pulling rate of the ingot can be increased, for example, in the range of 0.50 to 1.00
mm/min, so that the productivity of the ingot can increase. In addition, a processing
margin for perfect wafers or semi-perfect wafers, which are manufactured by the CZ
puller of Figure 28, can be provided for the growth of the ingot.
Embodiments of the invention that were described above, can produce silicon
30  wafers that are well suited for fabrication of high density and/or high performance
integrated circuits therein. However, it has been found that in a mass production
environment, silicon wafers that are produced according to embodiments that were

described above, may have undesirably high levels of slip in the device regions



39 where F,~ <_ FAT + F",~, so that at an equilibriumcondition, F~T,~ - Lb
. Thus, when L decreases, F~T,N~ , increases. In conclusion, wthout

wi shing to be bound by any theory of operation, it appears that a high
density of small oxygen precipitates causes L to decrease and FAT to
increase, so that FA <_ FAT + F,~~, to_thereby cause dislocation 5 pinnin".
It may be difficult to observe drslocagpon pinning directly. However,

di sl ocation pinning may be identified by conparing devices, such as 128MB
Dynam ¢ Random Access Menory (DRAM devices having an STl structure, that
are fabricat qferddt *rﬂ@érr;&qﬁurem%vem idn§ iy b%'c%@@bflselﬂvcg%!{ﬁncﬁxgecggt?b? gecal Iy
illustrates a 10 nunber of gbrts versus refresh for wafers which
have an Mshdbﬁeﬁaf@wgeﬁummﬁf@f@ seRReECErdring Pigrthermeeanaealiog of by t o
embodi ment s (§TItd@r%lﬁcgt\{&pﬂr'dﬁ)&d(slrgsglepl"hgéérs1 sr?tlzly Utrtﬁe gg%brht?qu/wpyrars t hat
have a constant oxygen precipitate conce tratr curve of

Fi gure 50). A irségated mrtul%rdgmczs tm,arq‘roaméacg;mdefnoméferwwhstr me, the nunber of

pr eci pi tats on' pr oF T EE ARG B RO ALRES BF G Ao SRAE A [ Pbuer

curve of Fi gufescridt) ato0eRdyadudcuindesiable silltbs Biokidy SublinRasis st RPAY gen
precipitate conc ntration profile, (upper C{]réve of [Figure 50 W t hout

wi shing to beshaabetdMeve pasculaslyopafivsoxisor 8 ‘bshl‘°°f‘fj‘°ix§°t(%‘é)é)r oaéhet hat t he

M shaped pr of yire mdyeRasbrate dlrth b REARBESs, @hd ddp8sit sVBALLRR RArOVi des
di sl ocation pinning in the active device area. 20 As is well known to those

havi ng ski | | ghambese The 8102 guldimationioptlae RhA chambes eanreduge theelficignss can trap
el ectrons;g heﬂ'eﬁdb‘ﬂr %ﬂ/&f?e br'ir%d&ﬁﬁukﬁ*ﬁ prédeSL el ﬁr&ﬂ‘f‘ec%%né&st{:ﬁecﬁ@{t‘ ce and/or

create a greater res at a given re Thus,
Figure 50 appé@nmgtamd/wrropla@aleawfdmeé‘Atqhambm sl ocation pinning is pr oduced

S g, weshaped br &nofinels o EARTEROS flaf iR RRRARNL it ORTACCOT A NG Lo

enbodi nent s of the I nve escr oveé, silicon
waf ers t hat qrreceﬁﬂhditlrstﬁs‘eé(b Eodwe dhenaxypen mhprﬁhtenmntmtmrﬁort prefile mcﬁniﬁngon can

reduce and pre fer i,02 suhlimation on er. Figure
51 is a cross ?F"c’f\ﬁ%\‘fp"\#]%\ﬂ/ 8‘?“§d58'i\ i GRAC K# %’fz‘é”f"é??{%f tl""i‘l | udi ng a
quartz Chﬁsmedec&ﬁ%eﬂdﬂchaﬁlbe @éﬂﬁ&meaﬁn anhqﬂfereaﬁurgssamxs&écon&wﬁﬁlgvvafer ~ 16 is
shown in the charrbeqrm_giZ and R‘g{o‘[‘ted by .suﬂp rrin ~ 18. The

waf er gener al 1™t gnqaﬁ@qne tt é’$8‘rtr°§ )a“li!@rﬂ"f’ has been
found that, wagy)apRid REdHbEYatILA Bty u@iagrammwaea vmﬁmnﬁ@bﬁwga&m the
native oxide and/or other_silicon di ox resent nmay evaporate

ff Ei t hat {% _
from the waf ethamshygdragen ks RT4Hpracess mardekerladeihd E’P”’CS MperpiiSs S¥@ionena i s

referred to agetweeh @bout i loPABAd SHdut 12%9@ dr IB&W&rpia)ohtSl 106900 aBshe PN50°0 €
chanber walls, it may decrease the ef fici i ency of the chanber and/or the

reliabilify ofr Weerprhseblslw GndabortH 28%e Pé%@écnttﬂé?%emasmem

per f or mance of; ﬁehenrﬁ@faaﬁés suémﬁrmb@ %{Hhrv?e?é her@t6foR Tbd@ith et MENt S Of
the invention, when annealing is perforned at | ess than about 1200C, at

| ess than aboand angpsam)osaher@eBMWambwr erpoatuhRTApsnsessesitebeusnd, e about 1
120G L tEhe BhouiPorlfl indkdh tﬁymbdr@t)raﬂcmoﬁ@és%bmﬁm carl B edtka |1 has been

found that wafers may be process or u six nmonths or nore in an RTA
system 512 wi drhmaticalih eAcvessiingly thd sealdao«rlrerhebllafcni int¢gsatecheirebits thetlaPe Fi gure 52
is a schepati UBQ i iments of the
pr esent |%§3e rf)((Y)dr?gcY"er’%ﬂ% urljec '% gg?lar Ipp&iu%t?oncggrg?ed 15 parts

of the CzZ puI]breducufgdfd\gafemcﬁﬂbeddcrdﬁsdgtlr es 52 and 53, like reference

nunmeral s used in Eiqgur 8- 30 re .er.to nd.,.onl he

di fferences from tl\flr &% f)‘ﬁfrllyeraccof tgc’uerrrtlabs0 d?ge %(?? 111\$e8n§ Slhﬁ?q %eﬁe bel ow. As
shown i n Fi guli®ingar ofypdn 5&mpithtm:rmtem’anm profile uisit ingludex firstrand sezbndles a fir st
portion 320a adj ac nt .t ner t shi Id usi |1.310 that sl opes

R onmnar 020 1 gk £ At cope RESee e P BEa g GeiPrend s GrskhePtand ne. oot or
heat shi e}l hween%mhbm%aﬂace/bfm amertrrer s@fbna%@zik ahdcdnbave Rédisrded

adj acent the outer heat shield housing wall 330 that sl opes downward from

the outer heabetesendhedfitpicind seegndiasaks.andy kegieguaed asivesdpysebedabaye  shi el d

housi ng wal | ggQevef, Qkcofilf |eﬁrb%31n?c’ﬂts%?%e‘?inyenh@r@tthe'd?:m!ldeh'ée':rﬁerlﬁ{»@e‘én tHe Figure
53. Viewed differently, the second portion 320b of the heat shield housing

25 bot t om naybasemssrade b thevatermo ehe seppndipsakmay inglfethereinat sasignat  an
intersection rQEroB Bpshp, whereas the denuded zone between the top surface of the wafer and the



outer heat shield housing wall 330 and the heat shield housing bottom 320.
CZ pullers of Figures 52 and 53 may provide one or nore of the follow ng
benefits) according to enbodi nents of the invention. First, the distance d
bet ween the ingot surface 228 and the inner heat shield housing wall 310
can be reduced to allow 30 nore uniform heat distribution in the ingot.
Moreover, the velocity of the argon ga§1at the area of the notch 320b can
be reduced, which can increase tenperature uniformty of the surface of the
ingot 228. Finally, the notch can reduce turbulence in 41 the argon gas.

As a result st pOR iPfedBTisBp BflobARRINARAA! Mor@pSEulfrBCE Al Stred r_e@_wved quality
of silicon ingots may be grow ded. In the drawi ngs and specification, there
qiwﬁe

have been di $eVipsedi betyipearabpytadmeslaap et ® fem the éon sufagstafehe and,

al t hough spewaféreamlrmu@&es@{m! SR mtapsyfc%gd Merel ﬁlf’n@reésteﬁgfardi ¢ and

descriptive sense onl'y and not for purposes of Iimtation, s¢ope of the

i nvent i on beipedorencefapd/ohrelipbilitye Mastdveniarpduralita phghallowzengh xolatisn Cl ai med i s:
1. Asiligon r. havi . face and,an oxygen
precipitafe %ﬁg%ﬁ{% g ﬁgﬁe %Fté‘%ﬁnéhl{%%gg%dn&ggp %’/f}évgér? t? %{eop tS‘(’)rpacg ?%hgce and the
bot t om sur f acefer hikthe fiysg perak panddiaping STE slgpothatasniedadeld comparef ioltlee amapri si ng:

ftrst and se d_ peaks, at...first. and,second predeterm ned depths fromthe
top 5 and botthiFEDHF FARGlisn Wale IMAPIER OXYREB RICIRGIES ot PEFSER MIGBAY Zone ( D7)

between the tem wesTRegoR! Plefteabia ey SHRELIbMRard frdeSdf STEAlp. and bet ween the
bottom surface of the wafer and the second peak; a_concave region between

the first and sechiReFopearabodimentsiehibriyersionaliensihrdeid torigkebace 8 sur f ace of
the waf erjpangediaen #RGCNG0EaRGBEu 1200°0 bt ekda8 aBAR 1 B0°E 8RBIboRNA pRYI On Of

slip dislocation; and the denuded zone between the top surface of the wafer
and the fi rstorpiwgentabpuid 160°cand pbayt il 205C or sahentdh2Q°qetogieneratotheThe si | i con

}Ngf gr of d ainpélgatioﬁ/@&rt&icgncte atfdf pasiie ﬁ%f\gme%&fbgd %o%e.cﬁgﬁg\{&, Ak profile
ymetrical wt respect 0 a'central surface of the sili’con wafer that
is central |y lévor &ingeraba¢smanbe Used, shp may de brdutedras desclibadabove, and silicon
dioxide sublimation may be reduced or eliminated.

15 In particular, embodiments of the invention perform an RTA process on the
silicon wafer having a top surface and a bottom surface, in an atmosphere comprising
argon and ammonia for at least about five seconds, and between about 1100°C and
about 1200°C or between about 1100°C and about 1150°C or between about 1100°C
and 1120°C or at about 1120°C. In some embodiments, prior to performing the RTA,

20  oxygen is purged from the argon atmosphere, to reduce or prevent interaction between
the oxygen and the ammonia. A sensor may be used to sense that less than a
predetermined concentration of oxygen is present in the atmosphere. Alternatively,
the temperature may be maintained at a predetermined temperature, for example at
about 800°C for a predetermined time, for example ten seconds, to allow the oxygen

25  tobe purged. After the RTA is performed, ammonia also may be purged from the
atmosphere.

RTA processes according to embodiments of the present invention may be
performed sequentially on a series of silicon wafers in an RTA chamber below a
temperature that causes sublimation of silicon dioxide from the series of silicon

30  wafers onto the RTA chamber. Temperatures below about 1200°C or below about
1150°C or at or below about 1120°C may be used. Accordingly, the need to clean
and/or replace the chamber can be reduced and may be eliminated. In one particular
example, when performing RTA using hydrogen and ammonia at temperatures above

about 1200°C, it has been found that the RTA chamber may need to be cleaned and/or



3. The silicon wafer of Claim1l, wherein the depth of the denuded zones is
i n the range of about Sumto about 40pmfromthe top and bottom surfaces of
the 20 silicon wafer. 4. The silicon wafer of Caim3, wherein the depth of
the denuded zones is about 30p,mfromthe top of both surfaces of the
silicon wafer. 25 5. The silicon wafer. of Caim1l1, wherein the oxygen

preci pitate concentrations at the fi rsx2 and second peaks are at | east about
1 x 109 cm3. 6. The silicon wafer of daiml, wherein the oxygen
precipitate concentration in the concave region between the first and

second peaksrepRcalafteCd®ly sSOmBRMYIL Inlshdp tOfrastYtmbodiménds Jike fikdehcOn waf er of
Claiml, wherein crystal ozgls}gl nated precipitates (COPS) only are present in
i

the waf er i ninVesiop giererOmMAYicopt IDUETIEIBRFTatiEs $uch 3t eameradess dstithgeaks. 8. The
si licon waf ef;sgéc &dify m&oaiyartm%mﬁ%phééawagcn@anmr WpRlck 1% rafA éﬁﬂ'JblFPW trench

isolation (STlI) regions Iin the denuded zone between the top surface of the
waf er and t herip testix peatks errdodaavi ng STl slip that is reduced conpared to

sanme STl fegions . LI ' oxvgen

pr eci pi ta% e conce#r% rrgg ?g'lr"i‘b %?%Mqlﬁ{és?{afgggbe%g@% gtﬁ)ﬁ%\/\g?glkg? co&ﬁ ég m 1
further conptoemboding@nglofith&lprdsyntdfivestial. [Towilk beamddrstosbthat R 0 pro&Ekes asegi ons i n
t he denuded ne bet ween e top surface gf th fer and.the first peak
and that ar eﬁﬁftéaéeddf‘\ﬁ%l"fe ﬁﬂiaﬂ_pr cqges ésf‘?ﬁegB\Fl\f@'\}&aé’é?wﬁ?f%a%Fm 1 wherein
a Iowgst o?ygmr@mgixs@t@:t,%mm&a&g\@hé@rshb Strdsh éndi REdav& silRGh Aldxide at | east
an order of magnitude |ower than a highest oxyge recj pitate concentration
at the first S‘%&’%ﬂ‘ag‘ébMH"B‘@&@H’@T@"F&@pﬁei“&vﬁﬁt‘&bﬁsgf@"%ﬁgﬁ iRg ‘gé.'“’cyp“%rface., a
bot t om sy f agEcafasta Witk aIIAImMEPSFEET Dproddsses T R idedtibaabBIOfhi | € therein
bet ween the .top surface and the bottom surface, the oxygen precipitate

concent r at i ofonpe@iop withdisgnse §.si ng: first and second peaks at first and
second predeterm : : : : t he wafer,
p rﬁ%ﬂgﬂ%ﬁoeﬁ%%%ﬁ T ok Q)Otnﬂé"ﬁ ,Q%atfé?rﬁ l%?%ggﬁg?n tﬁEA

respectively; a Denude tween the top sur e wafer and
the first peaianbér errfumbest susbas @ benviontionalmuang R4 durodcet the temperatureaefd t he

second peak; which is set at, for example, about 800°C, for a standby period I, such as about ten

15  seconds. During this time, an argon flow is present within the RTA chamber.
Moreover, during this time period I, between times (a) and (b), an oxygen purge may
take place to purge oxygen that may out-diffuse from the wafer and/or is otherwise
present in the RTA atmosphere. The oxygen purge may take place by maintaining the
RTA temperature at the standby temperature for a predetermined time period I, such

20  asten seconds, and/or by providing a sensor in the RTA chamber than can sense that
an oxygen concentration within the chamber has decreased below a predetermined
amount, such as less than 1ppma.

Continuing with the description of Figure 37, at the end of the oxygen purge
period I, the temperature in the RTA furnace is rapidly increased, for example at a

25  rate of about 50°C per second, during a time interval II. Simultaneous with the ramp-
up, ammonia (NH;) is flowed through the chamber. It will be understood that the
start of ammonia flow may occur prior to the beginning of the ramp-up, prior to time
(b), at any stage during the ramp-up between times (b) and (c), or once the RTA
temperature has been attained after time (c). As shown in Figure 37, NH; flow may

30 coincide with the beginning of ramp-up at time (b).

Still continuing with the description of Figure 37, the RTA is maintained
during time interval III between time points (c) and (d), for between about five
seconds and about thirty seconds. As shown in Figure 37, the RTA during time

interval I1I preferably is between about 1100°C and about 1200°C, or between 1100°C



a concave region between the first and second peaks; and a plurality of
shal l ow trench isolation (STI) regions in the denuded zone between the top
surface of the wafer and the first peak and having STl slip that is reduced
conpared to same STl regions in a silicon wafer that does not include the
30 oxygen precipitate concentration profile. 12. The silicon wafer of Caim
11, wherein the oxygen precipitate cont®entration profile is symetrica

with respect to a central surface of the silicon wafer that is centrally

| ocat ed between the top and bottom surfaces. 44 13. The silicon wafer of

Caimll, whefdeiBocNen OB dntlirdies, dRMMUIDEH ianeRed SetiéentdbButl1ap@e of about
Spmto about 401lm fromthe top and bottom surfaces of the silicon wafer. 5

14. The sili awipbRuifld20°6s lcyetiothen gmboghmerts R vhis Padprmed 3t abonk! I@8ided zones

i's about 30pfdsk RmAtd?&eggapm%bbeaA&am HRA el 5 103Ce SIHIdHRMOURS @FA 15 The
silicon wafer of Claim11, erein the oxygen precipitate 10 concentrations

at the firstpaessisgetohoutdda®s. andewith otherponveabonl RTAprdcesygs,Gpetdas ats.  The
silicon fe - Cl. aj i ecipitate concentration in
18T U P HSOP1 S 0AECRIEE Bl

t he concave region n S I's at |east about 1 X
10g cm 3. 15 17. Silerefeiririgao Rigwedf B, actfmdngirval [V,1he welnperaiure ortysRBA ori gi nat ed

precipitates (CQPs).on are present in.the wafer in the concaye region
et wean & he. FiaE MufIPlySeihtred GARBe damREeXmIP, 8 MR POSPaH 11
}N_her ein tEe_ qi@'fcwsdeﬁhd]ga@aft_m&tmie@dt;}aaeraelytaeprawmo_ gggo%ea, malhyvaf er a?d thfe
irst peak is free o I p dislocatign_t ein e . silicon wafer o
Claim 11 whefSIPRrarg %ita‘@gijQ@?Pdp\%'e ﬁe&r@'éhec%‘?%‘éﬁﬂ%?’}"bﬁ maintpiped concave

region igpat uhi Astend B P& ifip-wIBGRUIVIR tinie). HdWReakindh@Towdipden
precipitate concentration at the first and second peaks. 25 20. silicon

waf er havi ngbateripatsd duringshe mmprlopgrpesed Paereduing therR bk periad Ipr Suripet at e
concentrat i Olﬂxegfaﬂéﬂr{l Hribd 9T £ AnR&HiNBEHe E)Q?erélﬂ’)ptaﬁwﬁlﬁlg,efoﬁ&gn{}ﬂe_ bott om

surface, the oxygen precipitate concentration profile conprising: first and
second peaks beginrfing at timgife). $oovsmer, {he eniatopiamurgednayctphelmdace earliet draot 8p 30 and

bott om surf agﬁ.sPr%feratbpy? oX@ftﬁer amth&m® ﬁz?stﬂegr? !)ﬁ/r'ged, the wafer can be unloaded from

15 the RTA furnace at time (£).

It has been found, according to embodiments of the present invention, that
RTA profiles of Figure 37 may be used to produce the same desirable M-shaped
oxygen precipitate concentration curve of Figure 4, while allowing slip and/or oxygen
sublimation to be reduced significantly and/or eliminated.

20 The processing temperature ranges of Figure 37 are merely illustrative.
Moreover, in RTA according to embodiments of the present invention, the flow rates
of the ambient gases, the mixing ratio of the ambient gases, the ramp-up rate, the
annealing temperature, annealing time and/or ramp-down rate may contribute to
attaining a profile according to Figure 4, as will be described below.

25 Figure 38 graphically illustrates temperature dependence of oxygen
precipitation for a rapid thermal annealing process of Figure 37, according to
embodiments of the present invention, for various rapid annealing temperatures
(interval III of Figure 37). In all instances, an annealing time for interval Il of ten
seconds was used, with a ramp-down rate in interval IV of 33.3°C per second, and an

30  equal flow of argon and ammonia. Figure 38 graphically shows Bulk Micro-Defect
(BMD) densities (i.e. vacancy defects and interstitial defects) for the first and second
peaks that are illustrated in Figure 4 (peak BMD), and for the lowest portion in the
concave bulk region between the first and second peaks (bulk BMD). The squares

that are associated with each BMD measurement indicates the depth of the denuded



a Denuded Zone (DZ) between the top surface of the wafer and the first peak
and between the bottom surface of the wafer and the second peak; a concave
regi on between the first and second peaks; and 45 a plurality of shall ow
trench isolation (S fl) regions in the denuded zone between the top surface
of the wafer and the first peak and that are free of STI slip. 21. The
silicon wafer of Caim 20, wherein the36xygen precipitate 5 concentration
profile is symmetrical with respect to a central surface of the silicon
wafer that is centrally |ocated between the top and bottom surfaces. 22.

The silicon weQk Fiyfied. BMDAR WD BRI diﬁmyr'(cﬂfz),raﬂd;gxtgfﬂy%glafeﬁnes IS in

the range of about Sp[p to about 40pm.fromthe top and om surftaces of
the 10 sili cinvolgmetcm 2By myukiphdng bxbh- waf er of C aim 22, wherein the depth

of the denuded z | ~30pm. f d I of the
silicon wafer. - O@@%‘hg t#ﬁg%ijﬁ’l l(lggar? t{fg enﬁtngcftlt’%@%{l?&rhog%%lbﬁlﬁ%rrisl%?ﬁ??‘ne oxygen
preci pi tate Odreeing rdeptboSatmut 2hen,fipesk Biitofsbearidt pédflend abelka@MDbDeast about

1 X 109 cm 3. .25.. The,silico er of ai,;m.20 rein the n

or eci pi tat e EoRURT APk of ARt ofhed P GRen e Bhcteis B T S
second peaks AlsShadin ih Fégfike 2) siatifatithatacterit il neayi b3 obRfed Thgn #inbéphers opaf er of
Claim 20, wherein crystal origi [ recj.pitates, ( s) aonly are present
in the waf er 2" %%B%%\?éaﬁ"ébr@h cﬁe‘&%@ &%ésfq“@%&@m%‘“’peaks. 25
27. The sili epmin@btan2@t, Fhirh 1 R MeNeLintn HaentiRrigie that RNBeOGkien the top
surface of the wafer and the first peak is free of slip dislocation

therein. 28. argagard nitregsn aigagsgheref Fignrgidfhatso iNystsstes thatethe dantsel to)gdhe

precipi Labe Boiems R e bEABND hilbRREAA of §alidflod St @hpdifia! TR OF der of
magni tude | ower than a hi ghest oxyg&n ;)rem pitate concen?ratlon at the
first and secanaebgiwegaabodd 10RCrand abent di 50@ st eontrok thedepsh of the BErwhiksf er |

conpri si ng: mafh@aining the bulk BMD and peak BMD relatively constant. For example, between
about 1120°C and about 1170°C, the depth of the DZ, the peak BMD and the bulk
BMD appear to the relatively unaffected by temperature, whereas between about
15  1100°C and about 1120°C, the depth of the DZ decreases with increasing temperature
and the BMD peak concentration and BMD bulk concentration increase with
increasing temperature.
Figure 39 graphically illustrates annealing time dependence of oxygen
precipitation according to embodiments of the present invention. As shown in Figure
20 39, at an annealing temperature of 1120°C using equal flows of argon and ammonia,
neither the BMD peak, BMD bulk or DZ depth appear to be strongly dependent upon
annealing time between ten seconds to thirty seconds. Accordingly, to increase
throughput, annealing times of ten seconds may be preferred.
Figure 40 graphically illustrates dependence of oxygen precipitation on the
25  ratio of argon to ammonia flows, according to embodiments of the present invention.
As shown, the DZ depth, peak BMD and bulk BMD do not appear to be highly
dependent on the ratio of argon to ammonia over a wide range of ratios.
Figure 41 graphically illustrates dependence of oxygen precipitation on the
ramp-down rate in interval IV of Figure 37. As shown, there appears to be little
30  dependency of DZ depth, peak BMD or bulk BMD on ramp-down rate over a wide
range of rates from about 10°C to about 70°C per second. Accordingly, 33.3°C/sec
may be used, for reasons that will be described in detail below.
Figure 42 graphically illustrates peak BMD and bulk BMD as a function of the

initial oxygen concentration in the as-grown silicon ingot and wafers, according to



perform ng a Rapid Thermal Annealing (RTA) process on a silicon wafer
having a top surface and a bottom surface in an atnosphere of a Qas m xture
conprising a gas which has a vacancy injection effect and a gas which has
an interstitial silicon injection effect on the top and bottom surfaces of
the silicon wafer, and at between aboyt 1 | 00C and about 1150C, to generate
nucl eation centers, which serve as ox;éé_’en precipitate growh sites during
subsequent heat treatnerit, in a nucleation center concentration profile
fromthe top surface to the bottom surface of the wafer, the nucleation
center conce | ' JSi g at first
and second p%@%&%%@%&%?ﬁgw%gﬁﬂ éoéés%ﬁ%)dﬂggnﬁ (g’ge;g[bg%pgﬁfb?aces of the
waf er, respedinsityehyd the laveg{dashed plinenigdiaates edie BDhdaneity. nAicdheavhj abthowdint er

concentratiop, Whi is lower than a.critical .concentration, between the
top surface Pf%‘ﬂ%&@@? eaés\lf]Yg b ﬁezgi‘vfeﬁsf?éeﬁ 8%‘1%%%5“%8?\%@%%%%@"5%‘{?%% surface
of the waf er daig ctyel g thepakkBMBruppearcoRdwsilyeigpatetohwaen the first
and second peaks. 15 30., The neth of . wherein the step of

?d f. d ]gi m 29,
perforni ny a®P4pt ePreHtRte- AsTREEh (hejrifiakuyecn wgcentrainnsaa bg uspddancy

concent rat i oponoPth kdtio fof BEpkANtotHRIK BMI, &66 ds Gittle8 abth b aasinftapce of the
waf er, the vacancy concentration profile conprising: 20 first and second

peaks at fir@fyeghernsentistion ofraberdtldprmaocbeapOiasatonbiapmae In psticuat, thet t om
surfaces of fiiei) SRIeE coroBRRRG kb selddiei ok AlnlbY 1 ¥E BoBtSBHRE b B

vacancy concentration, ower than a critical nt’rati on,

bet ween t he propidsaritasteneirdar hEmagifiwde taboutiténctirhés) differppedbesmeenitit peelen t he

bottom syxsfa t and the second peak; and 25 a concave region
bet ween t&ﬁe ﬁﬁl@%ndgﬁeﬁbﬁéi@%@{% peaks. 31. The nmethod of C aim 29, further

conpri si ng t he stBpsunfmavize,Figunisi§-42 isdibae thae nsinhasdtmbsphatenempriging t he
silicon wafer to form an ox n ecipitate concentration.profile fromthe
Cop surt ace. BN ShLERH PR KFTARE G7e R A e BRERk iy SRGB e EhE S pi ta o
conce gt rat ijOEhnpj‘eQ)Hagﬁcé aaefﬁpér?thng of rﬁksrtsin mod‘;lcs gssomdn pmk(fs, b’éfwefeﬁ][ st hand f
second predet erm ne pths, fromt top and bottom surfaces of the wafer,
respecti vel y?lognef)é?%’d@g CZG‘Hjéor(ab%O“bgp\%gﬁhﬁt Ffé’of"@ffagl]ﬁttq the @xyent he wafer and
t hekfi rsgs pepikcipiisle BacWR@Rod HrefilRQkd: @iy b bbtamed Rfarddrandafi@perdtd t he second
peak; an

temperatures that are greater than about 1200°C, such as at 1220°C. It now will be
shown how slip generation and SiO; sublimation may be reduced and preferably may
be eliminated by using embodiments of the present invention, including the
temperature ranges that were described above.

20 Prior to describing reduction in slip generation, according to embodiments of
the invention, a discussion of origins of slip will be provided. As is well known to
those having skill in the art, during RTA, a wafer may be supported in an RTA
furnace using three support pins, or an edge ring. By only partially supporting the
wafer at the support pins or at the edge, the self-weight of the wafer can induce stress

25  in the wafer, which itself can cause slip. The slip generally originates at the bottom
surface of the wafer that is supported by the pins or the ring, and extends up to the top
surface of the wafer, where devices are formed. In order to reduce and preferably
eliminate the impact of slip on active devices, it may be desirable to provide a slip-
free region in the DZ between the first peak and the first (top) surface. Stated

30 differently, it may be desirable to provide a slip-free region to a depth of about 40pm
from the top surface of the wafer. Thus, slip from the bottom surface will not enter
the device region. Unfortunately, it may be difficult to provide a 40um slip-free

region using conventional RTA processes.



47 a concave regi on between the first and second peaks. 32. The nethod of
Claim 29, wherein the gas mixture conprises amonia (NH3) gas and argon
(Ar) gas. 5 33. The nethod of Claim 30, wherein the gas m xture conpri ses
ammoni a (NH3r gas and argon (Ar) gas. 34. The nethod of C aim 29, wherein
the step of performng a rapid 10 thernal annealing process conprises
rapidly cooling the wafer at a rate of36at | east about 10C/ second. 35. The
met hod of Cl aim 29, wherein the step of performing a rapid thernal

anneal ing process is perforned at about 1120C. 15 36. The nethod of Caim

29, wherein the stigRe 85 gREKIEANTIIRGraRs EdPlefath AENMIBoADNRRLE B WAOCESS IS
performed for at |east about gseconds. 37. The nethod of C aim 29, wherein

the step of papssdemacriura fardplidlembedimenned theprsesar inventiondls yse aseompnilses
rapi dly heat 5‘991_&@@%%@@%&5@& Pighdled, af 1aherls nrRAMrsLs Ade %(?Qﬁiong-ﬂea met hod of

Claim 31, wherein t Step of |5ér ormng a subsequent heat treatnent on the
si |l i con waf ewafes indisattdimthelupper sétopaen Higsotpos8PdCcaredpaiddathe6siti®@B0C f or

bet ween abou r about ) T t hod _ of. Lm 29,
wherein the é{é%uggr %@E?’g?l%?'r%‘ nr%%“%gr?rg ﬁrﬁﬁ%@ﬁ‘ﬁaﬂﬁ‘qi 'ga%zécr f‘tg[b?red during
a donor Kil | gagniet efphed? T4 finadce) witgeas tieoslss pbsitiorsi2eand i3l arcemowefoat the 30 40.

The method of Claim.29) wherein th erfarm.ng,step,is preceded by: pullin
an ingot froffstBiet é"?'lsqsghf’?”%ht?‘? Hgltéf ‘ﬁg[)guieo e‘sftﬁ%HBi"é‘EM??g‘éfFﬁﬁmt%f a&% iﬁgot )

pul 1'ing rat ea@iodptictecorett@dh and Ridopdn. | i ng rate of the ingot is high enough so
t hat 48 formation of 1 nterstitial Ogggl onerates is prevented, but |ow

enough so that foReferingie Beurg4dandy2gdn M?‘Sﬁ@émiozaﬁﬁ%%'ﬁigﬂgm%d slicing
the ingotigi Ns@y fepglh 81 3. SthinGidyl RPréddcd Rbéford N6n e Wab@ iR Ry bét1- The
met hod of Cl.aim 29, wherein'the performng step is preceded %y: pul ling an
i ngot f r om nmyhacesptablel iln sharp ¢pniraniat redyerd temparatices gf b&"&ﬁglip tength less
than 1.5mm may be produced using argon and ammonia atmospheres according to
embodiments of the present invention. A slip length of less than 1.5mm at the bottom
of the wafer can produce a slip-free region at the top of the wafer, to a depth of 40pum.
15 Accordingly, a slip-free active region of a wafer may be produced.
Figure 44 graphically illustrates slip length versus argon-to-ammonia gas ratio,
according to embodiments of the present invention. As shown, an acceptable slip of
less than 1.5mm may be produced over a wide range of gas ratios.
Figure 45 graphically illustrates slip length as a function of ramp-down rate,
20  according to embodiments of the present invention. As can be seen, the ramp-down
rate can impact slip length. In order to provide a slip length of less than about 1.5mm,
a ramp-down rate of at least about 30°C per second should be maintained.
Figures 46A and 46B are X-ray topography (XRT) photographs of wafer
bottoms which illustrate slip, and which correspond to RTA in an argon and nitrogen
25  atmosphere at 1250°C for ten seconds and RTA in an argon and ammonia gas
atmosphere at 1120°C for ten seconds, respectively. As shown in Figure 46A,
significant slip can be seen at the first position of the wafer, corresponding to position
#1 of Figures 43-45 and shown at the top of Figure 46A. In contrast, in Figure 46B,
the only defect is the pin mark itself at the three-pin positions on the wafer.
30  Accordingly, wafers having slip-free active regions may be produced.
Another aspect of slip reduction according to embodiments of the present
invention now will be described. In particular, by providing an M-shaped oxygen
precipitate concentration profile with sufficiently high density of oxygen precipitates

beneath the DZ, slip in Shallow Trench Isolation (STI) devices also may be reduced



ingot pulling rate profile that produces point defects and does not produce
interstitial agglonerates and vacancy aggl onerates; and slicing the ingot
in a radial direction to produce the silicon wafer. 10 42. The met hod of
Claim?29, wherein the performng step is preceded by: pulling an ingot from
nolten silicon in a hot zone furnace according to an ingot pulling rate
profile where the pulling rate of the 37ngot I s high enough so that vacancy
aggl onerates are formed through the dianmeter of the ingot wthout form ng
15 interstitial agglonerates; and slicing the ingot in a radial direction
to provide thg p%férmqpmaméenmuﬁ&d As TR kNN t0BYYE REANY skilln theSrd, | CON
wafer, conprising: performng a Rapid Thermal Annealing (RTA) process on a
silicon waf e¥T Z’GPVW&\PF‘?‘\"@}O&SO@%C"‘Q'&FW ééﬁ‘ BiERnEsBEt Fymosertotherinian agtiveat nospher e
of ‘a gas m xLhbg offn iREBRRMRIBNOBEERL, A§Q»\Q~ﬂ%6@ﬁﬁ) my&'h@ah%gmumﬁ ers,

whi ch serve as oxygen precipitate growh sites during subsequent heat
treatment, iar i $illca wenchinforaedt iarthefoprelm semidoodnoinr shbstrate tndiiren Ise t op
surface to t

concentra |oﬂ?ed§§ a%%s?xﬁa lt)gﬁ]%te%l ‘%ﬁfa mﬁ‘f‘{% ngaeté(;gl%cﬁa th? rrﬁgﬂést and
second pr edeDarsny Plbsinwl(éﬁl)ll’l)s The mmwotmqy lacridwbmh&cardnﬁﬁancm axselatonfsud:lhe waf er,

respectlvely vin redet.er mped n eati.on..cente
concentrati off Iha &’e%agﬁx%?“ﬁlf’? H"if@ﬁ“c%st){%’?b‘éeﬁ{’ :ﬂﬁtslh(ﬁ?l" WB%'E Wen the
top surface (hf: ufsﬁthm/gQﬁﬁérlzﬂ(@ﬂlntthK?trédch Sdonmpeiivandll/dreénsiedrebNBayt t om surf ace

of the wafer, and the second peak; and 30 a c ncave regi on between the first
and second p@gk@ce%mevﬁ@r ﬁi&%&eee&eér%% fd¢n the step of

perform pg a rapifheLRSGLARI sREDRAE RHEncASAARA rédicCmBy ROfaRSioR of deancy
concentration profile fromthe top 49 surface to the bottom surface of

the waf er, t#ee)mtiané the ispaderndfos pihghprasess sonditioppplarskample.fabls6 and second
peaks at fir glaRd sSES ARHiIRIGIRLAFRLIRS 1H8PhYesTA Mhi §5nd 9, where the

aspect ratio increases from wafer D21 to wafer D19 to D17. As shown in Table 6, the

stress is highest in wafer D21 and is lowest in wafer D17.

15 Table 6
Device D21 D19 D17
Item
Temp. (°C) 1150 1150 1000
Densification —cres 55 55 55

Oy -4.57 x 10° -6.5x 10° -827x10°
Max Stress Oy -2.96 x 10° -1.78 x 10° -422x10°
Oy 492x10° | I07x10° | -625x10°
Ototal 7.34x 10° 9.84 x 10° 1.12x 10°

Figure 47 graphically illustrates stress in the trench after gap filling film
densification, for the wafers of Table 6. In Figure 47, the length of the line is
proportional to the amount of stress.

20 Without wishing to be bound by any theory of operation, it is theorized that
slip in the STI device can be reduced using an oxygen precipitate concentration
profile according to embodiments of the invention, because an oxygen pinning
phenomena may take place. In particular, an oxygen precipitate concentration profile
according to embodiments of the present invention, can provide a device active region

25  thatis free of oxygen precipitates, but can provide a very high density of oxygen



and bottom surfaces of the wafer, respectively; S _ a region having a
predet erm ned vacancy concentration, which is lower than a critical
concentration, between the top surface of the wafer and the first peak and
bet ween the bottom surface of the wafer and the second peak; and a concave
regi on between the first and second peaks. 10 4S. The nethod of C ai m 43,
further conprising the step of perforrﬁeng a subsequent heat treatnent on
the silicon wafer to forman oxygen precipitate concentration profile from
the top surface to the bottom surface of the wafer, the oxygen precipitate
concentratio ' L S0 9diadel 1 st and
second prede éﬂ%ﬁ‘fﬁ%ﬁégﬁ‘ﬁ%‘l rlg%dj?{]eg{?ggéﬁglrég&gn orggvt%l[‘. ?Fn ﬂé;df’ ces of the
waf er, respedtiveent the osygee predipitaZoean HeDEYY dvestldiein theprzed dpt thesef ace of t he
wafer and the,first .peak an e . m face,of the wafer and
the second p&X r?Ct%{‘r‘?H&acagcc)%(:sgeglgtrh \gg’lggeﬁ‘tsi@agt"\ag‘tgtr?&tkﬁéﬁh’rw Bich IYMBRond peaks.
zg 46. I The rTEful”s@@ho@émﬁt af disldCationdatrtid tmertch,lswhaemle(bjﬁsl@&ﬂri]dn@ﬁfé}m’tg/e&awa.)pi d f
t hermal annealin rocess conprises rapi ooling the wafer at a rate o
at | east gboﬁ'ioml‘g%ﬁ%"é“c’d‘ﬁﬂ‘.’e ‘&%‘P“*‘r‘ﬁ@ %?‘ﬁ%egl %‘ftﬁ‘?ﬁ”ﬁigﬁ‘&fﬁc,‘p%l‘@r ein the step of
perform ng a rapi digde 486 Felosas¥eaahal MRwWITFRRISSettSraRastbiQlchiREs Bt capout
1120C. 48. The nethod of C aim 43, wherein the step of performng a rapid
ther mal annedeiffhgcgsbiasticon wafsey §56P1H8 t9 S‘F‘b%ﬁ‘mF‘éégﬁh‘h%ﬂl‘mS agdpdKls. 30 49.
The nethod ofy,{d RkiMfhdale MR 5k RSur BHER, At NGOG0l §¥bufs, fodligd t her mal
anneal i ng process conprises rapidly heating the wafer at a rate of about
SOC/ second.  oxpgeEnpeEcipitaies teeformdAs shawma the\dgwipe agtize ares comespendéng totheper f or i ng

a subsequgnt he i) f.an 4 at bet ween
Sbout 2000 aiSF B Asb R er 8Fotya BiebibhRl, VY i SnBE SLRLHRA 2 P! o
_ 51. The netprsipitates iSifenrmh id the butleregion adjheent tip deviteh earresponding éathe figpt i s
carried out durin donor, Kid li st of ,a ferli ess, for, the
silicon waf erﬂea‘%'ﬁgh%ﬂégﬁ%f‘r% ‘l%'f ﬁ%‘rﬁﬁﬁﬁﬁephﬁﬁﬁﬁgﬁu#%égE’g?q\a[’ﬁdrﬁ'ﬁ st ep is
preceded by: dfukygeigreaipititegiata waremof Figuie4B A5 iatdoeding torembodifkentz ofwhe f ur nace

according to an . .
present invention.

15 Figure 49 conceptually illustrates potential movement of slip in STI devices as
a result of trench dislocation pinning, according to embodiments of the present
invention. Without wishing to be bound by any theory of operation, in Figure 49, Fa
is a process-induced stress that may produced, for example, after the densification of
the gap filling material in the trench. Fa may be a maximum at the corner of the

20 trench, as was shown by the simulation results of Figures 47A-47C. Also, in Figure
49, F;u is the interaction force between the trench dislocation and oxygen precipitates,
and may be given by:

GE

1 1
E =5J'0'D-eo,Pdv+5J.co,P~ade, Fw =F

nt ?

nt

where the quantities are indicated in Figure 49, where €9 and €p indicate strains, and
25  where v indicates volume. Dislocation movement, as illustrated in Figure 49, may be

produced as shown by:

o . _Gb
2R LY

where F1 is the line tension vector, and is a function of a material constant G, the

Fr=

Burgess vector b and the length L between dislocation centers. Thus, when the
30 distance between oxygen precipitates decreases, the magnitude of the line tension Fyt

increases. This can cause dislocation movement in the dislocation pinning condition



10 ingot pulling rate profile where the pulling rate of the ingot is high
enough so that formation of interstitial agglonerates is prevented, but |ow
enough so that formation of vacancy agglonerates is prevented; and slicing
the ingot in a radial direction to provide the silicon wafer. 15 53. The
met hod of Claim43, wherein the performng step is preceded by: pulling an
ingot fromnolten silicon in a hot zo®® furnace according to an ingot
pulling rate profile that produces point defects and does not produce
interstitial agglonerates and vacancy aggl onerates; and slicing the ingot

in aradial direction to produce the silicon wafer. 20,54. The net hod of

Cl ai m 43, wheteed F) £ B R, fso kit Mpneqeiiibiism poeieaed  by= —BuITHuQ,gN&ﬂU ngot from
molten silicon in a hot zone furnace according to &an ilagot pulling rate

profile mercﬁcrtezﬁg?, %‘#{%hﬂ%ﬁars@st 3?1 9{1}%@&1\' N kv?s]hmg%] be Q&lrjlg lg%gl?yhthhat vacancy

aggl onerates are Fou ameter of the T Ngo B2t or ni ng
25 interstitde3heaagl Bt a B2 dBhsitg oPEndiNGybBORECibitlid il Blo di T €Ction
to provide thebeéri P?blogﬁ’me/gr%er ) a5§. A rlr%tohod of y?ranu%% 1 6ri°n‘gsg%‘§i‘? licon

waf er, conprdesieasgandpBrrftomereas, so tRatfiack RihverFmlto harebpkausgdisiedAonpr ocess on a
silicon \kaf er. 30 having a top surface and a bottom surface in an atnosphere
conpri sing a'?“aB‘?P'and ammoni a for at |east about 5 seconds and at between

abo?t 1100C and &b@dﬁbcﬂﬁ?@ﬂt toobserfe mbdémxdﬁgﬁ,ﬁmlgdiraglyt lcp{oqeaé'rm 5;5 wherein the
perform ng conpri.ses performng : pid Thernal Annealin RTA) process on
a silicon wefrcaipippngmay Bqldfr&)gﬁegﬁwfa@ear&ﬂde‘a%oﬁ%ﬁs RPgnamkic an

at nospher e CR¥Réh HcBAs MeARRy (?JTQA@EHWM@MM& A ST88% MM~ Seconds and at
bet ween about 1100C and about 1 |50C. ~7. A nethod according to Caim55
wher ei n t he fpercatsd ta ingludesthe predilecnd & igure by Figure 30 genpbiggllyciustratssat he at nobspher e

Che per o m el GTA QTP A s refih Or b e AR K bRl B o e
concent r at i cprediffitatpopueentrationprafdeatcoiding thembodimemhef the invention (lower
curve of Figure 50). and wafers that have a constant oxygen precipitate concentration
profile (upper curve of Figure 50). As shown in Figure 50, for a given refresh time,
the number of failed bits is lower using wafers which have an M-shaped oxygen
15  precipitation profile according to embodiments of the invention (lower curve of
Figure 50) compared to wafers which have a constant oxygen precipitate
concentration profile (upper curve of Figure 50). Without wishing to be bound by any
theory of operation, it is theorized that the M-shaped profile according to
embodiments of the invention provides dislocation pinning in the active device area.
20  Asis well known to those having skill in the art, dislocations in the active device area
can trap electrons therein, which can reduce the refresh time of the device and/or
create a greater number of bit failures at a given refresh time. Thus, Figure 50
appears to provide evidence that dislocation pinning is produced using M-shaped
profiles of oxygen precipitation concentration according to embodiments of the
25  invention.

As was also described above, silicon wafers that are fabricated according to
embodiments of the invention can reduce and preferably eliminate SiO, sublimation
on the RTA chamber. Figure 51 is a cross-sectional view of a conventional RTA
system 510 including a quartz chamber 512 and an array of RTA heat sources 514. A

30  wafer 516 is shown in the chamber 512, and is supported by supporting feet 518. The

wafer generally includes thereon a native oxide layer 520.



59. A nethod according to ClaimSS wherein the performng is preceded by

i ncreasi ng heating of the atnosphere conprising argon and ammoni a to

bet ween about 1100C and about 1 |50C at about 50C/ second. - 15 60. A nethod
according to Claimb55 wherein the performng is preceded by increasing
heating of the atnosphere conprising ar&on and ammoni a from about 800C to
bet ween about 1100C and about 1150C at4@bout 50C/ second. 61. A net hod
according to Claim60 wherein the increasing is preceded by 20 purging
oxygen fromthe atnosphere conprising argon and ammoni a. 62. A net hod

according to Caim61 wherein th erf.orm | so is preceded, by sensing
that less than a @L@é’éf‘éfwﬁgﬁ"eﬁﬁﬁ?f{m?@%@?‘ tSW‘Qréﬁ'“‘lsé‘g?)‘FéQ%‘Ht in the

at nospher e coPQPEC KhdGativE G0He antioraties Bilidon &ibxiBSthats pRE&Rthade6HbMAlNg to O aim
55 wherein the performng, i s fol]| owed bg/ decreasing heating of the

at nospher e cERprthsHE 2dgisRosinR ths 3R shambshy et bdepheagmena 19 efoed ind  about
1150C at bet yeayio Ahelhaddh® ARk mglisaﬁe(sgmemﬂh%%ﬁ%mr (\ﬁgs ﬁgna A met hod
fol I owe y e

according to Claimb55 wherein the performng is f reasi ng
heating of t Hecressarbe piisieacyofthe Fhambgr andi theaalipbaityrofithe pfocesn Wlethwesan about

1100C and abgk‘{f,\aﬁ}%@%ﬂdﬁgﬁﬁ’gﬂﬁef%%&g@%f9@ en about 10C/ second and about

70C second. according to ai m 64 wherein the decreasing
is followed by pungharg cantrast) raofdimgotehbodimrots pif dreénveatiqar, whemRTAr gon and

ammonia. 5 - _66.,.A.met hod accordi ng,t l.\m 55 erein e _performng
conp | ses  perPriRTRrRes g Db A 1RE h ok MRRpEuaLIEC 2 51 [P eon
waf er havi ng betwhapa%bsurtflaa’ie addbsuth a20°Cror Stubbgtclﬂ%qél:, ﬁmeabrtr) ﬁ@smelr e conprising
argon and_.a nia for at |east about. 5 seconds, and at about 1 |120C 10 67.
A met hodqgcgg‘:‘)lﬁ‘i“}?@ml mayieks piags b s B fggrrd_r@ftwgs EViBE PoEasseder f or ni ng
a Rapi d Ther g@lupA§ig slohfh of BoR)in B RIASYstem 532 Withb&Ahe Rl & cibdvtng a top
surface and a bottom surface in an atnosphere conprising argon and anmoni a

for between XpaGe the chambenfi2-and about 30 seconds at between about 1100C and
about 1150C. Figure 52 is a schematic view of a modified CZ puller according to

embodiments of the present invention, and Figure 53 illustrates details of modified

15  parts of the CZ puller of Figure 52. In Figures 52 and 53, like reference numerals
used in Figures 28-30 refer to like elements, and only the differences from the CZ
puller of Figures 28-30 will be described below.

As shown in Figures 52 and 53, the heat shield housing bottom includes a first
portion 320a adjacent the iﬁner heat shield housing wall 310 that slopes downward

20  from the inner heat shield housing wall 310 towards the outer heat shield housing wall
330. A second portion 320b also is included adjacent the outer heat shield housing
wall 330 that slopes downward from the outer heat shield housing wall 330 towards
the inner heat shield housing wall 320, for example at an angle vy that is illustrated in
Figure 53. Viewed differently, the second portion 320b of the heat shield housing

25  bottom may be considered a notch in the heat shield housing at an intersection of the
outer heat shield housing wall 330 and the heat shield housing bottom 320.

CZ pullers of Figures 52 and 53 may provide one or more of the following
benefits, according to embodiments of the invention. First, the distance d between the
ingot surface 228 and the inner heat shield housing wall 310 can be reduced to allow

30 more uniform heat distribution in the ingot. Moreover, the velocity of the argon gas
at the area of the notch 320b can be reduced, which can increase temperature

uniformity of the surface of the ingot 228. Finally, the notch can reduce turbulence in



- 15 68. A nmethod according to C aim60 wherein the follow ng is perforned
bet ween t he increasing and the perform ng: maintaining heating of the

at nosphere conprising argon and ammoni a at about 800C for about 10 seconds.
20 69. A nethod of manufacturing a plurality of silicon wafers, conprising:
sequentl ally performng a Rapid Thermal Annealing (RTA) process on a series
of silicon wafers in an RTA chanber i#lan at nosphere conprising argon and
anmoni a and bel ow a tenperature that causes sublinmation of silicon dioxide
fromthe 25 series of silicon wafers onto the RTA chanber. 70. A nethod
accordi ng to tht asn §9. Wear&un of B creupie bf thadelaid/PESth& RS, imPrIREd S€S
perform ng the RTA or at | east about. 5 seconds for each wafer at between
about 1100C dalitybsiticonspents mapbeprovidedet hod according to O ai m 69 wherein
the sequentially m@{hfeghmum ag@@wclmet%mafewam B&n a1 A fied] pRffedegast about
5 seconds for each wafer at between about 1100C and abou 11§ 53 72. A
met hod accor dinhgdinggnglodtheieEntipresns; slthongh speeifie fammnn are ampRyed. phea@eess for each
of the wafer r her corrpr|5| ng
ar gon and ey i ERERGEAUecRHE daRe URKOER obl BE bR b AR RS 305, T e

per form ng anscefRAfiredreator bringse Fortifin tHedolwfing dlaialsso i s preceded by
sensing that |less than a predeterm ned concentration of oxygen is present
in the atnosphere conprising argon and anmonia. 10 74. A nethod according
to Claim71 wherein the perform ng an RTA process for each of the wafers is
preceded by increasing heating of the atnosphere conprising argon and
ammoni a to between about 1 | 00C and about 1150C at about 50C/ second. 15 75.
A met hod according to Claim71 wherein the perform ng an RTA process for
each of the wafers is preceded by increasing heating of the atnosphere
conprising argon and ammoni a from about 800C to between about 1100C and
about 1150C at about 50C/ second. 20 76. A nethod according to Caim 75
wherein the increasing is preceded by



purgi ng oxygen fromthe atnosphere conprising argon and ammonia. 77. A

nmet hod according to Caim76 wherein the perform ng an RTA process for each
of the wafers also is preceded by sensing that | ess than a 25 predeterm ned
concentration of oxygen is present in the atnosphere conprising argon and
amoni a. 78. A nethod according to Caim71 wherein the perform ng an RTA
process for each of the wafers is fol B@wed by decreasi ng heating of the

at nrosphere 30 conprising argon and anmoni a from bet ween about 1100C and
about 1150C at between about 10C/ second and about 70C second. 79. A nethod

accordi ng tolﬁﬁiig’rqz‘,;mﬁg{ ein the perform ng an RTA process for each of the

wafers is fo Creasing heating of the atnosphere 54 conpri si ng
argon and anmmoni alf r ord biéicoresrfcaisying axaR9Taehd baterasurfacd BBt axygdout  800C

at between a . . t hod according to
Claim79 V\/ne?g#%‘?lt%}ggé ’?fg@?‘g%%?ﬁg‘“‘ia‘?%@ﬁzg‘% ﬂ%ﬁgﬁsuj?‘)‘g"r %n;%r%ggtéortrﬁg‘ni a fromthe
at nospher e coeugface shexgxyaergpracipitae eomwatiation pro8ik.comprihgnod according to C aim

69 wherein the seguent; al | rform ng conprises sequentially performng
RTA on silicon waﬁ@F g Sﬁcor“ﬁé’g%mt @rﬁ(a??gé?cofl Preg‘ftemﬁeg’[(ﬁgfthﬁﬁﬁﬁ‘ﬁbeﬁ‘é’,p wi t hout
cl eani ng she aRT bothndubRces OF theiwafeg Bspdedxiygle. 10 82. A Czochral ski puffer

for grow ng m)no.crégt alline silicon ingots, conprising: a chanber
encl osure; a cruch Beended Zens(D2) betpesn bR Mpoytfaes of therwaienaad thedirsteraksi | i con; |

S a seed hol dgy bdtiednRe CRRIPKIAQUTHRSWAIE and HeAeEM pteilé‘ crucible to hold a
seed crystal; a heater in the chanber enclosure, surrounding the crucible;
a concave region between the first and second peaks;

the denuded zone between the bottom surface of the wafer and the second
10 peak including therein at least one region of slip dislocation; and
the denuded zone between the top surface of the wafer and the first peak being

free of slip dislocation therein.

- 2. The silicon wafer of Claim 1, wherein the oxygen precipitate
15  concentration profile is symmetrical with respect to a central surface of the silicon

wafer that is centrally located between the top and bottom surfaces.

3. The silicon wafer of Claim 1, wherein the depth of the denuded zones
is in the range of about Spum to about 40um from the top and bottom surfaces of the

20  silicon wafer.

4, The silicon wafer of Claim 3, wherein the depth of the denuded zones

is about 30pum from the top of both surfaces of the silicon wafer.

25 5. The silicon wafer of Claim 1, wherein the oxygen precipitate

concentrations at the first and second peaks are at least about 1 X 10° cm™.

6. The silicon wafer of Claim 1, wherein the oxygen precipitate
concentration in the concave region between the first and second peaks is at least

30  about 1x10%cm?.



a ring-shaped heat shield housing in the chanber enclosure, including inner
and outer heat shield housing walls that are separated from one anot her,
and a heat 20 shield housing top and a heat shield housi ng bottom which
connect the inner and outer heat shield housing walls, the heat shield
housi ng top sl oping upwards fromthe inner heat shield housing wall to the
outer heat shield housing wall, and tHW8 heat shield housing bottom
including a first portion adjacent the inner heat shield housing wall that
sl opes downwards fromthe inner heat shield housing wall towards the outer

heat 25 shi el d NOYST NGWRYLoPkeForTAGAN REdA BB ARERY gL er heat

shi el d housing wal'l that "sl'opes downward rom the outer reld
housi ng wal | (@R puly atemesentrie thelvedidr i Hieebukamo tegiongbevedeh theinst aad suppor t
menber that S%Q&Prt? the heat shield housing within the crucible. 30 83.
The Czochral &P pUFT%er of O aim 82, wherein the ring-shaped heat shield
housing is filled with a heat absorbing material. 84. The Czochral sk

pul l ey of Claim82, fugther conprigsin cool i ng j acke et n the heat

shiel d and the _seéd holtS ‘Foéw%f@'alghgﬂﬁ%sfcﬁﬂﬂgﬁféwﬂaﬁﬁﬂf 8y o i m 84,

further conpidksihighidion ¢t fbiofs Hh th &nBdatihiosd b&WesPHB b shiffscel JpeRt bei ng

pul | ed, between the heat shield hou5|nﬁ and the cooling jacket. 5 86. The
P

Czochral ski pafer and the fict eqakpbhavigget ishp thabis seduced comparedde same dnf i gured to
pull the Seegcigmgﬂle{sifi SRR Bhat bk Bl iRclh@e GE QW%ngﬁ%itﬁt@Qo@eht'rfBﬂ into the
ro InacC

cylindrical nocrystalline silicon ingot, whiC yl'indrica
shape and fopredilan i ngot-nolten silicon interface with the nolten silicon
at Ieastlgne of the 10 lengths of the inner and outer heat shield housing
wal I s of 'the heat shield housing, the slope angles of the heat shield
housi ng top and f9.r st Hrdilsecwafdr gfdlltinohfythehenirsing apturdéy veshalldve i ngot

and the inner heat ,h shi housi n | | he di.stance. between .the crucible
and the out ef‘e@af“@%‘?f@#ﬂ) fre198y Wah%:gﬁ“f"ge(ﬁ%e g?tgf%fh@%m@éf'&gc&?f ihﬁe nol t en
silicon and tatrame fikepdak aid dhchrhfesofiBITwHp! and the [ocation of "the heat

shield plate 15 being selected such that the pulled ingot is cooled at a
rate of at |east about 1.4K/m n based on the tenperature of the ingot at

the centgs thereofp. froosiieen welPerGhitd Ewhtreintloived akygeR ptedipitate| | con _
interface to a predeterm ned tenperature of the ingot. 87. The Czochral sk

pul | ey of O &PIFEHRtONHEhEFINCYTLeRILS ablgpst pry x5 < ppnjtude lower than a

highest oxygen precipitate concentration at the first and second peaks.

11. A silicon wafer having a top surface, a bottom surface and an oxygen
20  precipitate concentration profile therein between the top surface and the bottom
surface, the oxygen precipitate concentration profile comprising:
first and second peaks at first and second predetermined depths from the top
and bottom surfaces of the wafer, respectively;
a Denuded Zone (DZ) between the top surface of the wafer and the first peak
25  and between the bottom surface of the wafer and the second peak;
a concave region between the first and second peaks; and
a plurality of shallow trench isolation (STI) regions in the denuded zone
between the top surface of the wafer and the first peak and having STI slip that is
reduced compared to same STI regions in a silicon wafer that does not include the

30  oxygen precipitate concentration profile.

12.  Thessilicon wafer of Claim 11, wherein the oxygen precipitate
concentration profile is symmetrical with respect to a central surface of the silicon

wafer that is centrally located between the top and bottom surfaces.



20 fornmed of carbon ferrite. 88. The Czochral ski pullet of O aim82,
wherein the second portion adjacent the outer heat shield housing wall that
sl opes downwards fromthe outer heat shield housing wall towards the inner
heat shield housing wall fornms a notch in the 25 ring-shaped heat shield
housi ng at an intersection of the outer heat sheet housing wall and the
heat shield housing bottom 89. A Czod#ralski pullet for grow ng
nonocrystalline silicon ingots, conprising: 30 a chanber enclosure; a
crucible in the chanber enclosure that holds nolten silicon; a seed hol der
in the chanber enclosure, adjacent the crucible to hold a seed crystal; a
heater in the chanber enclosure, surrounding the crucible; 56 a
ring-shaped heat Bhi elThebididsd warei 6f Clhien Chaviein BBaEME Uf e démi@édinid | Nner
and outer heat, shield housing walls %ﬂat are separated from one anot her,
and a heat sHilefhs resof sRput Hpn inaboyt 4fuum fram;iths 9P aes it wefeees of thi ch
connect the ipasiwaid outer heat shield housing walls, the heat shield
housi ng top sl oping upwards fromthe inner heat shield housing wall to the

outer hea? shield housing wall, and the heat shield housing bottom sl oping
downwards from thg i nngr i d i heat shield
housi ng wal |, th_e?d'r'i ngﬁ‘ S ﬁglg@gwﬁgg?gﬁﬁ“gﬁg %q%ﬁe\é\?!r%‘é d%ﬁqgéﬁﬁﬁg%“hlg‘igdnzﬁg% not ch

therei n at ais abnit0gmdtdnothe adp dftbethautfaces lo€tie sdherewafeousi ng wal | and t he
heat shield housing bottom and 10 a support nenber that supports the heat
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20  top surface of the wafer and the first peak is free of slip dislocation therein.

19.  The silicon wafer of Claim 11 wherein a lowest oxygen precipitate
concentration in the concave region is at least an order of magnitude lower than a
highest oxygen precipitate concentration at the first and second peaks.

25

20. A silicon wafer having a top surface, a bottom surface and an oxygen
precipitate concentration profile therein between the top surface and the bottom
surface, the oxygen precipitate concentration profile comprising:

first and second peaks at first and second predetermined depths from the top

30  and bottom surfaces of the wafer. respectively;

a Denuded Zone (DZ) between the top surface of the wafer and the first peak

and between the bottom surface of the wafer and the second peak;

a concave region between the first and second peaks; and
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ferrite. 45

.A9F, . AR A AR As[ R Al . A?. Ay. A A5. Ay. A?. As[ . A5. Alr. AH, . A. Al . Ar. A Ar. AN_. A5,
.A5?. A Ale. Ar. AH. AL. A AL, . A". A" ?. A9. ALn. AL, . AL% As. A& AL. A3/ . An. A. AL% AL. As

L ponm 2 0 AL AR A e 0T Sl et sne 1 o1

]ca] ¢ a] ca] chiteednohd toa]sgxa[z}cc ofijhe afafex Ghe thejfirgt pagkOant that are free of STI slip.

<ITTO"""##3%%%&j &&' | ' ' ' 1(| w mhc”Y] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]c ] ca
] ca] ca] ca] ca] ca] ca] cal ca]ca]c™a]ca]calcalcalcalcalcalcalcaljcall((')))(,o0
.J -/ NO0O11 The silicon wafer of Clalm 70 wherein the oxygen precipitate

2\ 223Y34] 4_45V6 667 788 d 7] c

21 cal cal CAT C AR CHPLRREE SRR A FapEal Al A ea o Reapoeme ¢ Kj"] ’

] ; (=y===/ >>>CatdPRaRe Rl Reatd baivéa @bloflahe BdM 6ata6d] ca] ca] ca] ca] ca] ca] ca

ca

Ul c™a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! TOUI UUULV

Vi ocYYY) 262 [ il shihd Ghed SOk Suclel el sl saloalad] ool ool

a]ca]ca]ca]ca]ca]ca]ca calca] ca calcalcalca ajca cajca]cal "$_
Baaa{ bésgu ths Tapgd @f aleblit § 1o &9 dbopf 48wy yom thestap endAottpwaidapeef|tba] ca] ca] cal

ca] ca] ca]1 a] gai]:‘frp\]lé%]kca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caj

ca! JhhhDi'Q i 1>){) J K¥kgkk! Tl gl I I mOmmmIn] nnnOof ooo+p: p} xsni d_Z] ]] ca] ca] ca] ca

] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] cal ca] ca] ca] ca] ca] ca]ca]ca] ca]ca

ca] ca] ca]cal: "rrrrlLss t$ uvyv ch cajc
!a] c}a] c}a] c}a] cal Eg]p a] ca Sitieay 2afL ]Se t] ‘]“tgﬁ 3’% f “gﬁpﬁ‘] g% %"3%%3”28%‘1303 ]c!a] c}a]
ca] ca] ca] ca] ¢edboa]30am{fidnt {heltdg dfothrshifhces éf t}ms:ﬂit&h wafkd ] ca] ca] ca] ca] ca] ca] ca]
cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]
cal9;
| i bhdknp tkxsni d_734 ] | cedeGaicemlvaft @¢16ia] 263 Wheletthe azlygeﬂ prdipihcal cal ca] ca] caj
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca! 3cSJux
] MU?u} xsni d_ ZPIcpteaipest ¢ frst]aad pecapdpep aqreat]lea} ghont bY KA es] ca] ca] ca] ca] ca] ¢
aJ ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca!l oaeTIMID=6| w mhc”Y]]] ca] ca] ca] ca]
ca] ca] ca] ca] ca] cilf#a] ca] ca] ca] ca] 11(%ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca

] ca] ca] ca] ca! E@L42#QNHBie s S}lwgmwder]’ 1]!@&?%:&‘]11913]% ¢ exyigemiprecibitd ca] ca) caj cal ca

ca] cal] ca] ca b aa
]U@]l| }1(5 n} d 12% ?@!’ﬂqﬂlf ?@] f@luf fgdé’]q ?Q]Sf%gfgla]&g{as]%ggfscam] cajcalc
a] ca] ca] @4] ca]mla] Ka]) ta] ca] ca] ca] ca] cal | ngI $l UGE >9} xsnid_Z]]]]ca] ca] ca]
caj] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]
calcalcalcalcal9:z)| nm)!

Y, % upi(f a} V\]] cal ca:]&:a] CHieGHicon Whiead HCibihc 2], svhefleiedrystd] ofigica¢dpreeipilatas] cal cal cal
ca] ca] ca] ca cal ca
2FH 1 # %C() } i@#fﬁl"ﬁ ]a&ﬁi' L%\]‘% ‘&%T‘Jd%?]fa?f&‘?]’%aeﬁlf’&]bﬁﬁ’]e%]hﬁg]scé‘]dca] ca]ca]calc

a] ca] ca] ca] cadcond paaks:al ca] ca] ca] ca] caj ca] ca] cal ) p+s+~,,!.q... *//119111233"4
Y444A5557’>’?I—|0/o]( J) SWI} xsnid_Z]]c]ca] ca] ca] ca] ca]ca]cal ca] ca] ca] ca]ca]ca]ca]c
a] ca] ca] é] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal WIZTTOUUURVVWWYVKYY
2ZZ([I [[\W]] 8"""3P___Tfhe silfedn wafet 6k dhihcicah&ah ar kaldeaksr]ealeesleal ca) ca] ca
] ca] ca] ca] ca] ca] ca] ca ca] cal cah_lca cal] ca] ca] ca] ca] ca] ca] ca] ca] ca! Eaaa) bb+crc
{ ddeAeee. f f 25 FFﬂrﬂf hei waferjapd fhedirstpeakn’p fehpislip|djsigeationtbarein] ca] ca] ca] ca] ca]

ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca!

mmnnnni nnnnnnnnnLooJpM™p. pppgwlwXwgwwx xx{ upj e ZUni d_Z] cal] ca] ca] cal] ca] ca
Ul ca] ca] cal] ca] cal- ca]B&]SdaPca’P@a]’fc@UFc%Q wmlea]lcwstma]g@aqrm} B4 ca] ca] c*a] ¢
aJ c"a] calga Xty 1XX th }:(} c% re N\}lsm least an order of magnitu er tha

bbezupkf a\ V\] ca ca] cal ca] caJca] calca ca l] ca] caJ ca] ca] ca
] ca] ca] ca] ca]uga]sta]maw])ma]matl]cm]amw]maﬂ th@frsPArlBcdhY peaks.

gT3| wmhc”Y] ]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]caJca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cha] cal 3@i . vyN | ;

h{}xsnid _Z]]]]ca] za] ca].m]lma]ocm]amﬂm]ngaa]sﬂa:]oﬁa]aﬁea]oombﬂa]gza] caJcalca]ca]ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! DGtewD8%m&s H

}xsnid_Z]]]]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]ca]cal
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal

b<V>v?#%k6<z} xsnid_Z]]]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca]ca] ca] ca]ca] ca]ca]ca] ca]ca]ca]cal L[*IMps\Q



Z,v}ixsnid_Z]]]]ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]calca]cal
caJca] ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]cal |l L#t>)-rATZLo[ }xsnid_Z]]]]ca]ca]ca]c
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]c
aJca] ca] ca]ca!!;

m bN: Q#h7}xsnid_Z]]]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca‘}Qa] ca! Pl PLnqPgP} xsnid_Z]]]] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca! PSH9z"kM-d2{\ h} }xsnid_Z]]]] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca]

I
gﬂ\;g!(%i%ﬂfﬂiﬁﬁ?%ﬁ%%?aﬁ%r 'Lf'}f‘%j‘ g@f@gﬁ% ;is(f:g(? ]aég']%g% fgai ca] ca) ca
] ; ﬂ ]c ia] c ia] c ?]mahga]ocpahff&]eaad & o tay a&faca]rc.ﬁn] m];spaa}e]aﬂa@mﬁﬁaiae h ]( +V% XS]n} X ]S ni ]d

ca] ca] ca] cal.ca] ca] gal.ga ca ca C calca ca] ca] ca] ca] ca
ca] ca] ca] ca] €84 Bﬁ%‘%’]%ﬁé ‘i]hﬁﬁg %’f %’h‘%lfﬁ (“)gail"?‘fl)&]‘
FI0%& ()-@s ]lﬁ)t%&m(a) sﬁé&\%ﬁseéﬂmﬁﬂc@n&h@iﬂ%&b&ﬂm@u}ﬁ%ﬁ of e silicon wafer
109 () - 810%& 10%& () - 10‘V ( 10%& _(0) aFi K-
) 109& () - B( @?@ beywega \& ta geigrate nuglEatingr qenters, which

Tore o e %fﬂgé%pr%@c@%rsm sm;@‘/agass&auapp@ aduI0%& O -S.

i KS43109&! ()-n\«ql@mn&ex(tgrxgnwaio(n)promaixcmli@topcmo(e)to thsbgmm(rfacessﬂ.ocya ()-j

0% 1 E (%f 5 31%% t‘?‘eﬁ@&&?}‘%c{’? %Pe‘)fﬁﬁ}&g’(’ﬁ”? 1610’ N Sove ()-'3

10%: & ()- 3 | 10%&! ér)d-seébrﬂ palitat fisf Ms%ﬁ@nﬂl\ﬁeﬂ?ﬁhﬁln&d)&@tl(s)fmﬁﬂh@op

10%& ()-s3! D 1ocy ( Q@B ()-s3 1
10%gq&’ ()‘%s3f§§§%‘f8}>%@ %ﬁSF(ef"""i i i 10.. 10ii !N 10% i & ()-s3!D
109& () -s3! D 10%KatdgidnIavin a Fédéﬁﬂﬂhwm&%@&c(n)cr kdrd%@fation, wWhich is

10%& () - 910%&(‘ S10%2& () - 10%& ()-<!'110 dBo 10!#

10%2& () zld%E% afﬁ%%%l)“&%%& *(%WE@%%EOW“?%‘? gMeter ##'Fp@"/ﬂ%dEOPllO! @
) 10%& ()-y’ 9&@1& bedweerhd Y& &orh barfdt&bORME &afek a8d tla@%’c&nc( gnfaf(

21092 & () - &j "dEOP110! y310% & ()-f2S10%& () - O- 10/oz& ()-S/ @0%& ()--
109%2& ()-S, 10%& @ poncayq regipi) pgtwesn thafiest andiyogndpeaksi 0z 10z 10z;

:10%2& ()810%¢& ()-g6@0%é& ()- y510%& ()-)(,o0,,--.dEnbCLO! 10%& () -y10%& (
) - 2109%&! (S-S 109%&' ()-,  109%& (3 109%&' ( / NO0O1a?nbC! 6@

1098 () -y*109%& () 3@ L10kegngtho @&lamm/&her)emzthwmpf(gerfzxzmma/&p@ 11

2\ 223Y3d Ean'
Too ()~ 38 1098 LA SOTYEPRo s o Ry & g Tesasan BT S B
109&' () - ys10uf&e (9 tht ®oficdh furfacd Of th waldr, the vacancy concentration profile
109&' ()-y8910 /? S%l gZV6p667 788dEbC! s109%0& ()-L10%& ()-F1090& ()-910%& () -
y1090& ( ) 910 &'Y& 8Hou99
first and second peaks at first and second predetermined depths from the top

and bottom surfaces of the wafer, respectively;

a region having a predetermined vacancy concentration, which is lower than a
critical concentration, between the top surface of the wafer and the first peak and
between the bottom surface of the wafer and the second peak; and

25 a concave region between the first and second peaks.

31.  The method of Claim 29, further comprising the step of performing a
subsequent heat treatment on the silicon wafer to form an oxygen precipitate
concentration profile from the top surface to the bottom surface of the wafer, the

30  oxygen precipitate concentration profile comprising:

first and second peaks at first and second predetermined depths from the top
and bottom surfaces of the wafer, respectively;

a Denuded Zone (DZ) between the top surface of the wafer and the first peak

and between the bottom surface of the wafer and the second peak; and
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35.  The method of Claim 29, wherein the step of performing a rapid
thermal annealing process is performed at about 1120°C.
15
36.  The method of Claim 29, wherein the step of performing a rapid

thermal annealing process is performed for at least about 5 seconds.

37.  The method of Claim 29, wherein the step of performing a rapid
20  thermal annealing process comprises rapidly heating the wafer at a rate of about
50°C/second.

38.  The method of Claim 31, wherein the step of performing a subsequent
heat treatment on the silicon wafer is performed at between about 800°C and about
25  1000°C for between about 4 hours and about 20 hours.

39.  The method of Claim 29, wherein the step of performing rapid thermal
annealing is performed during a donor killing step of a wafering process for the
silicon wafer.

30

40.  The method of Claim 29, wherein the performing step is preceded by:

pulling an ingot from molten silicon in a hot zone furnace according to an

ingot pulling rate profile where the pulling rate of the ingot is high enough so that
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42.  The method of Claim 29, wherein the performing step is preceded by:
pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile where the pulling rate of the ingot is high enough so that
vacancy agglomerates are formed through the diameter of the ingot without forming

15 interstitial agglomerates; and

slicing the ingot in a radial direction to provide the silicon wafer.

43. A method of manufacturing a silicon wafer, comprising:
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer
20  having a top surface and a bottom surface in an atmosphere of a gas mixture of
ammonia and argon, to generate nucleation centers, which serve as oxygen precipitate
growth sites during subsequent heat treatment, in a nucleation center concentration
profile from the top surface to the bottom surface of the wafer, the nucleation center
concentration profile comprising:
25 first and second peaks at first and second predetermined depths from the top
and bottom surfaces of the wafer, respectively;
a region having a predetermined nucleation center concentration, which is
lower than a critical concentration, between the top surface of the wafer and the first
peak and between the bottom surface of the wafer and the second peak; and

30 a concave region between the first and second peaks.

44,  The method of Claim 43, wherein the step of performing a rapid

thermal annealing process also produces a vacancy concentration profile from the top
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and bottom surfaces of the wafer, respectively;
5 . aregion having a predetermined vacancy concentration, which is lower than a
critical concentration, between the top surface of the wafer and the first peak and

between the bottom surface of the wafer and the second peak; and

a concave region between the first and second peaks.

10 45.  The method of Claim 43, further comprising the step of performing a
subsequent heat treatment on the silicon wafer to form an oxygen precipitate
concentration profile from the top surface to the bottom surface of the wafer, the
oxygen precipitate concentration profile comprising:

first and second peaks at first and second predetermined depths from the top

15  and bottom surfaces of the wafer, respectively;

a Denuded Zone (DZ) between the top surface of the wafer and the first peak
and between the bottom surface of the wafer and the second peak; and

a concave region between the first and second peaks.

20 46.  The method of Claim 43, wherein the step of performing a rapid
thermal annealing process comprises rapidly cooling the wafer at a rate of at least
about 10°C/second.

47.  The method of Claim 43, wherein the step of performing a rapid
25  thermal annealing process is performed at about 1120°C.

48.  The method of Claim 43, wherein the step of performing a rapid

thermal annealing process is performed for at least about S seconds.

30 49.  The method of Claim 43, wherein the step of performing a rapid
thermal annealing process comprises rapidly heating the wafer at a rate of about
50°C/second.
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SDg10%z &' () - hefSBgR ORmIn(the silicon wafer is performed at between about 800°C and about
1000°C for between about 4 hours and about 20 hours.

5 . 51.  The method of Claim 43, wherein the rapid thermal annealing is
carried out during a donor killing step of a wafering process for the silicon wafer.
52.  The method of Claim 43, wherein the performing step is preceded by:
pulling an ingot from molten silicon in a hot zone furnace according to an
10  ingot pulling rate profile where the pulling rate of the ingot is high enough so that
formation of interstitial agglomerates is prevented, but low enough so that formation
of vacancy agglomerates is prevented; and

slicing the ingot in a radial direction to provide the silicon wafer.

15 53.  The method of Claim 43, wherein the performing step is preceded by:
pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile that produces point defects and does not produce interstitial
agglomerates and vacancy agglomerates; and
slicing the ingot in a radial direction to produce the silicon wafer.
20
54.  The method of Claim 43, wherein the performing step is preceded by:
pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile where the pulling rate of the ingot is high enough so that
vacancy agglomerates are formed through the diameter of the ingot without forming
25  interstitial agglomerates; and

slicing the ingot in a radial direction to provide the silicon wafer.

55. A method of manufacturing a silicon wafer, comprising:
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer
30  having a top surface and a bottom surface in an atmosphere comprising argon and

ammonia for at least about S seconds and at between about 1100°C and about 1200°C.

56. A method according to Claim 55 wherein the performing comprises

performing a Rapid Thermal Annealing (RTA) process on a silicon wafer having a
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57. A method according to Claim 55 wherein the performing is preceded

by purging oxygen from the atmosphere comprising argon and ammonia.

© 58. A method according to Claim 56 wherein the performing also is
preceded by sensing that less than a predetermined concentration of oxygen is present

in the atmosphere.

59. A method according to Claim 55 wherein the performing is preceded
by increasing heating of the atmosphere comprising argon and ammonia to between
about 1100°C and about 1150°C at about 50°C/second.

60. A method according to Claim 55 wherein the performing is preceded
by increasing heating of the atmosphere comprising argon and ammonia from about
800°C to between about 1100°C and about 1150°C at about 50°C/second.

61. A method according to Claim 60 wherein the increasing is preceded by

purging oxygen from the atmosphere comprising argon and ammonia.

62. A method according to Claim 61 wherein the performing also is
preceded by sensing that less than a predetermined concentration of oxygen is present

in the atmosphere comprising argon and ammonia.

63. A method according to Claim 55 wherein the performing is followed
by decreasing heating of the atmosphere comprising argon and ammonia from
between about 1100°C and about 1150°C at between about 10°C/second and about
70°C/second.

64. A method according to Claim 55 wherein the performing is followed

by decreasing heating of the atmosphere comprising argon and ammonia from

* between about 1100°C and about 1150°C to about 800°C at between about

10°C/second and about 70°C/second.
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65. A method according to Claim 64 wherein the decreasing is followed by

purging ammonia from the atmosphere comprising argon and ammonia.

5 - 66. A method according to Claim 55 wherein the performing comprises
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer having a
top surface and a bottom surface in an atmosphere comprising argon and ammonia for

at least about 5 seconds and at about 1120°C.

10 67. A method according to Claim 55 wherein the performing comprises
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer having a
top surface and a bottom surface in an atmosphere comprising argon and ammonia for

between about 5 seconds and about 30 seconds at between about 1100°C and about

1150°C.
1S
68. A method according to Claim 60 wherein the following is performed
between the increasing and the performing:
maintaining heating of the atmosphere comprising argon and ammonia at
about 800°C for about 10 seconds.
20

69. A method of manufacturing a plurality of silicon wafers, comprising:

sequentially performing a Rapid Thermal Annealing (RTA) process on a series
of silicon wafers in an RTA chamber in an atmosphere comprising argon and
ammonia and below a temperature that causes sublimation of silicon dioxide from the

25  series of silicon wafers onto the RTA chamber.

70. A method according to Claim 69 wherein the sequentially performing
comprises performing the RTA for at least about 5 seconds for each wafer at between
about 1100°C and about 1200°C.

71. A method according to Claim 69 wherein the sequentially performing
comprises performing the RTA for at least about 5 seconds for each wafer at between
about 1100°C and about 1150°C.
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& ()- Ly# % &h)(esd_hogsxqg_l_@%a&d ”mat shle d housing botfom which connec the inner and outer \

heat shield housing walls, the heat shield housing top sloping upwards from the inner
heat shield housing wall to the outer heat shield housing wall, and the heat shield
housing bottom including a first portion adjacent the inner heat shield housing wall
that slopes downwards from the inner heat shield housing wall towards the outer heat

25  shield housing wall and a second portion adjacent the outer heat shield housing wall
that slopes downwards from the outer heat shield housing wall towards the inner heat
shield housing wall; and

a support member that supports the heat shield housing within the crucible.

30 83.  The Czochralski puller of Claim 82, wherein the ring-shaped heat

shield housing is filled with a heat absorbing material.

84.  The Czochralski puller of Claim 82, further comprising a cooling

jacket between the heat shield and the seed holder.
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a crucible in the chamber enclosure that holds molten silicon;
a seed holder in the chamber enclosure, adjacent the crucible to hold a seed
crystal,

a heater in the chamber enclosure, surrounding the crucible;
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notch therein at an intersection of the outer heat sheet housing wall and the heat shield
housing bottom; and

10 a support member that supports the heat shield housing within the crucible.

90.  The Czochralski puller of Claim 89, wherein the ring-shaped heat

shield housing is filled with a heat absorbing material.

15 91.  The Czochralski puller of Claim 89, further comprising a cooling
jacket between the heat shield and the seed holder.

92.  The Czochralski puller of Claim 91, further comprising a heat shield
plate which surrounds the ingot being pulled, between the heat shield housing and the

20  cooling jacket.

93.  The Czochralski puller of Claim 92, wherein the puller further is
configured to pull the seed holder from the crucible to grow the molten silicon into
the cylindrical monocrystalline silicon ingot, which grows in a cylindrical shape and

25  forms an ingot-molten silicon interface with the molten silicon; at least one of the
lengths of the inner and outer heat shield housing walls of the heat shield housing, the
slope angles of the heat shield housing top and bottom, the configuration of the notch,
the distance between the ingot and the inner heat shield housing wall, the distance
between the crucible and the outer heat shield housing wall, the distance between the

30  molten silicon and the inner heat shield housing wall and the location of the heat
shield plate being selected such that the pulled ingot is cooled at a rate of at least
about 1.4°K/min based on the temperature of the ingot at the center thereof, from the
temperature at the ingot-molten silicon interface to a predetermined temperature of

the ingot.
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94.  The Czochralski puller of Claim 89, wherein the heat shield housing is
formed of carbon ferrite.



