;e3ezxxy\| || 6&TzARGON AMVMONI A RAPI D THERVAL ANNEALI NG FOR SI LI CON WAFERS,

SI LI CON WAFERS FABRI CATED THEREBY AND CZOCHRALSKI PULLERS FOR MANUFACTURI NG
MONOCRYSTALLI NE SI LI CON | NGOTS Cross- Reference to Rel ated Applications This
application is a continuation-in-part of Application Serial No. 09/702, 503,
filed Cctober 31, 2000, which is itself @a continuation-in-part of
Application Serial No. 09/454,675, filed Decenber 3, 1999, which itself is
a 5 divisional application of Application Serial No. 08/ 989,591, filed
Decenber 12, 1997 (now U.S. Patent No. 6,045,610) and clainms the benefit of
provi sional Application Serial No. 60/063,086 filed Cctober 24, 1997.
Application Serial No. 09/702,503 also is a continuation-in-part of

Appl i cation SeAREONAMMOMA, RQ?IDf'IFIl[ERl\Mm ANNEAIING ROR SH/IEOBN 210,

filed May 26, 1999, which are th ves continuations-in-part of 10 the
above-cited Appl i WAFERS @lﬁ QPWABEB@@ABB_{ AZED THERBBRYAND; |  No.

09/ 702, 503 al so cl ai (@q 1}@9@&1 /172 352, filed
Decenber 16, 1999. q% oI\,/gL?“e rgtr?ge app FI E:t;ltl ons are assi gned to
t he assignee of the pr esMﬂ)NﬁMRYSZTtAiIMNFa&EIU(H\IdNM’DSur es of all of
t hese applications are hereby incorporated herein by reference in their

entirety. 15 Field of the Inventlon Th| s invention relates to ’
nm croel ectroni ¢ manuf act urGress-Refergnce to Related Applications npre particularly to

s 95 PRSP LRl AR ST

silicon, whD2/f02,503 tfﬂedsOalroberrﬁj 200 whadh isitséléb comtatuation-geparcofduct or

SR eneTs 1 ot BrReon Befar g DoldarS e bt B afid ot a'h%?&”“‘p%géfc?)?‘ 25
monocr yss al fivigorsl 5ﬁ;ﬁf39t161§oﬂ%ﬁ’;§lﬁ:§§&gsér@1 ‘P{o""@é/98§F§1 FH1& B@édg’?o%ﬁ Wé ering

processes such as slicing, etching, cleaning, polishing an
Accor di ng t mowvhd.SCPatenPNb e 041,610 and ckersithe bysdfilof pfovimormt Appliction ne

Si1icon 15 OHOR Gt SWeeH ReB ity o ohlivg SR NGu L M s, The
mol ten sili iéchrbdnﬁn@d@i@hﬂhlp@ﬁdf f@h@d@h@enﬁrlq@@/ﬁo AN filed Masnwrmm ed wth

a variety of r’g)urltles one of which is oxygen. At fhe nel tlng
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.

15
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

Background 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



5 tenperature of silicon, the oxygen perneates the crystal lattice until it
reaches a predeterm ned concentration which generally is determ ned by the
solubility of oxygen in silicon at the nelting tenperature of silicon and

by the actual segregation coefficient of 2oxygen in solidified silicon. The

concentratign,of oxygen, whic erneates the sil.icon ingot during crystal
growth, is JrERiae %/ f?Fﬁa CWQIQEF\%BP‘FWWI‘?’&FS igon s igEersed 189 m FePngEPO§i |'i con

at typical tgapaned swadsisad o ' W R ingpe t he
crystal gr owsa?r om the nolten eginiélf%%ﬂoﬁggﬁ g?%%l S, tﬁlgo SO u%?lﬁllgttggﬁgf&xygen
t her ei n r apitylsjow extrastions Thevnolteh yiliosty enontagned an aqadreacriuciblehandtisol ed i ngot .

The ingot is_sliced jntp waf.ers...The.remaini dnterstitial oxygen in the
wafers is gr%ﬂiﬁ@%g%iv Ay 8@!0&1‘?‘@[’@?5@%9 ‘?fqd%gﬁb’éé’d‘ﬁgﬂ‘f_‘%%? Héﬁm& ocesses.
The pr essnceerhfertfurOHFIRDNPIE GikPhdrApRmeatts th@rydeY 1fEccaflil HeedcBSd #N MY
degrade the gate oxide integrity and/or may cause undesirable substrate

| eakage cur meefictermaigd\concenirptiomeichragsnerably esrrietayminsiddy thrsoldleilitycef acti ve

region (i.e. ip.the. i can.getter tallic inmpurities that
arise from é’é{%g%nelggs%lg% Lellé %fhﬁgﬁé@ﬁ ?@%ﬁ%@gﬁfgﬁf%ﬂc{%n&e 30?13#%%638“% as
gettering. 20Qefficiput 6f dxyigén éh sotidifiedidliconi GWe @bnRnESBHEITIXOPE, widhal Oxi de
Sem conductor (MOS) transistor, Referring to Figure 1, en the oxygen

preci pi t at ePeHBea¢rthosilison iget drrmgexysial growth, isteeas thandhe selubiliy eh i s

| ocat ed{hn | E-egh . ] t ev| .3 source
Foghon 19" S8 i BlLEEG OB of QBicIRERIRME RE R GIELIPRLiG T2
sili con substhanafetite, Aatlgairestalngowafioantht ayodten dibicon aid &bl kiecsohibility lof

i nsul ati ng ate_el ect r.o?e 18 and the_ silicon substrate 10, nay break

a

down. In add’?‘gg%’r{herteﬁ’emp’é ¥ QReFeas e PRETElY (08 g50ds gaturgteddndie cogledilagott hat uses
t he MOSFET may d ; : ) oY | JAnt region
10a of the wafer %\%ﬁ?@ﬁ 132%1%9%1@6&%%?35.Fb’gﬁwagfggigggﬁﬁﬁ%&ﬁg{ggﬁ%g?@ﬁw férgn act

as a | eakagés gownde oxygenquecipitatesadur®@ subtequers itleergel procdssey. Jitkgsesendei ch ar e

capabl e, of trappi ng unf.avor.abl e, netal .contam nants durj ng subsequent
selron' condtict §F Og‘&?ﬂ“g’ée%%sale deyiFe aptiyresion W?Yeée@mdééh‘? g%ﬁ’ P%Sﬁe ﬁftegf}&/'gen in
the ingot i andloBhaych@et@nsSRbaubRROlcalIRédaRem! BovRIVEAT Ry e PResBit as

the intrinsic gettering sites can increas€, so that the gettlering
capabi | ity ioH6HKedbedevigangtive region (iehia thohelkmegion)i thay ofin gettey eretalkic not

sufficient, . LDELat es. may not. e prod i.n t.he bulk region,
so t hat thelrgé@g%itﬁ%%glg%g%ﬁl (%%t% i?e r%?/cegsén%‘ e@ﬂé §%s1r8$f‘éer{§9ctw&1s beé‘erb e9&it at
all. Thus, igttterityg. be desirable to properly control the amount of oxygen
precipitates distributed in the bulk region of the wafer. In a wafer which

i s obtaffed by alémHeénta stipnal vey ef a eamrtionahMeied Oxidengpnsiconductoss, oxygen

precipitate { [ : f e ta front side)
surface of ?@%%ﬂ?@%gbg%ﬂm 8@@‘5&?3@%@ %%88%%% rpe{%(fl&ga(tﬁeag[t}bee‘@afg{)ne (D2)
10b shoul d berfjeexistach Haaneltrbgion ophish isflacaed i a apfiedebnofiigd depth, which

is devoid of D-defects (vacancy aggl onerates), dislocatjons, stacking
faults and S%3M§eRdysirdexice hetaeen psquse Fegiont ¥ ¢ regioa d 4pyhielb#rgent i onal

met hods may fd e thOSBABR 2 BIR6h BhBALES 076 Bhe tGIANAAARE 181t N wafer

whi ch can act as a source o akage current
25 electrically insulating a gate electrode 18 and the silicon substrate 10, may break

down. In addition, the refresh characteristics of a memory device that uses the
MOSFET may degrade.
Also, oxygen precipitates formed in the bulk region 10a of the wafer, which

are produced by subsequent heat treatment, can act as a leakage source and can act as
30  intrinsic gettering sites, which are capable of trapping unfavorable metal contaminants

during subsequent semiconductor device manufacturing. Thus, if the concentration of

oxygen in the ingot is high, the concentration of oxygen precipitates which act as the

intrinsic gettering sites can increase, so that the gettering capability increases.

However, if the concentration of oxygen is not sufficient, oxygen precipitates may not




Thus, in order to formintrinsic gettering sites in the bulk region of the
wafer with a sufficient DZ near the surface of the wafer, a wafer

contai ning a high concentration of oxygen, for exanple, at an initial
oxygen concentration of 13 parts 15 per ®illion atons (pptua) or nore nay

be t hernal | rocessed. for..a |on riod of tinme .alternating.the
t enper at ur eybt‘?g’trfi\ﬁg@ﬁg ke E’HB( rﬁglﬁﬂ’g ﬁogtgétl t&: S trERe CARA ¥]8¥%aé( rPCﬂF‘ti"E’gﬁ Pt 9¥s may
be gener at ecok Be pRGertldt H1.M EBISOR ntly BeRsitaHI€to prbBWBY &ntrol fhe BBGuREodi f T i cul t

to obtain sufficient DZ because the DZ may strongl’y depend on the
out di f f usi orPXggerl preeipsates digiribysedde the hulk reggaandfdbndater.or wafer thernmal |y

processed by this 20 nvent i onal. techni que, .t he oxygen precjpitate
concentration pri?filv%a%?rh‘?’@ﬁéﬁq%ﬁ?én e o V%%)I{é:ﬁélﬁtéﬁfg@% QECL‘?’?%HP%e bott om
surface of tpaeccs@brygenf¥cipiatasdibtribli@tthdtell therwdfeg @om the t cqi@rly,
conventional techniques in which an additronal hi h-ten‘gera ure thermal
process is purhesrofthe befton (hask gidskbsurtage.on gqnml,rmlge@égd gree (70 19bvi ce 25

charact eri sty 694 bgg)goﬁ&(é’ar@%rﬁ ’thesi!oiaeﬁrqf&% t8% Y‘\Q{epe%%fneg%% t?l?&lﬂfchllp dewa%ad J¢ fer.
Mor eover, the manufacturing cost” may I ncrease. SO, P> SUCA 1A case, netal
cont am nant 9)-defiedts feacaheuagidnyerates)ndisfoetionshitadkimy Ruks apiwgghy the oxygen
precipitates in the | kK regiqn, y be released into the DZ by a
subsequent FFCFERIELS. SPWYSE W @Sfaﬁl@a@é&ye%\feaﬁp%m%hc@awmm ®a | eakage

source. 180 R il | i | Lpitate
concentr gt i c())?\( 9%%“2%@?@%% Igéa\%a egs@ %%%éﬁ%%%g&%yﬁgﬁ gﬁ%ﬂ%%%@ﬁ{ﬁ)@%{%ﬁet hod,
which is disotrested in Figure 1 A of U S Patent No. 5,401,669. In
particular, Figure 3.is th xygen. precipitate concentration _profile of a
wafer with res peﬁ%’anFf@fg%M%W lﬁéeﬁg‘f%&s}"eﬁ é‘éﬂi‘??’i‘bfg‘_egl%ﬁf Qwr 25
thermal annegt NéhfRERREDSE nekt the WRERE of ettt @WafdrtoRtaltidd £BEA 4

at nosphere, and subjecting the wafer to subsequent heat treatnent. However,

as can be se&encentraierFpipxrygeB forexamipls; at deinidial neygentchacentrafiaicel B partse waf er

ffici ipjtates in the bulk i be obt ai ned b
Thi s cot enpruma R ERRBBOEBL TR A O ety aheeo e R RERRAT S 1 he.
present i nveintd BralRkiting ShtefipbiabRd b¥feth maxﬁmgﬁ 16RRL RkhtRA o¥pgdn cal

di stribution of oxygen precipitates which can act as intrinsic gettering
sites. |n pracinitgfesma beegeassptpdrin phedyillo ragianeofsheweferr Hoiveverpitafaylte f rom t he

; ¢ B . . : . ; ) ' devi b

formed, to CHECHH A tuiont B2 B R p7 B R B e 88T o1 "ana
E etC ;)nd Ioea]lfSlifﬁlsid‘n;c dfta'ﬁteﬁuﬁd?B@@gad mra&ﬂ:ﬁtt_ i&’fﬂﬂih&glﬁlwdﬁtﬁb‘ggﬁlﬂygﬁﬂé)%zb@ed B)?t[)}ﬁizsifld_
ottom gurfaces q e wafer, respectively. so, a Denuded Zone is

i ncl udeg(31 beCOR¥ERLPRAL tgchpique:the 0¥y E6R PPl cancenitation erafile droygheke and

bet ween t he yhat! RE,SHE {o§%‘arf9£e bl B@o‘ﬁ{ ﬂﬂﬁ{le LPmheSEEAN %Lag%% s gﬂ{éﬁat%é "
precipitate concentration profile also has a concave’regi on” between 15 t he

first and s€@me2peaks, which can correspond to a bulk region of the wafer.
Mor eover, in enb dinepts of the ipnvention, the_ denuded zone between the

bott om sur f ace of 2iyBlagls eqnvepfiprahischniques dn wdinh anpddiliveal highsteansratire| east

one regi on 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



of slip dislocation, whereas the denuded zone between the top surface of
the wafer and the first peak is free of slip dislocation therein. In other
enbodi ments, the silicon 20 wafer also includes a plurality of Shall ow
Trench Isolation (STlI) regions in the detuded zone, between the top surface
of the wafer and the fjrst peak, and that are free of STI_slip. In yet

ot her enbodidtaagplere; prd %}i’;ﬁggﬂg Hieavalps tospsegusit deatiireatnepnt JHEFEYE, 3sfé@Rudes
first and sepqpd, REANSgurd 39&&&1@?%2[92'@%3 ﬁnﬁi?é‘ifﬂ%ﬁ wak !n%F'sd}fiEl n the
first and second peaks,; as was described above. plurality o regi ons
are 25 i ncl waggen pretipgatdemute Hulkaegon hmy e @btaited Hydhissonfemtiona imdthvel. waf er
and the first peak which is close to the STl regions, that have an STl slip
that is reduced conpared to sane STl regions in the silicon wafer that

oxygen precipitates are present Sﬁﬁh@%tﬁéﬁﬁbﬁﬁ@n STl region in Figure 2.

I n sone enbodi nents of the inventron, € OXYJen precipitate concentration
30 profile is syrmehadimernts af the presspidovention pravede 7 silicauwhfgchawifig 4 he sil i con
wafer that is centrally lLocated between the.t nd bottom.surfaces. Thus,
For Cexanmpl e ORRE ReichL i EBLEER AF HNEE pist it s vRiEh 0 4T Pl Eore.
However, in gottérlg DO peiiéHar, HROxPEST predpiigie domRhtrAfonSpoiRfFdnt #He topuch

that, for exanple, different depths nay be é)rovi ded for the first and
second peaksurfagest whigh 88 getiwrrssion 9f Asemispndustoridevienmayrbe fornged; frethdept h of

t he denyded ' . f t,0 _about 40 r.om,each
surfac quf tbég&glissﬁfg%én&\}gg %P,C&gglgﬁatcﬁgﬁ%? %Sef%g{:%nidvsggornggﬁ e(%gs %‘t{rgﬁgd

sem conduct gecotd\pr&itdridedrdepths fionaths wop ared witont&pfabes dfMhotvakE, enbodi ment s
of the invention, the oxygen precipitate concentrations at the first and

second peakdCREENREY-| Alieia Rewided Zone D €his dncluded hetvisepgntopsutdpgs afdhe

frati . . . . ‘
Censt about iy epti . Bl fedk28h MoiRh PRy S br B8 IR B PRRER D
pr eci pi t at e pedn CEiet oxg/igew precipitatecconomtratien pwdilealso Basat cdneagtregion betsheren of

it | h hj ghest inpit X ti i th
(7ot ang sduchit ubieCon PR oGl comssiR ds AYTIGoBORAT EmsEM nent s of
the present invemne8velOiniedfodfiferls SONAL frivkhsh, Hesdehbdd Jopp (l:)QtfweQﬁYlﬁen

preci pitate nucleation centers, for exanple vacancies, I ch can produce
oxygen pr ecibpiteratserfacenafdhe wafer end thest¢dnd peaeinchidoe therdimatd eash porngigion

subsequent thermal, treatnent. The vacanc gncentration.profjle conprises
first and sé’?W‘B’é’gﬁ‘&"%%{eﬁ@eﬁqau%g&Sﬁ%gWS%{hS&lﬂﬁ’ ﬂg&i%&gthﬁgﬂlﬂ?f Tom t he
top and bot hadieuikasak iPfred SRS REoatibR HREGH. MEdtHer MBRmMENE (NOGBESY

concentration 15 remains at a predeterm ned concentration, which is |ower

than a @éPi t wakir alserindndesea ploralitoofffielowHaemh IselationeeT1} tegions fn thar f ace of
the wafer a | we the. bottom.surface he waf er
and the secgn dégazéf;lé’%hte‘%\%gcﬁéeﬁ{ég s@rg%cge(ﬁ’{&%eaygf%arbcitg@ﬁrsg pﬁ%& aggh}?&grgve regi on
bet ween t he fiek b$ STRSlip. smq,@ndthaeakbodiments,qnaogrg@ﬁg&mﬂtase cdnbénteigioyded zone
bet ween t he lé)pg_;tom surface of the wafer and the 20 second peak includes
therein at PEXUE mehides gt and sgcond pepksihdanaded zane 2gd asauenve segiombetivedh t he
top surface i . I.S Af . j i ation
therein. | nt%%%?ﬁlg%gﬁdn%ﬁ? %EQSV%P%S}QP?(?@%& ' él*fﬁ%gg{ %Iflésﬁgfe@oﬁin% uded in
t he den@fled imbuied e theetenudddezonebeswiecnabetopfsutface ofahewatindnd fie firktpebk peak,
and havi ng STI s.Iif) thathﬁi sr reduced conpared tQ sane STl regions_in the
silicon waf &ighscloge tasths ST regionsythat have a8 ST sl thap isaedysed s0mp#ad feat i on
centers desgghbed ARBANS ngRbh! ! ' e
provi ded. Accordi ng:%to rlr%t@r?od e%b‘%dg%régégtogé%%ﬁéb%%éss&elﬁ?E%Sh@zﬁ{riﬁ%a, Rapi d
Ther mal 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,



Annealing (RTA) is performed on a silicon wafer in an atnosphere of a gas

m xture conprising a gas which has a vacancy injection effect and a gas

whi ch has an 30 interstitial silicon injection effect on the top and bottom
surfaces of the sili con waf er, and betwe®en about 1 | 00C and about 1200C, to

generate nucl eati.on ters V\/nloh t as oxygen precipitate gromh sites
during subséléﬁfgwﬂ’ ? erudsd penes 1s in fhe rangs of plaut A te abew A0uBfreip each

concentrati %ﬁrfMeQJf'tﬂéfslﬁéogm&tﬂxe sh@Prhathé Q&Fv ttQ 165'8f1§9%&8%§&ﬁ&&81%v&% i he
waf er conprises first and secdnd peaks at %t and second predeterm ned
depths 6 flormmedithe suffjvicanderisint Iromﬂlsnﬂrﬁlmlﬂsemsﬁ of the invehidon, thesyygen i vel y.

Al so, the nucl eati on center caon atjon remains at_ a p edet erym ngd
concent r at i SFCIRIRIS ‘f?nf’?‘ttagﬁ%statttﬁ“a rséa%‘!r ?%P’E‘gﬂ’ aifﬁ)?l"@éﬁ lepsta BW ]t’éon‘éme the DZ,
bet ween §heah@ axys%éhfp@&eplfate éd?t‘éeﬂ‘t?afu%h iR Hutleregiotl%tewpe%a%h@ﬂftt higi weeiy the
bottom surfaces of the wafer }he second peak. Finally, 5 the nucleation
center prof pb@Sh&gtlaaseobmlé\tel(tegt rinb@ﬂwelmemlbedlmenm a lowkstexygau peaks,
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ammoni a (NH3) and argon (Ar), generate 10 nucl eation centers, which act
as oxygen preci ptl &Pé"@f@ﬁv@%%‘illtlé@ @hﬁﬁ%@bmgﬁagﬁﬁhﬁpmmtlw@éwﬁent such

t hat theynu r IR { t eto
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In other 1523RNsdBToNEhsEsequsat ﬂmtntlé:reaev%r hBe|vacgReygonceiEtiogpeRftle f i ve

seconds. | odhplleshlioha AU PERALS firk iR BEAnd Brelf RARARS g ABIHY Deat i no

t he at nosphere conprising a nia and argon, per second.
Accor di ng t topsdnd Hottomisarfacestaf thk wadbgdespecﬁ\&:bofA]sh,e:hpvmcgt coreedndtioan, a

silicon ﬂefer i.s manufactured b formngLE AonaS|I|con waf er . having a
top 20 Surf SERABHY APTERHSTBIR Ry g,y %nestﬁs?q §?I&r§matt§>en and
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at nosphere. Mreover, in other enbodinents, prior to perform ng the RTA,
heat i ng2®f sevendpraksipplares thereingt desstent ragionlobslip, 5ierass thestsoudrd zoner exanpl e

per for m ng PRA e e 1ok SERBe P Bl BEERERRIS 50 35 PB& B ot 10c
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por for m g SCRtRR cbintafRl (e STY B0 o B SHTRI ARtk B6cho SERNET
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silicon waf BIQUGHEY PHEORFE-chanber. The RTA nay be perfornmed under any of
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10 second predeterm ned dept hs fromthe top and bottom surfaces of
waf er, respad bepwpsgn abpupll G9EE wad abaurd 205E, @weﬁlalla@lwieatlhecm&e,rwlemhi the

and a boncald p asy g ibsstilfus HehEHR b AR s e bR Bl Braibly i BRCEF o7

asymretric ahuqtéamtonlcemeﬂwncaﬁraabﬁpwfﬂd frokbtht fopubfate RTROBoABRA sarf e dfhe
invention, a siljcon wafer that is sue@kect to an RTA process according to

enbodi nent sthwaferecogmaisesirst appeseepnshpasis atfestand seeand predeterminaddepths g ot

which is pulled fromnolten 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 agglonmerates is prevented, but |ow
enough so 20 that formation of interstitial agglonmerates is prevented, and
the formati on of vacancy aggl onerates is prevented.



In still other enbodiments of the invention, a silicon wafer that is

subj ect to an RTA process according to enbodi nents of the present invention
may be manufactured froman ingot which is pulled froma nolten 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 agglonerates are
for med t hr odgn thedopipnghatiom girfacpeof the wefew resnsativelpr Msogthe mpeleatian; i al

aggl onerat e r.di-ng . i i i
Sochral oki Souff ERfbiichdanhhCl ARRAALERR S ealdifoh R0 kBmeltan 8 1o 4
chanber enclctsicalepn@entatian tol rrakierth8DZ, betwebmtheaop sur€icosfithe wdfatandahels nol t en

silicon, a seed holder in the chanber, enclQsure adjacent the crucible to
hol d a seed 'St ?I}fba“ﬁﬁ'e%{l the helomsprfagss of themader @4&1’%@5&9’%‘? E"t’i‘ir &ﬂi’gi}’ng t he

cruct bl es Adid Mif1NBREChAAbARMaE b ComtAVE PO ARLAPHPHRY bAPcbly hllfksChamber

encl osure including I nner "and outer ousi ng wa t are
separ at ed f mdnclecotespardsrtq a hnllt regihe af thehwadérd Syousétrigal too psyamdeteicdleat shi el d
8 housing bottgm whi ch conpect the inner and outer heat shield housing
wal|s, the RE fessl??%g%lp‘fﬂﬂfggng top sl oping upwards fromthe inner heat

shi el d housi ng. uah et dérishtoUlRin GRIR BRI EhalrdiNa0RG HRloh vty e heat

shi el d housing bottom sl opi ng downwards fromthe inner heat shield housing
wal | to theatuesphe@in gohindttarerromprisimgeairhonia EHE) andargonHApk to gegtatshi el d

housi ng,al so includes. a notch therein at an jntersectiogn.of the outer sheet
nousi ng e fudRgid el MhIdh et A7 h Ryl RO T Btk bGP Sopor t
the heat shhedtdrehtuksit @chitabibe nubRatidnisentt @oncRa&&idH prefileGrdth fRtop

enbodi ments, the heat shield housing bottomincludes a first portion

adj acent t héwifangde thechpttognustage plotlis iwaderweay be asleseribgg @Boovin vl @herr om 10
the inner h hi el d A E t [ . . ng
wnt1 he nEabolies tRICEA Mbctfred BUNIn bt IHOPE AMET] S0 Byl Rk

adj acent t hembudiatentse tite RHA éd ptrfoomsd Biga teeiperatiratof sbap ¢ $20t0wWinvathdr f rom t he

outer heat shield housi |1 foward the inner heat shjeld housing wall.

Czochr af'3ki G@Pﬁmt%ﬁw%qr n@%gaiaﬁg%tsabept Yeserondsnin $Hl ¢heo pul | t he
15 seed hol ; { ol I<ls 1Nt he
cylindrical gﬁn%ﬁ%@%%sf gﬁ%%gqgs I?eggﬁb?El%l?m\?\%ﬁi%nthgrggévd\ssbg%ggaﬁlgﬁﬁn%r ound its

central axi smimng and drgelr, iatahous hdepeanetohdr ns an i ngot-nolten silicon

interface with the lten sjlicon. At |east one the | engths of the inner
and outer heat shi°EP% “}g()tﬂ?fﬁhﬁﬂ}ﬁémeg‘ogfel@? 1rﬂg5§orgt}ﬁ:8{eaer%% HE™ 3 he sl ope

angl es of tbgicheMafcs ﬁhﬂxfﬂ&tﬁ%ﬁ{bﬁ pefBriaig RTA 8h adios $afi tavile laqalsls ions, the

di stance between the ingot and the inner heat shield housing wall, the
di st anc@0 beswéans and e bottomi sutfeceindntatreospherercompaising rgsincind eusnorga, \fat 4t, t he

di stance between t mol ten si,licon and t ipaer .heat i.el 4 hqusi ng wal l
and the | oc(i;\etaFtoaf?o {]ﬁ‘f%seec?fé tangﬁjf geﬁge?ﬂ %qoéll‘]g]rdé)g Q@F‘é@?‘@’& 12{)](2?; Sﬂ&ﬁ"ef he pul | ed
ingot is coemB@diatends, RIFETAfs irfolfad ht betWenHbouPPIDSE alaiolle1 f5PpeRt ur e of
the ingot at the center thereof, fromthe 25 tenperature at the

i ngot - nol t etils piheeembodiments R T4 inppfamed ot abave d12BEpdn siewntkerof the i ngot .
o et oot LRl bSO GRe TR i BRGSO e RRR T2,
formed p®ar ahdieensingndebeferformed tocdbieritiecthat less than a predetermined
concentration of oxygen is present in the atmosphere. Moreover, in other
embodiments, prior to performing the RTA, heating of the atmosphere is increased at
about 50°C per second, for example from about 800°C to between about 1100°C and
about 1150°C. Moreover, after performing the RTA, the heating may be decreased by
30  between about 10°C per second and about 70°C per second, for example to about
800°C. In yet other embodiments, after decreasing the heating, ammonia may be
purged from the atmosphere.
According to other method embodiments of the present invention, a plurality

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



Figure 2 is a diagramillustrating an oxygen precipitate concentration
profile of a conventional wafer. Figure 3 is a diagramillustrating an
oxygen precipitate concentration profile of another conventional wafer. 9
Figure 4 shows an oxygen precipitate contentration profile of a silicon

f ding to..enbodi t t t tion. .Fi 51 time
chart Tor o PRI RO AT A TeREs) AP ALROP A ASEr gL PEBABl mont &

of the presefimdniy @Al kOFelow aftbtiBéBufe HBOWRsE sRBliMhtiAESREicon ANGEIY frdthi on
profile wth respect to the depth of a wafer, after an RTA process

i |1 ust rat ed thaserpgof sliepn walgrsrontethe REA changbeni ThoBd np be gerforaredospher e.

Figure 7 sh i-nt def.ect concentrati,o rofi.le.with,respect .t.o t he
doain ol waiiBertnd B Mo ORERh: HANRER' BB ABOR Th et EEPREERAR. alifer 0 ou
in an ar §on wa nggbe koquhiinitpprkessedfod up go Six phshtls ¢t e Rtithdaf @edning

concentration profile wth respect to the depth of wafer, after an RTA
process iII&@ﬁgf‘éaamhe‘mf@d@n@‘?’%decarri ed out in a hydrogen (H2) gas

atmospher e. Fi gung 4 o YASRCOMGRAGENL L QRuREAT bk @ ETA
t

process of 15 Figure th respect to a variation o mXxing ratiro of a
gas m xt ur e Rdvntoeprodung aNdxygen preciphite gascentratioir grofild fedrose op safygan

preci pitate concentration_profiles obtained through subsequent. heat

treat ment aficgotQR! Wf&%%@@é@f‘?}few@}c&cﬁ@m@es Hﬁ%ﬁ%ﬁéi"ﬂ@ R?gk%%éirﬁraééent

| vent! 0. Wedod pReBREirA dehils Kofifihe M ARBOUBAIIHEL thd\FafBT A 20 F1 gUr e

11 is a diagramillustrating dissolution of Cryst O'iginated Precipitates
(COPs) near respectsehf ad¥ bétwetretheitdp sufacesadfshe wafer hed REAirstipeRk gnd e 5 i s

carried out.in th r .at nospher Figure. 12 is hpot ogr aph showi.ng oxygen
b ect pi t at e PHSED Tis o BT SRIE REPe oG ChRcomUBPBE A BEREatuEn: hoat
treat ment abb&feehhe ikt HIACESR RAROT Gintbetti@alr aSYHRAEHITBRNYrSfiRE ntahSel NVenti on
in the N2 gas atnosphere. Figure 13 i's a photograph showi ng oxygen

preci pi t at epgivédadi buti on of a wafer
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



whi ch has undergone a subsequent heat treatnment after an RTA process
according to enbodi nents of the invention in the Ar gas atnobsphere. Figure
14 is a photograph showi ng oxygen precipitate distribution of a wafer 30
whi ch has undergone a subsequent heat tr&atnent after an RTA process

according tq enbodi nents.of the invention in the as at nosphere. Figure
15 is a pho?@ﬂ?g%ﬁ(’%%\)ﬁ%h PPl b inaes aﬂgtoéffeétha?témrzekglﬂﬂqs’@ﬁ @gat%ﬁgfaér. whi ch
has under gorgieh IS0iRERAbE Sbping Abwarf@FHIHE e iAddr AbatdRicMKbLIRIRGRAProdRgor ding to
enbodi ments of the inventionin the N2 and Ar gas atnosphere. 10 Figure

16 is a photoytpr Ap# sbisklhavgingwalk ang thediept shigldhelisintg oot depiog dewmadrds whi ch
has under go ng.. t treat aft er .RTA pr.oces cording to
enbodi nent sqf)op? g%g&?e%@gaﬁtsﬁlggfﬁ%usf%ewﬂg%g{h%0 tﬁgheﬁg%% hﬁﬁ%% Hﬁ@‘r iﬁe Figure 17
i s a phofogiraghhapeaticagshidle hoepidaled indkdeos ABEWh ARAIn bibvh Biwriaten 6fthe a

waf er whi ch has undergone a subsequent heat treatnent after an RTA process

accor di ng t GUiHBRSSE hetising wall encethe hoatishiclshhqusingthoting. fasurportoepilesre.  Fi gur e
18 is a phogﬁlggogg%fﬁ&%}ﬁ&dthlaﬁggg%& Otfhﬁgécfb%.md near the surface of a

waf er whi ch S undergone a su guen treatment after an RTA process

accordi ng to enbddicomirMgstowihdr lemboiingsnts, the hiedt shivdd Asusiiasbatonpmphdesa 10
Figure 19 is. a phot o%irﬂ%ph how nlgl; the,é‘gepth. of DZ fornmed near the surface
of a wafer WEFERTHPRAdAcERNHE HEehhe) syeld honsing @atl that slopaedawmyard frogh RTA

process 19CChRgt HeQt SN HD walP i(hvgi?g tﬂer}h‘ﬁ?é}%h'e%%}#egc; %i 2 a@ﬁf’ﬁﬁé KE@sphere.

Figure 20 is a photograph show ng t epth o e surface
of a waf er whieklhhdusing bntlemgpisoancudestrsequeitorti@nidjbcenttheenter hédtahickih RTA

process 15 accordi ng .to enbodi ments _of the inventjon.in the N2 gas and Ar
gas at rmsphgf)‘és.mg:}"'@]gﬂ??ﬁlfp?ss 05“16??65 Gory ﬁogﬁaﬁgaﬁ lFﬁel"oéI‘é‘Bgl’f" tOBZrdftg? ned
near the sum@pﬁe@fshigldv}ﬁ)fu@ihgwlph has undergone a subsequent heat treatnent

after an RTA process according to enbodi nents of the invention in the NZ
gas and H2 gas atCredphlekicullpisqeeerdingso embadiptentsodtipinveritioniate publshshape of

COP i - t 2 d_Fi 2B _sh t f COP that
has beel cnspIRiaef o &% St ibiE R Db M BBERs TSy Bro e SABHL o the -
i nvention i mdnberyMallipasilzbiasiehaiitch flodidafong Id afoudd RCEAEH aRR ishow ng t he

shape of a COP jn an as-grown state and Fi gure 23B shows the shaﬁe of COP
that has be&Hindsisalbapeanddorys armgopmolies siligercintatfang with thevivoliemsitican. of t he

invention inihe M Sa% lgﬁ'éjchéa‘{)f #8350t RS RREN Iat 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.




25 Figure 24A is a photograph showi ng 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 enbodi nents of the invention in the N2 gas and H2
gas atnosphere. Figure 25 is a flow diag?amillustrating preparation of
waf ers accordi ng &.o _enbpdi nents of the.present invention..3Q. .Figure 26 is a
concept ual di agr z;tﬁglfr? F‘g@f‘?’%ﬁ Ayes™ péch%lﬁgencgqumggm\ggﬁf%o#aePHWI{%(a bi nt

def ect di st racéuttiingfo bmbadifiehis@Pthd proht ind8tidnhe V/ G ratio (the pull rate of
t he ingot/the teg:perature,gradi ent). Figure 27 is a schematic view

illustrating a cogEsdiohimeched fra Rapid Thermap Anpealing (RTA) pragesse 28 is a

schematic vi . V. i | | er according to Application
Serial Nos. a%&;@%xg?@%ﬁﬁcﬁg&ﬁﬁp@%@P%ht%axﬁ#)g 29 is a schematic view
illustrafing CZ [Riguredshaecopdintdefta contraduti@npd ikl with fespéct & depient i on.
5 Figure 30 is a diagram.showi ng _nmajor parts of CZ pullers of Figure 29.
Figure 31 i & Veleh aiter aedbl mepcgssilystrated gt igeg dneasried pwiin amitreasad¥ak r at i on
at the peaksgyafihfspiidie RTA of Figure 5 with respect to a variation of the
flowrate off N2 an% Ar m xture gas. Figure 32 is a graph show ng variation
of oxygen pr eci piFigure7 showenpoiat dafect@abndeitrhtion prefileswitl tespect hethRAdptafof Fi gur e

5 with respect. to.a variation aof the mxin atio.of N2 and Ar njxture gas.
Figure 33 | é”agerg?%eﬁﬁn%l”f?ﬁeﬁd ?Sé‘iafe&dn?fg%‘?éé%% U AR ?%?réoﬁ&[ﬁ%gﬁ‘l‘sr ation
at the peakatrdddphérel e RTA of Figure 5 with respect to a variation of the

ranp-up rate. Figure 34 is a g.rag)h showi ng variation of oxygen precipitate
concentration at Figre §ehgyeskpoinf defectchuceRFaAtiar profilpuvith Sspict to thedppboft o a

iati f th i ti Fi .e.35 1is. -aph show pati f
oxygon or ec B na B A MaA ProkiSae S Fidug § ikt s 0 R RGeS %8 ©
Wi th respeciad amdsptid.ati on of the annealing tenperature. Figure 36 is a

graph showi ng varjiation of oxygen precipitate concentration at 20 peaks
after the RTA of FrauP shoywsg vasanesenaeentiagion arafde pier aofRTAppocdssmf r at e.

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 N, and Ar gas atmosphere.



Figure 37 graphically illustrates a time-tenperature profile for rapid
thermal annealing according to enbodi nents of the present invention. Figure
38 graphically illustrates tenperature dependence of oxygen precipitation
for rapid thermal annealing of Figure 3A0according to enbodi nents -of 25 the

present invention, FEigure 39 graphical.ly illustrat. nneal.i ng. ti
dependence of oxy%d%uﬁeggé%?gﬂq?tggr @hs@é@B%’HWﬁSHtPBCCé‘?}%iea‘ﬁﬁté'ﬁPgorb‘%al'ﬁgf%’bresent
i nvention. RKilgel BasAthdgigandh e@tlskyudnt hets treathRst M%@ﬁ%ﬁmeéss%y&&mﬁ to
precipitation on a ratio of argon-to-amonia flows during rapid thermnal

anneal i ng acEBodimgts of theryantigthinghalY: gps anddipgasabmesphergent i on. Figure 41

e coor i ng ¢ & alh 3 i ERFROERSE iR UG T ot ROy SR 85"
gr aphi cabl y awifuswhizhdas pedkedne lalsubiequent hehtatiatni BlVeferdIBTA yratgsa functi on
of initial oxygen concen _ratior% accordjing to enbodi nents of the present
i nventi on. éﬁﬁ@gégeﬁga%meeﬁw yhe inveptiongn e Ng g4s afraeiphereat t he bott om

surface of a waf q:g%ée\isﬁssyﬁh&ﬁggp@ &loWifl ﬁl%rdehttiﬂjf‘i)i %@Eheﬁﬁﬁ%e?a&faﬁgof

according to enbodl nents of t esent” I nventi on. ure graphrcal ly
i |1 ustr at es asvafpr Whichhhs wedesgome arsgbseqtient hoaareatngia aftérain RTApeaess ng t o

nmbodi t f th t inventi.on. Figqure 45 graphically illustrates
gl i 8 : gﬁgtﬁag“s"fémga‘ﬁ{?‘?lﬁgﬁﬁﬁfﬁsPgﬂt?-laﬁ%mwfl R theAy 228 GBRASPAGISt 0 embodi nents of
the preggnt invemnies 19k SpHARSer 1@%@@ dpt F D2MrhnCP R AN RBOLLIT aphs

of wafer bottons according to enbodinents of the present Invention. Figure
47 gr aphi calalwafed whish has elesgone g subsequert heatdteatniang afteraqp-RTA Iprovgss i | m

denet 1 cati gk BESudiAgu B SIS Pl ST
enbodi ments of t IFemir@ 2@ d ghidtograph 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 N, 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 48B graphically illustrates a profile of oxygen precipitates in a
waf er of Figure 48A according to enbodi nents of the present invention.
Figure 49 conceptually illustrates novenent of slip in shallow trench

i solation 20 devices as a result of treddh dislocation pinning according to

enbodi nents of t resent invention. Figure 50 graphical illystrates a

curmul ative fail u&zgtﬁ'ﬁ?g 1%?@&@3}1%}’?&/5(}#: an r?%“’%“%&?éi thgr(ﬂ‘fc?f B¢ ot have

an M shaped AppYig@ibnB el Riok aj9p80059¢ @nti 08/3pen1pr of il e and for wafers which

have an M shaped oxygen precipitate concentration profile 25 according to

enbodi ments of t Hégyse 88 ém schamatie View. illmtating Clpullsrsaccoming toect i onal vi ew

of a conventj | rapid,thermal anpealing system Figure 52 is a schenmatic
bitp B8l PERARinsBRG

view of a nodiPre ?Ihg to enbodi ments of the present
inventiof. 30 Fi Gunie 36id 4 didgiahpdwiktehajol paief of @ blill @ oPPihe 0f the CZ
pul ler of Figure 52. Detailed Descriution of Preferred Enbodi nents The
present inventi oA igia3his 3 gigah shoyving Badptionod okygenypreeipigdte edncentragion gt
reference t [ i [ e . disent s of
the 131 noHe A TRE RE A e RS ch o8 £ RN BE R SIRRTR 5 P
many di f f er end Ar airiragad. shoul d not be construed as Iimted to the

enbodi nents set forth_herein; rather, these enbodinents are provjided so

that this di scl odtgUEe 4¢ 92 Farh sryang Maation of ARy SnPTeEpiRIGEINCCRITAton ak ony ey
the scopg of, ' | t 19 ' . 0: : W ngs,
t he thi cknegsetﬁc?f%kél %egrq gé gﬂé‘ dr?gé oﬁg @@eﬂeﬁggg%#gga# gtr‘thglng?}n%?smﬂgﬁe

nunber s ref & and Arinkigtue¢ gasent s t hroughout. It will be understood that when

an el ement such as a er, region or substrate is referred to as being
"on" anot her el e%&'ﬁ’r‘ff’ gﬁls ab%\tﬁplbglo&l?%?ﬁrwmaﬁfPWe8tm%cﬁplat%?%ﬁ9Fntfﬁtlon at

I nt erveni ng g RARNAfFer TRYRTASH FQurP 5 SRl Yespel oGOt faftSh of B SAARp $iETENt 'S
referred to as being "directly on" another 10 el ement, there a?e no

i nterveni ng el embiguse pt sssegraph shovang varjation ofi oxygsodirerépitatclemcentiztign and
illustrated herein dnc its coppl.ementary conductiyity type enbodi nent
as wel | % Fi 6}%? ' %é& r?ﬁiﬁ?%ﬁf@gl’gﬁgpmﬁ‘arﬁsl)c?ﬁg%@nvaﬁﬂaﬁgﬁl Bfl‘!lhﬁ%llﬁn%gﬂ% gﬁ{er ation
profile of a sil Fgmife 3&{ses grapic HoWingvirutionde SkyRApte@bitdd\SorRERES0h at
invention. Conparing this 15 profile to the oxygen precipitate

concent r at i 81 fsaks #ifes sheoR TAwE Figure & orithagsneestorpavaniation of td abyealing

convent i onaltelﬁlgieg%m)eques, whi ch are shown in Figures 2 and 3, there exist
Denuded Zones (DZS) in a predeternm ned depth range fromboth the top and
bottom surfaces bigurd86 ivaf graph stotvihdreariaipg efopygeaippddisitate coRoemmtioakt ON

forms dgbjbl e eaEts t the boundaries between each DZ and a bul k region.
Al so, ift hBeaFsPReEDHe Rdgh ghligatesWHb fespeci &R artation ok Eamprdpwh ge.aount  of

oxygen preci pit aggsr& : | 3 . ering
ef fect on netal cggr?{a%%%ﬁ?%%wl\%lpé@%%%ﬁltgﬁfﬁ%ﬁ@ﬁﬁg}gg%?len ?lglrrléll oxygen
preci pi t at eaprealing acconbingto anbudamemsiof the pedsttriacknigna si ngl e peak
positioned in thF. cen%éal Eir el? f the wafer maé be rel eased with subsequent
ther mal t r eat menf ‘g oceg@plicalfy,ilustrtes fempergire depeadenca WERKYSRal  prof i | e,

enbodi nent s pREipitior oY 841 SRk aglheﬂglggf@?g&'@w h&oPBAK B élﬂ%&ﬁ'[ﬁe ¥ypen

i
precipitate concentration profile, contam nants nmay be released in
t he di r2xti the pa¢senlonmention. surfaces and the bul k region of the wafer, so

that the amount gof netal contam . nants released to the surfaces can be
reduced. Figure E%%mée %?%’ia c%lﬁ'glllup&f%?saé’n B 1%@?9‘?_&&“}&?\3 RN&TY (RTA)
process 30 preipitdfififadcordRdRdniByAierd of the pRE&RSMNentipYENt i ON. A _
commercially avail abl e RTA furnace may be used. In the RTA process, first a

silicon waf er acEigue Hygrephically ilpsteasestdependsned offoxygen predipitationt on @ tatioRTA
furnace, th er . ' is.set at. for.exanple aboyt 700C for a
st andby per CAEOTO-AHofia ol b ihe 3ol Thesi R R Fie B bb oy

i ncreasyll, bbthe predemiligventibna rate of about 50C/ sec to a tenperature

Figure 41 graphically illustrates dependence of oxygen precipitation on ramp-

down rate according to embodiments of the present invention.



14 of about 1250C (I11). Then, the tenperature is maintained at |250C for a
predeterm ned period of tinme, for exanple, about 10 seconds (Il1), and the
tenperature in the RTA furnace is sharply decreased at a rate of about
33C/sec up to the tenperature of the stdddby period (1V). Finally, the

waf er is unloadedq.fromthe 5 A furnace (V). By enbodi nents of the RTA
process illustrated'? gF@B@éﬁgﬁhtSHéteﬂP%@‘rh%ﬁ@i‘%ﬂ'dg%c‘f WQ)\QE}@H’Y Bfdcipitate
nucl eation %ﬁ%ﬁ%fw%pg%g&mc{neéﬂt&%na%ﬂiﬁg ?oserﬁsoﬁ{xﬁtg%phtgﬁir@eﬂ@t ed

Preci pitates (COPs), are present near the surtace o e wafer, can
be di ssol vedpveatiomi | | be described later with reference to Figure 11. The

processing tenperature_range of .Figure 5 is rely illustratiyve. wever,
10 in RTA accor diP?%“? §3 g’ﬁﬁ?ﬂﬁ’?ﬁ% HF‘sSgBtFS ?lﬁ%fewggéﬁ?xﬁoﬁ%m% ,Oﬁlarf@a Rf nds of
anbi ent  gase&gysus te@Wefalire ForbpRANRE AR aﬂféﬁﬁﬁ% ad¥ordifPto’ b RiMéntefPiheNt gases,

ranp-up rate, annealing tenperature, annealing tinme and/or ranp-down rate
(i.e., cool iprRgertamesntigh] nmay contribute to attaining a profile according to

Figure 4, as wl .. scribe | ow. The RTA is carried out at at |east
Sbout 11500 f o HiSe AL BRRhRARY BRLE: Jerih VeRud BahhiE ot oo e vl
perfornmed atacdorllinfe EMbodiinehgagthelReeatPRERion0r at 1250C for at least 5 to
10 seconds. Also, the wafer is cool ed rapi dlg at a rate of at | east

30C/ sec. A gas nibi@use 65 ewphisaly Histatgasglindength app Suictien oframp-donyrate ect i on
ef f ect t : r . whi ch provi des an

i nter stitl?i a?g%o?&%%g(ga?ﬁ(jg%@?ﬁtg\r@g fpég%?lgllngergg%d as a gas for the RTA
according to enmb@iiuresdcA aid 46BeaRos8Nbopdfapiivishiotog@dphs lofi watsrboremedi ment s,
nitrogen (N2) gas is ug&ﬂ as tEe gas which has the vacancy injection

ef fect, and@ RS (pFbHeneBs ok {hsrRIgReAt IKENtogas i s used as the gas which
has the interstiAle 87 LisRikalviRSh ' On i h 8
illustrate the poiggﬂtre de%eag)t go}pncgl%{trérltgﬁtgéég %%??ﬁggﬁgfga a%glﬁggﬂxg’ef ects and
i nterstitiadessifi¢ation. defects with respect to the depth of the wafer, 25

after ti& RTA il Lustr din Figur.e LS 1():]ﬁ?lf(tbeaie out i.n l\% Ar and HZ
at nosphetes, resp&iT VY 2 FRSF e(‘jﬂ?_ VBV Ay 4 %‘f“‘iaﬁgs"ﬁ_?Vl?eé)ﬂ_lqtéi‘)‘?esents
the vacancy bpeibiica@e e alicGPRERR dabidtHy BetboliBndid Sth&EAehb@n | nert gas

at nosphere, and E[ ots (b) and éc) represent the vacancy and interstitial

poi nt def ect con&ere 488 grappicelly ilbstratess prodilé efdxygempreeipitates irRTAafen of he
correspondi t mosphere, 30..As sh in the erg‘oodi ments of Figures 6

t hr ough 8, ?’%@%ﬁ%%%%?r%ggme.gchgltentégﬁﬁ%ﬂr?sgpﬁgﬁe ¥8nvex curve indicated
by (a)) after theiddféM9 torlcstubileilfus@ass MbiE s of Slip\dSshhPoW dbndHiGolh@éh and
bottom surfaces of the wafer, and was high in the bulk region of the wafer.
Waen t he0t edpusestaseacait affiengrdisiogatinmerinning pegording ta ebedimentsodtiehe

t enperat ure Pe%eﬁt%eﬂﬁj) t (a) of Figure 5 in the inert gas atnosphere, 15
the equili bPium concentration of vacanci es, which exist as point defects in
the wafer, increflimse 5Ggmpkicalieilmipitts 4 yurdilatvacaGieesteiversu®yéfiesh tiie bul k

regi on of the wafer, ,tpe vacancy concentration remains |ower than the
equi | i bri unf¥én¥alRt vhich des pothake uivikshaped exvgerpeinifate qoneentistionsrfilef
vacanci es i [ t f . .
concentrati g%@g% Ivo\égecrgﬁgicg sﬂyggg{# M %%a%:g g P %‘%%% p‘é‘?g@ F%e %&%@%ﬁ%@et he

equi | i b2} umoondiegto ahbaimentapt theypresent inbentiohher hand, as the tenperature
of the RTA furnage sh Ply i ncreases,. the equilibriumconcentration of the
interstitial sil @BFF?@ S|acﬁx}éﬁsé98?ﬂcff@f“€&’ |cenysptippal rpRid thesmgh#msalingn

bet ween vacgngymand interstitial silicon, with the increase in the vacancy
concentration. Also, since the nobility of the 10 interstitials present in
t he bul k regi on biguten® inafsehernatid \dew of b krevdifiel (/4 palberiagsortimgrtei n, t he

interstitial _concentration in the bulk region remains higher than the
equilibri ume@g%c@gﬁflﬁsé’?}d{?&re%ﬁ\y@tfow he interstitial concentration near the

surface3®@f the wafpafe sEAEECRed MRaiRUFMIdEIINEE QREREY ?hﬂl&rbf degs the
vacancy concentration near the surface of the wafer. 15 Wien the wafer is

hel d at the high tenperature for a period of time up to the point (b) of

Figure 5, diffusion occ . A b acanci es .and interstitials reach
the equilibrium concentﬁ£ ﬂwﬂ&é lon’l 2 0 y cool ed down to

t he The present invention now will be described more fully hereinafter with

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




tenperature of the point (c) of Figure 5, the interstitial point defects,
whi ch have a large diffusion coefficient, reach a new equilibrium
concentration at the reduced 20 tenperature. However, the vacancy point
defects, which have a small diffusion cdéfficient, becone supersaturated in
the wafer. ILn particular, trPl,e,de ree of supersatur ti,og,of vaca%nci es is
high in the IfRKOR 8%isBAWBs ThisdnVebiiep mayaheweyer, bsembodied immapy gitferenf of t he
vacanci es i Softhdeakld hBebSenkat& Aflihilgl twaﬁeeémb%dﬁﬁle@g RG0S i of

vacancy point defects immediately reaches a new equi rrum
concent r at i aatheit thebeeerdbaliments arepevided sethaTthissdisd dsareaidbecthorugbend r at i on

profile after t RTA . e inert atnosphere can haye the convex shape as
shown in Fi 58?18@%6 @@W%&hi}a‘?onﬁys%‘? S‘é%pes"%}iﬁfn?’ t@Pé%?@s%gﬂll?FPF’ﬁ ®8ase where
the RTA of M eH¥@awink§ t@@ﬂﬁé_kh@ﬁ%f‘l%@?d“aﬂﬂ%e@i@ﬁs ab TRSRBRAGI foMélafifs Mk ch
pernmeates into the bulk region of 30 the wafer conbines with vacancy
silicon to prowesscknid likereleheondsithspughoui Ihwill befendesit@Mathat whentamat t he
vacancy con rati [ Lon.is.lowered, .Meanwhi | t he vacancy
concent rat 1 SeienE s s a Tt it b HRRAR 1 R RS AT pehE R poflis ' Vacancy

inj ection efeheet, ityanteelidtlpas theAshet eledfnt br infeRenaCaNBYNts BRAGARLILKAL | oNn
profile in the NZ 16 at mpsphere has_the opposite shape (plot indicated by

"b") to thaPresent; ke copirast whep an slemeat isekered fasrtheing ierepthep’’ anotheaddi t i on,
when t hegRT B i ] ]ﬁgg] ¥

at rmsphg(r)esélaog{ egﬁgﬁm%e?%@ilgﬁ%s eg% agg 2 {e(%%lg'e}g{bf%fgﬁiéa% e vacag@t;
concent r at i deschibed ahdillestedded hereinghaudestitseonplentientre comiuictieity typer sti ti al
silicon inj e&tl?i n effect1 In particular, since a reconbination of vacancy
silicon and® P&‘%eﬂ_ ‘F?Si‘éf?l_-si licon rapidly occurs near the surface of the
wafer due to thephtel §<§He§ﬂaﬁkalg)’ éHo%'&n'oR%;%tﬁfﬂr@& el Eﬁceﬂt{raﬁdﬂﬁnrgﬂl%%? aused,
the vacancy concentration can Be maintal at critical concentration,
whi ch i s t heilisouivafdsateomliog tcemboditients ofithegpresent invertion. Compariag thie. 10 | n
enbodi ts _of..the,invention, the RTA of. Fi e 5.1s perforped in a gas
mi xt ur g?gt nBEQJH%FOet,heP&ZgC&PéWI ' RPICEHE RN PS@S%O CRPZCGhYHES gases, and
thus the vagaRGRcRRACIBNhE bhRtiBAA tddhBRjubd) WHI H8ShdWikinWrigurds Daa@her es can
be obtai ned by conbining those of Figures 6 and 7, and those of Figures 6

and 8. As sHwinexist ingdedZones(REs)iacanredeterorinasideptit iange fiowftiottethesdp t he

f fabri ' ' 5 her. h f 1., d d
poaks at o Aronatiat Rubisfe e Mok A2 R IRATHBR: Slurebi iy The "

si li con waf doublébsdks at the baindeich bét®ded Bath DD and 2BalRGYgi6RNAGR! nthé BHIKT r om
the top_and bottom surfaces to the first and second peaks is |ower than the

equi | i bff unfeeanitlsiveen the doule peaksy 4 large amount abefygen peecipiates arg presenb bul k
regi on bet t i cancy. centration

profil es hm&g %%e{l:d&lrﬁgtetl(\)/gfbgﬁgegée:g&%ﬁ@g%g%gn@gﬁ %%lﬁcé)g Nt rlg%%(;n profil e of
Figure 9 can be dbdrapatidulardyoxith agonventonsd dkygentpsecdpitatdiprofily @ftdlon, because
t he RTA process of Figure g IS, p%;gqc;krred_ in the gas m xture_ atnmpsphere

cont ai ni ng FHEagLeas gg%fﬁi Y AGg ®aptignedqg thegeatrak area af the wafe apay

1) ot 10 _eh S Seq GRTBASLEon S ok RPRIRIEE 6 eracancy

silicon 25 concentration p tal ne om the vacancy silicon
i nj ecti?dn efdmentionl prdild2mpadinantosithe nventian whieh imthelestoublealealss ihitieon

concentration profiles. obtaine frorPthe interstitial silicon injection

effect in AP* nﬁﬁ“&%{ﬁatea?%%‘twgif’_ B Prottle efalaoaipminanty ay 58 ﬁ"ﬁ%@?’?ﬁ_‘ gthen

profile is hR&gionlo@®pthithabturtdess A 186 %lktrbgbn §fi11'ef%@dtif%r9§w&1§ﬂﬁ&%}ﬂoﬁﬂtcﬁf ofile
e wa

inthe region fromthe top and bottom surfaces o er to a
pr edet er m nggtal epnthmingotsielaesed to thetsorfaces aae he siduceslon concentrati on profile

beconmes steeper than the interstiti sjl4 con, concentration profile from
t he predeternine lg&éep‘;f ¥ aﬁB&%E‘aﬁfﬁ? a%ﬂé iR K35 ing (A proBes3
30  according to embodiments of the present invention. A commercially available RTA

furnace may be used. In the RTA process, first a silicon wafer according to the
present invention is loaded into the RTA furnace, the temperature of which is set at,
for example, about 700°C, for a standby period (I). Then, the temperature in the RTA

furnace is rapidly increased, for example, at a rate of about 50°C/sec to a temperature



region. Thus, in the denuded zone near the top and bottom surfaces of the
waf ers, the vacancy silicon concentration is maintained at or below a
critical value, i.e., less than or equal to the equilibriumconcentration
value at a particul ar terrperature by tH4 17 recombination with the

interstitial e e denuded zon t,h silicon
concentr at i 8& %ﬁg?@“ﬁ(ﬁ&@ éﬁetgmé)gr l&ﬁaﬁm?‘&?%&aﬁ%ﬁgéqc%%n t he

equi | i bri umpsaReenideatpedod ¥elims; fol BeplatabdutdiRdeBols (ticanpther where the
di fference between thé vacancy and interstitial silicon concentration

val ues r eacHeBpaatgsdntheR VAl fymace l@hmmme?ceeatswbat\pa@m&abeuﬂSﬁc(é{ﬁec up to

concentrati e nte stlt al I|c
concentrati %t@&%@%ﬂﬁf? tﬂfi%tg? %‘%@ §§r§°(§fn%{lgeaﬁ?sll)?y’ rlr‘?euclt1 oaﬁl fe vacancy
silicon son®IA fishaeen(V)eByeatpdineyOsithé RerApaakésstlmeamedtlhElghwxﬂteegl on, so

that a concayve vacancy concentration profile is obtained between the first
and second Stshiution of ghexygen pregipiate Ieﬁlﬁem%eﬁteés ern herronirpllet prd KOs he

vacancy poi e C via
t hermal pr o?gss cy?@sgf{t%dlgr%@e ue&(?épgm&ggcﬁéﬁc%y&gg%#g% énugiﬁhggﬁﬁu In
ot her words watférecarﬂﬁahssyohpdj erstwﬂleh‘eetetsmﬁmddataiewhhmdfaamm Rigne ets for oxygen

preci pitates forgﬁg t he subsequent th [oceslsy ycl es. The hi gher
t he vacancy concerfP qe%ngtteﬁaé)emugﬁéqngpw Brge s 1prie |§P§t%?tt‘é(ec5[ﬁl’§’éﬁ?rr ati on.

Thus, the OXYHRENA RLEMIRY bIhnfboaRRGRNS BE fygerﬁwelnt GROKiREs bftngieRd 15 from

1
the vacancy concentration profile of the wafer. The vacancy concentration
and t he oxygesespllew irges @ﬁmh:clmgem;mtxmg\raha\oé atbient gdslesgmmg-upeatatl onshi p:

Si (silicon subtr + x0; + Vs Si 02 eci pi + Sii
Ginterst 1 eaieabe Redpyaurecannprlias fif apd Bt red b sy 6f- Coyaisl As +he
vacancy si | hfa‘?rboﬁﬁﬂﬁ%ra@thmﬁfg d pdfile a%@éirdhfgeto'l:"gdré al as%'n%rueganﬁe Belodk. i On
(G) increase, the reaction proceeds to ight, so that the oxygen

preci pi t at e TaeRdenisrcattiegrout At deastabout hli(ﬁ@ f@ltﬁt\l@Sfr%toati mahdseﬂﬂresm on, ~
25 is ajgon i f nt i itate
concent I‘g.tl %%ﬁ]péle &lgeﬁv\%‘ag% %%%dea 11 {5‘%%0 ggﬁ? g%t )f{gg;toﬁgﬁ n the

waf er whi chldasgh tondedegoms. A, Bi%ﬁéﬂisessteafr dlglat@ra'ie ofl §i8edz0B0YdeoNS foOr
the subsequent heat treatnent were deternined taking into account the

conditions of thé £3sdniFfire poriaiaing agas varch progidesea Hecapeiiniacton glfeqt e
manuf act ur etheddttfag@%fr'\!ﬂ% g«gfe&%ﬂ%‘%cgggé@&gfd% ar?{nger&ﬁ[?t'?ﬂc If‘i’{ec?8 ari son

bet ween wafers uen processes
wer e carri edffeait 1sa1$ecbztscwgas8‘610tﬁeRdm aadcouhngltotmlfcﬁhrﬁﬂds afthabmsémlGOOC for

about 12 hours i.n N2 ga gt nospher e. 18 Also, in_order to_ investigate
the ef f €&t Hiveptign. Omeﬂrﬂto IREEY n}tppgpﬁ@%)rgég @rﬂseﬁi AY GBS R hi chhlaﬁéhﬁ/ rate

and m xi ng gat aghigure 5
were vari ed. Iglhg}tltir?ﬁee%ﬁgﬁg?vsa %&%g&?gﬂiy con at| dérlgg&ﬁ % the RTA

of Figure Squhthas@metsztrstttxalahc(annwt:hmneﬁﬁéctt he m xing ratio of the gas 5
m xt ure cont ai ni N2 s a re 31 is a ng the
variation in oxy %ﬁ“ 6gt®f gB%n‘ﬁ %%%c@ﬁ Flﬁ)ﬁ‘?c%ﬁon?‘f‘l’érg E’é’fﬂi‘i respect to
a vari ati OnVQdcan&}kTGefEétQ%J ﬁft&stﬁfal @i‘hé&?défbéﬁ Wltﬁr ct th RheFd d H & e wafb,

epresents the vacancy concentration profil |ng ratio of N2
and Ar 25 7efttgche RE\ lelﬁir%@bmt@gwhéns ttamedmuum@JzEAradefz afspheteshr is 10

hout be niscesrTRET e KBrORR s GRpRorus b BBk bl edearr

toward surf eegentgdtioniigoMialages R@Adntaﬁﬁhéﬁ;ga@%ﬁﬁo BeCid plbis@p) £ (ke peaks
increases. That is, the depths of the DZs v\/negri)‘(lejl t he olgy gﬁ) pr e(g]pl tates

due to the HpesertbevagIperenkiatrsiitial paint defeoteencestation yrofllssrespsevaly,t h t he
i ncrease | naﬁé}%hyﬁﬂqﬂ(tﬁ@c&?&b&{amg 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,



15 The oxygen precipitate concentration of Figure 31 at the peaks was
measured after a further thermal treatnent at about 800C for about 4 hours
and then at about 1600C for about 16 hours in an NZ at nosphere after the
RTA of Figure 5 was conpleted. Here, thd5RTA was perforned by flow ng Ar/ N2
gas m xture ﬁlt a_ranmp-up rate, of about 50C/ sec,. an anneal i ng tenperature of
about 1250C,hesAuiliiamm consentratonnd vasangiss which exiglaspeint dgtects 1n thepvaderan r at e

of about 33¢ Te : r PRI -M}ﬁ i xture
were vari edqtlcg&%gs' ﬁlﬁi,celf %ﬁ g{l({t@tg%f% %Elgi%%ﬁ#g%?l ter 317 #‘%ﬁ ﬁggévg%{ilrﬁtlé(of

Fi gure 31 shoumscy kabcentratiaxyegainsfjower thart the equitibdemtcoaténtatiomorthabalk Wi t h
the increase i.n flow rat{%1 of the m xture, gas. The o>(§t¥gen precipitate
concentrat i 7187 BPYEYL: the mavemgat of vagancigyds ative peardho surface of theiaigsr A was

performed i Rolie 1RAFRcERAHDA bPPitaRSes Mar IHIGuBLAoRhe Faft k&R thxcept that
the Ar/NZ gases in the gas mxture were supplied at a flowrate of 3/1,
2.5/1 .5, 2fkguilibrigmzoscentragon,iragidlyl idmthejother hand, esithertempergturcadfitbs RTAf t er
the RTA of Kigure,5 .a.further thermal treatnent perf or. . at .800C for
4 hour o and TeR seEm Sinsteabey torsdRiRum) et i HE BeftretialaticPh it of
Figure 32 shewéred, ot eximple BPFEARSI raYmbTASfon HepWechlvat iRy @a8 imtbrstitn e at 4
liters/mn, the oxygen precipitate concentration increases wth the

i ncrease i nstlisenrwth hedgnerpgseiimthervacangy cancentration. Thiso minsedhsinabilisoefdhe i ons
of the RTA, .i SETe ) 1.4 rati n | ow I af: f.gas nxture, the
r anp- up%ryat él,h&%hgggﬁ%gé ?%Bﬂeiﬂél @greetgg)ttnuogg% aﬂ%{e{ }Sn%‘fv’ ]Ellgeet?l? é’%%aag\%n%ﬁ}eﬁetl% and the
li ke, can beheviateraiiabtoncatitrnion ih ehecdulk fogionaemaind dighesibiah eitseqailibpiaaks at

19 the vacancy concentration profile, the vacancy concentration val ue at
the peaks, CACDHRUN HOWsNcETRG HYtsrafiial spngentsationicanthie surfecsi af the Waler si ze of
denuded zon o JEHLLE 1.2l gen

or c6i pi t at 0 ceone Bt ehilfibiii oncchUidh, 34 RAME yichfey e inan ALarJHY OP1
respect to aunfaeiodthecowafef. t he ranp-up rate. For conparison, the other

processipg conditjons. of the A were,. kept constant, i.e., the mxing ratio
of N2 ahug Ar gaset %Ee?’ ertls()h%}@)?‘%%,e E{Qlfi‘ég@ﬂ‘?{é%‘? atpéﬁﬁ‘gP%tt”ﬂFép\R% ®set to
1250C, the %8&@?&&'0&"9@&@9, AHRsiBE bodus é&h%}?ﬁ%ﬁﬂ%@%iés%dg@%ﬁ@ﬁ abfl & was

set to 33C/ sec. A subsequent thermal treatnment was carri out for all of
t he waf ers #he enoilBooa ¢ancentrdtions. sA&ethe waferag rapsldp Ddled ddven tocthes in a N2

at nosphere, .whi ch was. .t he.s in e .previ.ous .neasurenents. The result
is shown i nteﬁgbef‘;rmfo m%n%ﬁ%gﬁfﬁ igleég{e@(@aﬁgﬂv@%%%&@w Sfe
concent r at i Gig@diffasiok ToéirleatlBdatld Rweqhflibridireohcéntidion 3Pfhe teducd®1” 702. 0 X
101"902.0 x 10 "' 15 Figure 33 and Table 1 indicate that the oxygen

preci pi 2@t e ternesatnier diavsyen the vasappyapeintgetectsowhichfiave aswdll gifémidny by t he
ranp-up rat L S ard ation pf o en.precipitate
concentrat i g%efgklgﬁge%éé sgé\g?‘@rﬁ?dxne” ‘Ka%f' %I&ﬂﬁégg’ U@lgtdﬁgrreggtect to a

variation obupchenaativredf vagaricie¥is hightin te bAlCKERhf e Walet. SHBwetdie Ot her
processi ng gondi tions of the RTA were kept constant, 20 i.e., the m xing

ratio of N2DegUsedhe gapbdily wh thesweancipsaphigh neanthe pusfase of theawaferathe set t o

50C/ sec, th j . 0.C, e. ranp- down
rate was se? Oltﬁgﬂgﬁgdny &%ﬁ@%‘ggg&%@& igﬁlgieﬁﬁ%aﬁeggtn&%uagg%r ried out
for all2bf téreemaitmnst the dropped temperature.

Thus, the vacancy concentration profile after the RTA in the inert atmosphere
can have the convex shape as shown in Figures 6 through 8.
Also, as shown in Figure 6, in the case where the RTA of Figure 5 is
performed in an N; gas atmosphere, N; gas which permeates into the bulk region of
30  the wafer combines with vacancy silicon to produce smaller-sized silicon nitride
(8i3Ny), so that the vacancy concentration in the bulk region is lowered. Meanwhile,
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 N,




at 800C for 4 hours and then at 1600C for 16 hours in a N2 atnosphere,
whi ch was the sane as in the previous neasurenents. The result is shown in
Table 2. 25 20 TABLE 2 Anneal ing Ti meOxygen precipitate concentration at
peaks (ea/cnB)11.0 x 1055.0 x 10y102.0 A610i"302.5 x 10"'603.0 x 10 ™'

Figure 34 and Table 2 indicate that the oxygen precipitate concentration at
the peaks i $imespherehasthepppesite shapra@lat irgiedtedby ghbtqtgét of theewrfeng shoul d be

conti nued f?*{bf&?teg?‘?ﬁ‘tgiéeﬁ%ggﬁﬁ%ég nore for the oxygen precipitate

concentration o ast or nore at the peaks. Figure 35 shows the
vari ati on of oxy@eadditiesivliehaihd RTAquocsntf Bipiverd iapeifbenqidaklse Af irefHi he RTA
of Figure 5 withr spectgho a.variation of the annealing tenperature. For

conpar i son, SEhEMOPPRACSASSERWR ith BEE5A i A0 S Eespctiv el 1he Kagipey cpussniratipn
constants i jflowetdd@hiBughdi theXvafer fle NAERr&tiad ﬁﬁﬁin f&zegtiglg %ff&&. 150, the

ranp-up rate was set to 50C/ sec, the annealing ti as set to 10 seconds,
and the r anpadiowar,siice awesnshatation o 3@taney silitorsarskiatpnstitial sihesmmpidly eat ment

ied out for all of t waf.er t .800C f.or, 4. hour.s and fhe t 1600C
for 16" hour €58t KR es P WAl e Foume et licgl MR dee P ot it
nmeasur ement sased iSed; BeUWabarcy coRQNRatith daleEmantained LABLE i CORLAANMA
Tenper at ure y&gg preci pitate concentration at peaks (ea/cnB)l| 2.502.0 x

101"1 2005. 0 whichga thejengdibrignycongentration 2t @partic@at ©aPFragrg. 10 Figure 3 S and
b 0L o il Y RS K15 BB IR ' 5,
shoul d be hinghufedtmatpHets $ér cxample, N2 20EAR 2asBLEN, bAd Hb, Bese@XandaRusheci pi tat e
concentration of at |least 109/cnB or nore at the Eeaks. The anneal i ng
t enper at ur e Va§Rgcy concentration profiles in the gas mixture atmospheres can be obtained by
combining those of Figures 6 and 7, and those of Figures 6 and 8. As shown in Figure
9, the vacancy concentration profiles of the wafers fabricated in the gas mixture
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



time are closely associated with the oxygen precipitate concentration.
Considering the result of Figure 34, it can be noted that for a certain
concentration of oxygen precipitate, the annealing tinme can be reduced at a
hi gher annealing tenperature, whereas tH& annealing tinme can be | engthened
at a |l ower annealing tenperature for a certain_ concentration. Figure 36
shows the vapsombipationvighihgaxerstiialispiconese Bayand therdsnndsd zape.ithevasen®s aft er
t he RTA of FEj ] LAt : = .ate. For
10 compari sonedf Borkelirbtbr AR Inckdsd 1Rk ol 80afl nipll T QM
constant, i cencentraomvatuergiheat atc deptiNaf the vafsr vgrscthe dfferart betwes 10, t he

ranp-up rate was set.to 50C/ sec, the anpeal ing tepperatuyre was set to | 250C
and the annd&fd"fy a‘t“ﬁ H’éer\?ﬂéa?éli‘f’orﬂ goneENERHOTNGaueS Feag SO YRYGrdF s

treat mens Weghefdthe vachney kilibok c&ljeé%t?eftioh ofife beEoin fst%ﬂgv\glsl t eiBQUia and

then at |1600C for 16 hours in a N2 atnosphere, C e 15 same as in
t he previ ousilivemsoncsneatian, pdke (fistand secendspralis) arefofmbd.e THe vacaBtyEsidcon

Ranp-down rate sec) Oxyge recipitate concentratiaon at aks

(oar nd) 108 iAo SS BB aEbR 5o aRGRe bR o Go 4R S 0. i gure
36 and Tabl Qaébnh?@@)&@h@aﬁd?@roﬁi&% eMHmRA bBfvREA Ricl MbEandQBSAAlpealtd, on at the 20
peaks is not influenced greatly by the ranp-down rate. Howéver, the oxygen

preci pi tate concéyeeminga other ghbpgimenty efdbeinvention, theeagansy paine defacts afip- up

rate. Figur . I i concentrati.on.profil] es
Ot o notOt nie el QU el R H SRS P Bt BRRSE CRA P TR o2
accor di ng t geraitbadlicimridesico indnhficir& SRIdthdriwatd, it vacihdyboimtsiefets BeGohbe

ki nds of gas used during the 25 RTA.  In Figure 10, (a) represents the

oxygen pr ecPBFleaitan CBisEEior prYgcaprssiRitatesdoppedby e subseausnt thermaal precess Nz gas

at nosphere, r . ' ' . 2 2 gas and

Ar gas at m)gﬁ ésr' eﬁgztg &Eté%r%%g%ctygé otn Eean}t%gl? ﬁ’zﬁl %Rl{gié%at%lgg)rql}gggi’ ed 1ng ?r?té; N2 gas

and H2 gas abvmesphiiore, THud)the epygeagnécipitdiatonoénteation pedfilé ait bemfatkd n an Ar
f f icated i HZ

O DS PN S i 02 ViS) RSN probli ol wipotef o abricated in a Hz gas

The vacancy concentration and the oxygen precipitate concentration have the

following relationship:

Si (silicon substrate) + xO; + yVi;

20 ] SiO; (oxygen precipitate) + Si (interstitital silicon) + ®

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, ®
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.




For conparison, the RTA and the subsequent heat treatnent were carried out
5 on all the wafers under the sane processing conditions. That is, the RTA
was performed at 1250C for 10 seconds, and the subsequent heat treatnent
were 10 performed tw ce, as described ad8ve, at 800C for 4 hours and at

1600C for 16 hourgs. Thedresu.lts are sho ip Tabl e, 5. TAB(l_EﬂSl Gas usedpeak
oxygenOxygenDept SQyfin order fo mvestigate the etiect o the gas mixture used in the present

DZsCOPpr eci pheatiSn 80w kdtehed Syihsli39ritd 2RGAREROLIA RS BGeA M at i onabi | i
ty(cm3)in bulk region(cm 3)Ar8 x 1078 x 10y50Medi umHz6 x 1076 x

10y 60H ghN2Proces0yf Figure 5 9&e Nared. déigarctd shiotvs et Yas@noy cangentration proflex
10710Medi u +. H 15 x. 10y 15Hi Figure 11 is a.diagram.illustrating
di ssol ot i on ¢ PRETEpEFREES Tl Fomdtde e VEinne T mise Gp AT et he RTa o
Fi gure 55i s ngigfuié esht&lHingiNy dad@nd\Ar %bmgﬁ%fﬁ-is h BrapARBO6RIng thd Parfd@BPinhi ch
are formed during the ingot growh by the CZ techni que 15 have a_broken
oct ahedr al W8Ygendnegpitan geneentptioneas theopdalie withyespectzo pyafigionedf temflewie i nner
side of a vqj en the RTA process is performed in a Ar or H2
gas at nnsphgétgpg%%%\lﬁgl%&’trﬁégsgases provide the interstitial silicon

injection effect It Biguheo ) fepteserté tHeh@carl @oncehtiati S Fiafilemhanthéftixifg esent
near the surface of the wafer, are dissolved., 20 Describing a dissolution

mechani sm offatichef Noaamd Anis 78138 (b) repgesents whegdhe mixingratiorot Noyigd siriiss

| ncor porgt egO.%iOhe H c@%g&és@ﬁtsmﬁ%&%ﬂgg tig’offily%%%r 116096 YR Llu @boW .

23 is coole gen concentration the i'n econmes supersaturated
at the cool notpdtitkatpe thet Ny @xncditresion tidveedses, thegleakxshif oward senficeadf tha of t he
wafer formed fromthe ingot is al sp s%persa ur at ed bel;ilon_d he p{le%gélerm ned
sol ubi 1ty STAISx3gEhe VReaFY sersgnigriont thepaicsnceages. \Thaps, fag depths pfefhe nj t i al
OXygen Cconcejpty %é@%@@@aeﬁ?ﬁcﬁif;ﬁe@%ﬁemthé sﬁ%aﬂ@%?ﬁcbéﬁaﬂ@%& foPmed, | ess

t han the predefern ned SO due to out usi on of oxygen
t hr ough t he skarplyatsereasestwith tha firmreast/buthefN:zlcenceantratiore bul k regi on of the

fer, t urat ed i lied.into,t i.d 20 d i d
U Tormihe s 11 dOk SsveBarPoIyie sortantifn o higule Sl e oS s Sednag oo >
since the i Biibd Alur®¥yBSfindl WRaRMNE A bAT: SRAC foldoatd haws afd theR et aaber (t hat

is, a region between the surface and 10 dashed line "T" of Figure 11 ) is

| ess than t HE0QEdaratauil dadursdn abNe ptgospiere aftershy 8\ offigarer$ was di ssol ved

out of the sjil)i j r 0 h forned in the.void 20b and
si mul taneou?*n])}/lb fSZ%?EIQIT gi(;éﬁg’ﬁlslé gﬁg‘v‘pd%pcftrfc()%ngw pﬂ%’f"@eg%]f\lz gﬁsemy%li'ra WHFEYREP ¢ o t he
i nterstiti akatsbf awwn5090/ee] irddhnedlirgctmpératuie o DU 3UNC] & diheMingainglur i ng
t he RTA gro ss. As aresult, the size of the void 20b decreases and the
f

voi d 22B0f ggﬁwﬂ 18 serosap ks mmriev tie ofaboard UCksol The Bowetteefithet he RTA
process acc%mzrgglsésqn Wg&@&e&%‘g?%g@%ng&g%%wgﬁf /Sbe ext ended

to many ki nds of” wafers shown 1'n di ssor'uti on effect
may be enhaticesmiisi Tige telvalt bPFigare X1hshows tanthetdxggd preeipitatd Qoddegttstesh 12
through 16 are phot ographs shqowi_ng the oxygen precipitate distributions of
the wafers W?F‘??ﬁe%‘%]gﬂ{‘?ﬁﬁ%ﬁ?%ﬁ’éﬂP}%’éa@Lﬂgél??cfHWeBé%t treatment after the

RTA, d h th ) ' j ' 10.
o1 hve {DNSOLA RSSO Lo VSR AL Dy LRt

In particular, Figure to the se o Igure 13
cor r espdhds after tht BTdawas pdrfamsied in the sgras corditjnsas Tdr thodateopBiptise 30 t he case

of using H2 gas, ,Figure.15 25 corresponds to the e of usin and Ar
gases, and Brgat %’a#l@e(?ﬁ _ %%aﬁ%srfagﬁq PSR gg\/greowpgg% W&“ﬁ’f?&e ases.
Al'so, the | efsy1 9f2/pacty2fsi yurReshomsyithRirio@Pmidhf #Rs O fePeief £6r and the
right thereof shows the bottom surface of the wafer.

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 N 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



Figures 17 through 21 are photographs showi ng the depth of DZ fornmed near
the surface of the wafers, where no oxygen precipitates exist, which have
under gone 30 the subsequent heat treatnent after the RTA, and have the
oxygen precipitate concentration profil &8 of Figure 10. In particular,
Figure 17 represents the case of _using N2 gas, Figure 18 represents the
case of usi Hif Vacangysongangatien nofile gheadpsprey qoneeniiaben wilugat thepeaksdhe, Figure
20 represen ! g i

represents tR] %ahg}zg(g%gﬁﬁ%fgpﬁéhﬁ%t%ﬁﬁgrégg?é@%%f ogggmbdgaég ée (gglr%né.Tabl e 5,
the DZ is békely fornmed in the N2 atnosphere. Figures 22A through 24B are
phot ogr aphs show_ng the shapﬁs of as-grown COPS,. and those, of s t hat
have been changed!8Ust tshovysdhexyatiation el grygenpreqipitate eoncenteaionat theipgifses 22
and 22B ¢ep e ' £ar LNt 2 nospher e,

Fi gures %SAagn Hégggfggﬁégént t gﬂégﬁgééxﬂgﬁgﬁﬁgﬁgfs Bé&ﬁgyhgg}in the N2
and Ar at nosphparesonzhe ofhieyproesssingAoaditiofsiés the Bldswearte kehecanawat Lahthee t he N2

d H2 at here. . h i n Tabl t tanti al |
i ssol ved | UERE H4ES ShNoRHr BseTenset (o 0'5h B8 abf G Srof b0 Lot h
in a gas m xpsre, 4@ aﬁﬁéhﬁ'leﬁ%g%{eewﬂ@f@) 107R s 988 tHeSrampX R ate v sePlo HZ gas,

and in particularly, t S can be conpletely dissolved in the H2
at nospher e. 383(dvect A sibsegignt thermal graptment wabeartied eutferill oithe methutatng t he

2ops: dulf o Phe RhATR P A @4t LOECTBEI RN B, PG L BRI "0 1

invention cain€ayinntid plehi@usinehsur@tiétOnTh reblleiskhowi ygesblen eci pi t at es for med
vi a subsequent thernal process cycles, which are usually perforned in

sem conductor device fabrication, by perform ng the RTA process of Figure 5
on a silicon wafer. Enbodinments of o } | (waf er preparation during which
the RTA process according to the present ITnvention is carried out, and
preparatioh of wafRdrsp-wbirath (‘@/ecef f ect i VieOkyreaprdcipifag ddneerfafion appeakis | | be
described. |20 Figure 25 is a flow diagrgamillustrating preparation of
waf ers according to a enbodi nents of the present i nVEACoh, and
particul arly, TTTustratigg a generar_waffering proOCESY, frer—crystal grow h
(S10). An opverview of the general waferijng techniqué’i's provided in Chapter
1 of the textbook "Silica0 Processing fdr the VLSl Brsx 188l ume 1, Progess
Technol ogyt-—by—S-\Wlf—and R-N—Tauber—10986, pp—1-35, the disclosure of
25 which i hereby incorpBrated herein Hy reference2IRef@rring to Figlre
25, the genperat—waferi My ~gr OCESS rmctudgs tHe cTtrystat D) of
growi ng an|ingot using a puller, a sllicing step ?é)l}g;l of slicing the
ingot into|lwafers, an etebing step (Sl 4)| of roundi ng.gheo¥dge of each|slice
or etchingtthe-surfacesof slices. Thenl after a first cleaning step (S16)
of cleaning the surfaces of slices, a donor killing step (S18) is 30

carriedyout, and %lage . e VM ] r

devi ceslgr e for rrgf : a%g&ﬂgbiﬁggﬁf%g%@?ﬁg%gf%é pﬁ%}%ﬂ {saﬁee‘zo%v\%@g#gg%? glecl eaned
i n a secondpedkears my irftuepcddSRedtly bhheha rarhrap ktsul t ant waf ers are packaged
(S24). RTA of Fi ccording, to engbodi ments .of the present invention is

ure 5 2
performed in t he gy opisithigvariadign oEegjeen Riesiniigtesioarenration gt the peaks
enbodi nment s t drer i j | i separate
st ep. I—bmev%?%r ﬂﬁ K%y&g:éﬁgkgzs@hafbe eé%'? {c?' %&ggnmgﬁwg%&%&%ﬂﬁﬁﬁeé Pg)(r)rai%r killing
step (S18) awuatevomparsosttbe othar prevessial conlditions dfithd Rg. wat&ept doastantpr ocess

of convertin xygen conponent contained in the siJicon ingot, which are
present f(f n {-%et%%rﬁmngfrat?%ﬁ@%ﬁﬁ ‘gbg%gﬁfb‘é'éﬁ%?ém d %é@éﬁlﬁ? @6%%?36? WA K
fabricati onsgtkegChe ancalif® RHpePiu@his 5603250 C. SR @B Tr@tﬂv\%-'dmﬂrrh& Xwds ONS,

into oxygen precipitates via heat treatnment during the fering process in
order to restite3ihéepodsiubsdquent todrnfalitreatinont wap casriadond for athefshdywafers
treatnent is rri.ed out at, about f or ,about econds or.pore in an
RTA furnace® @l%g(g foéq‘zhf’uirssm’éi t@@hm&%‘:&rg&/%‘r‘méﬂ Ei\g\?irﬁ??p&ﬁ%ﬂ’ Wi?*frﬁo Sler, in
whi ch the cigshak adth e prdvibus Blddburemer8! TRE PRAI i¥\hoSAGMTabR 2Fi gure 27, the
CZ puller 100 includes a furnace, a crystal pulling nechanism an

envi rondent controller and a conputerbased control system The CZ furnace
is generally referred to as a hot zone furnace. The hot zone furnace

i ncludes a heater 104, a crucible 106 which nay be nade of quartz, a
succeptor 108 which may be nade of graphite and a rotation shaft 110 that
15 rotates about an axis in a first direction 112 as shown. A cooling ]
acket or port 132 is cooled by external cooling neans such as water
cooling. A heat shield 114 nay provide additional thermal distribution. A
heat pack 102 is filled with a heat absorbing naterial 116 to provide
additional thermal distribution. 20 The crystal pulling nechani smincl udes

oy I Y e A N~ .. N o o -




In order to grow a nonocrystalline silicon ingot, the seed crystal 124 is
30 contacted to the nolten silicon 126 and is gradually pulled in the axial
direction (upwards). Cooling and SO|IdIflcatI0n of the nolten silicon 126
into monocrystalline silicon occurs at #2fRe interface 131 between the i ngot
128 and the nolten silicon 126. As shﬂxﬁ EﬂzFrgure 27, the interface 131 is
concave relative to the nolten silico 5 26 A controlled oxygen

preci pitat concentrahh&rtn?rmhel e as 5hOV\Oxygbn@r&%!T%i@atélc&ﬁBntpﬁioﬁt&? Aed from
at least three types of silicon wafers, [hrough enbodi nents of A
according fo the present invention. Spec frcaIIy, RT@aémtbrdrng to
enbodi nent $—of—thepresent—rnvention—canrbe—apptied i ngCIICbL' wafler in
whi ch no defects such as interstitial agglonerates'gﬁg vacancy

aggl onerat es exist; a "sesi-pertect”™ wafer 1n which ypggaply aggl onerafes
are present_in nnlv a vacancy-rich regiopn wthin a nredeternlned radi s
fromthe center of the wdfer | and no vacpncy aggloné&%xé@ and interstitial
aggloneratea arepresent tt-stde—the vacaficy="11+<r— 5 wauu a—wafe+r—{ whi ch
cont ai ns omnly vacancy ag& I“oner at es t hrough the wafe;‘*J Phout interstiltial
10 aggl onmefates. However ot he present inventron 1s np@xqowlted to the|above
waf ers, and_includes all types of wafersito which the principle of the
present invention can be applied. As described above, enbodi nents of the

present invention.are t dtot trolled ox recr |ta

Poncent rati on pr ige35 e Faslh2 et b oyt D ebiee Bt By
perform ng pBakSTAINPROARE Dy he @bl AmahditheartiMeRARSHl RRedhtidRdifbeat ment
of a silicon wafer to which the present invention can be applied, A so, as

for the TOPS leastisdarendsos more fon diqmegampreripitatsconeenypbu ofecat deagak®ieni’n whi ch
COPS are pr the bul k region of the wafer and not present in

t he DZs. (8?&%}6 étrthé)%l?%\s/em the defects of silicon wafers, many practical

i nvesti gatl ons haygré ocstﬁﬁdsthavalaaroytsifaky@nqwd‘nptmnoﬁeaﬁcehaaucm diitgh- purity
ingot. For exanple, it is 20 widely known that ;the pull rate of the seed
crystal andpﬁﬂ‘é aftehihe Rk pEtighesd WHHGSP?Pttt‘héVWUOPdﬁéhes‘tmﬁ @lingre shoul d be
control | ed. i Hhe gonl rP%%‘ &é’rk%%rﬁ%ﬂ AHb It)t}feflfn%c%sgﬂlﬁ%fon{llﬂgné Sﬂﬂ% Oyl ddGept
tenperature gradr ents e I ngot-no Icon in ace ar

descri b&@d i nomigenaiile.,ithe thizhieg tdtiovd N, s cfr g&dsnﬁas@etfted()sﬁOFﬁmMpmp rate
Silicon" by Voronkay,. Journal st al h, Vol | 982

525 643. Al 365 S0 B Siieca GG Bhgoras kL S?Frétsiﬁyanéﬁtw BT RIS,
publ i cat i onyly s&the 3PIEKRNIA dub¥ Eﬂtrth&rmaﬂ‘ltm h ; st al

Def ects on Devrsce Characteri st‘?@s Proceedi ngg&?&r‘ng&s@g%rnﬂf?%ée{r nat i onal
Synposi um owafty atrfOOC Suiddmoes amicthéﬁecthlnﬁ@D‘@gordﬁ hSixtsiic e N, Manesphate, Novenber
25- 29, 1996 5I 9, This pu %Plcatron di sclosrg ,I.hat L\E/?]\hen t he rg lo of Vto
G (referred™ as\ﬁlﬁszfna??d}l SPIFYOBN A TTReTHSy Theges ’@\#‘@}’nm ablg
interstisial-rrch region is formed, while when V/Gratios is above the
critical ratio (V/@*, a vacancy-rich regr onis formed. In particular,

Figure 26 is a concept ual vi ew i ustTfaB Eé the relati onshl p bet ween a
rel ative pprnt—defect i o H-con—te 0. As
shown i n F gure 260068} %‘&H?R!f@ FCgr owt h, ?Wgeﬁpwcéiﬁaﬁ?odc%@nétﬁ?ﬁr cal

VIGratio 27 (VIG*, a vacancy-rich region is fornggen so, for a V|G
rati o wher e—the vacancy concentration | above a critical varanrv
concentrat|on C-*, vacad@@oaggl onerates |are forned, 2v0hx[1@ for a VIGratio
wher e t he [mterstrtiat entrattonrts(above—a—c+it logntcuotitial
concentratfon Cl*, int ergp?tral aggl onerjates are for%‘rgd Al'so, in Figure
26, 5 the width from (Vig* to (V/ G B* [represents a @Bxhahd, which is
interstitial related defects (snmall sized dislocations) and the width from
(VIQ~* to| (VIQP* repréé@@rts a P-band vhich is an G(SXI-TO ring. (Iarge si ze
oxygen pregipitates) 6IHCHLD of —the—present—rven 1 —can—be—appli ed
to a perfept wafer V\,rthc;lmj defects, whigh has a V/G I’Qi g bet ween the

B- band and P-band during the 10 ingot growh, a sem -perfect wafer which
has a VG ratio including the P-band, and a wafer where vacancy

aggl oner at es ar eFigsravandiFablerhindicate thticthe durgenpredipitaty Gncentrasioalsbthe t he

concent rati e BbgssR by inREARRIRADEIRS shd bt AR o

applicable to the present 15 invention, are described in detail in U S
Application No. 08/989, 591 and continuation-in-parts thereof, U S.
Application Nos. 09/320,210 and 09/ 320,102, that were incorporated herein
by reference. Thus, a detailed description thereof will be omtted. Figure
28 is a schematic view of a nodified CZ puller disclosed in the 20
contrnuatron i n- part applrcatrons |n mhrch a heat shield 214 |s nodrfred
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28 shown. The conputer-based control system nmay be used to control the
heating el enments, the puller and other electrical and nechani cal el enents.
In order to grow a nonocrystalline silicon ingot, the seed crystal 224 is
contacted to the nolten silicon 226 and2is gradually pulled in the axial
direction 5 upwardsl1 Cooling and solidification of the nolten silicon 226
i nt o monocr yaaued be Wighdry gt desst aheutik 25056 of merq) detcthe ax¥sepPIediRitaleen the i ngot
228 and the gl

|3 t 27,
the Co-pul | STRShENGH ofel RsCHhopl 3 AR ACIEY plle T6: Sty EnaBlanlib A © 25
i n the heat tigfeiagd do?elyﬂrasmbllawﬁ vaer ﬂhibb&ygmrrﬁecﬁptm edmeﬁtﬁmolno ICoasidérre V/ G

ratio. 10 Figure 29 i.s a_schematic view of a fied CZ puller according
to embodi meHedeBHt qfﬁéglypééett@an be/agied Byt foaﬁ&emlg&%ceeeamrt APYEes detail s
of nodif§ed BR:%{ ifiteOfhet Qﬁ‘ﬁé&ﬁlbgfreﬁicg&'ﬁﬁa ?hexJ &ﬁ{)%%u?é‘d 30, like
r ef erence n al s use |gure 28 are used r o e elenments,

and only t havheich$ éleemn%mgrtmm ¢anébeGhgthankeé at @fower gomealif@tempetative fokemscr i bed.
As shown in Figures 29 and 30, the changes 15 fromthe CZ puller of Figure
28 include CHERAYFEEIIL heat shiel d housing 300 and additi onal

instal lation of gjdweate StyvliHe %ﬁéﬁ%n%@gx%/&ﬂ%r&@ﬁia@&irﬁhﬂtdﬁ%nIﬁ@ﬂfé'p@ﬁks?’oo
which has a 90-rotated trapezoid shape ke a ring, includes an’'inner heat
shi el d houspfigr thaRT A igere Sa\mt}@mspcrct tteevarmpeloﬁﬂmwpf@“wame 30, Whl ch
prefera yare verti a and a heat hed ea

h el - Rous EHEPISGPRfie 5™ B srondiict o B A Rele attRRlr el oni el o
housi ng wal hﬁxﬁgeatammﬁ&dkieg@es wheseh @250: S0 itled AntpoyiSiafeowadiet &40 sl opes

upwards at an angle of 3 fromthe horizontal fromthe inner heat shield
housi ng wal PO%i/gecy tbetaneeabug sampeauresissettondg 9ithand e pusgbing melvesme heat

shi el d housj m

hori zont al Jrjg)m&?{%}é&i rﬁé&sﬁ%&@?&ﬁ @%S%?&gﬁﬁ ?Lﬂ ?h 8\%?&& Qﬁeat
shi el d housBo@C2or dabursARA thehaut ﬂrﬁ(ijtthlelﬁ hapeinod N, sfaegsphars, wikichwwas thee
ring-sh §)ed heat shj el d housi ng 300 ﬁhbe fijlgd vvlth heat absor bi ng
mat eri af> (n#AMS epr&ﬁ@uﬁﬁvaw@e}% oHesehissbavR Trled A so, the heat
shield housing 300 is fixed to the top of the heat pack 202 by a support
menber 350. The heat shield plate 360 is di sposed between the heat shield
30 housi ng top 340 of the heat shi el dTAlBIJEMng 300 and the cooling jacket

hao _canf Qf‘7n||e

232, ar Ound I. IIC I T \YA" T 1T Illb S } of

shown in F{gures %%H%HBWQ&EZ(W/ %ﬂ“’? ow t he %&ﬂeﬁ%ﬂ%&%@ ‘Eﬂnc?rﬂr@tlf’ﬂégfeakﬁ)
increase. Jhe size of voids, which are gresent in th@a}gﬁp {ed 29 ingpt, is
generally proportional to the square rodt of the initial Vvacancy
concentrat{on at the i ngdd-nol ten silicgn | nterface, smmo? nversely

pr oport i ong—te—the—sguare—root—of—t+he—ceolHng—+ate t

described with reference3po Figure 1|, |as long as ttheX;pze of voi ds
present infthe Tngot, Whisgh are forned quring the Chysfqplogrown, s P
smal l er than a predeterm ned size, althdugh the pulled ingot contains
voi ds, the|voids can be stsoI ved from tlhe DZ througmxtheoRTA process
accordi ng te—enbedirents the—presept—i-Avert-oR—IhRus—h—erder—t-e— educe
the size of voids in the png which i g desirable é*ci:%;gl ng to enbodinents
of the present invention, the 000| ing rate of the ingot may 10 be
increased. As the cooling rate of the ingot increases, a tenperature

gradi ent Gc at tRiguoeid md 'Bdbl¢ 4 indicagothanthy okygeneassdpitathesmebmttationiat thehe V/ G

rati0| constant for_,a det rm ned defect distributign, the pulling rate
of the goPea%‘ S%%‘Eﬁ‘tfn FRNEG g ranp-dgairaE: hﬁ’ CHENE of the

present i nvgRkipfte coRcdtdB6n SIHtY Hi@&REs HIR 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
25 RTA. In Figure 10, (a) represents the oxygen precipitate concentration profile of a

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



15 cooling rate of the ingot to at |least 1.4K/mn or nore based on the
tenperature of the ingot at the center thereof, to cool the ingot fromthe
tenperature at the ingot-nolten silicon interface to a predeterm ned
tenperature of the ingot, at |east one @ the length a of the inner heat

shi el d housi wal ] 310, the_ length ¢ of the quter, heat shi.el d_housing wall
330, the anb{;%a%f”?dfmf # Baiphers g‘bdelﬁ_ﬁﬁﬁlfsﬁ Aiod V@i@f}a‘?rwéteé‘rfg|a§%tgas gdthe 20
heat shi el dH)QushiifbsPIREé, Q) I%B%sm%rlﬁ%‘ﬁlgggﬁé RRE tfbriPRENRE %ggasl A96¢p1erd and

t he i nner heat” shield housing t he distance f ween the crucible
206 and t heawndied repiesants st of d waderSabricateall in a3BQas atwosghgeance a bet ween the
inner and outer heat shield hoysin |1s 310 and, 33 t he di stance b

bet ween t he i nnef ChEXEPARPRt #iésq%ﬁgﬁwase@fﬂﬁhﬁﬁﬁu? CHOVE FLEE OBbn 226,
and the $osih kD hedafeRndethe Sath& prbcBstiooR8RioRANTIRE 2 theRTAQFhs | N the CZ
pull er of Figure 29, due to the high cooling rate of the pulled ingot, the
pul i ng rat perigrmedeat { 2YVE feml) speondse prchibe qubstawentheatreatmenhwetee range of
0.50 to 1.0 1:N,.: SO_ 1 . 0 [ f the i ocCAN ;i Acrease. In
addi ti on, abBoaRdda u Bl BpBUET O s Phurk BRI Y I RERRET o

whi ch are n@hefaoksaredhdyn ihEablZ530 pul l er of Figure 28, can be provided
for the growh of the ingot. Enbodinents of the invention that were

descri bed above, can produce silicon wafers that are well suited for
fabricajhon of high density and/or hi-ﬁIQBEErSf ormance integrated circuits
therein. However, it has been found t N a mass production 30

envi ronnent, S$iakiusgin wafgrak okbgdn ar e Oxydeced |aDemhdofigZs ¢ enb@OPneNnt $ t hat

wer e descr|bed above, pay have undesirably hidh leyvels of [slip in, the
device reg{ons thereof| TR |n PREORIGE cd regitdhs may bEswliioad by

sel f weight-induced sty eggcdtratitle MRbfLenBtidd § Support pims angfigy support
I nNg or E)ly 5 STl -densi ficat/i on-1 nduced

ring during rapid therpal annealin
stress. These slips may infeact) t he| iebullinédiont yy and/ or yielld of integrated
circuit devVices that are manufactured fropnthe wafers. Mieover, it also
has been fpund that si}icon wafers tha™Pe fabricated as|was describged
above, may|cause.undesjrabj g167 11 clon .pxe°de qubl 1 ngj1on on TNELHRIA
chanmber. Mure particulfarly, native oxide or otlher silicon|dioxide (Sip2)

fromthe 10 waf &k may pvapox&@e duringx b€ RTA proc@ks, and defizhit oh the
H A

quart z RTAehamher—The—SHP2 —spbtHrattor—on—theRFAehanrber—eap—+eduee the
ef ficiency| rel ;ﬁgbi lity angd’fé)gwrepeat aglxllpty df theORTA pi oce;[g‘,’neand may
necessitatge frequent cf eaning and/|or (H&?ét?o%em nt of the RJA chanber.
Enbodi ments of the invention may grise fromajrealization|that the RTA 15

process that is used tp produce the oxk@éh precipitate copcentration
profil e i ngtudingFi+rst—and-sesond-peaks—a—denuded zon

TS mTootuU—F—oiT

regi on bet heeNahATT | rist gﬁﬁrﬁggandvpédkgqgu an
at nospher e[ of G, OS5 M XTURE, WWWT?I’I’TQ;?TUDD'H'I_E rat her
than a gas| . m xt'ure”of phitrogen (N2) and argon hbove.

By using amoni a as a vacancy injection gas rather 20 than hydrogen, the

RTA process may {ake place at a. lower tenperature, such as between about
1100C and about ‘EBF?(fl‘é@%@ﬁ%é‘@%ﬁ%&dlf%@@@né?fdheaggﬁﬁniafgb‘tﬁlﬁfa%éfv\een

about  1100Cy1d;BR Yhakerhs KROETARE arddPOin 12 QR GHerdi . hi gher
t enper at ures sulgh as e1r2§0C, vx?%i cﬁ?%\uer?g%reto o?%{hl%se w t {'eﬁlnitrogen
and ar gon agerespitbe EOPBywhatH aviforgnddalueing tlenjpgotatrowth BYTike (iZ0lcelssige t 0 be

d, t 2 t of sli / th t i licon dioxide
ubl | e on AT kR AEH A P Brneaiid A SHESL T YS! SR ORI e
reliabilityingbr didd 60 Wigdo£i AGYI vied MRREK ﬁl};o%é%qgﬁ@r?orﬁfe@% LDe opad,@hs can be

Ny FaXa¥ = W
L

a}
=

i ncreased and/or the mass production cost of producing the wafers can be
decr eased. &mosphsaetwhetdin theygasesquovide thy intsrstitiblodlicomrinectadn ¢ficet iathent i on,

silicon wafers 30.havi n en.precipitation concentratio rofile that
i ncl udes fi?%fac%lﬁg&l &ag%d&‘ﬁea S W eaﬁﬁa’g"ae“%ﬁae&%%f‘ﬁﬁa&ﬁofﬁﬁ ‘Yagﬁr")g{?rface of
the waf er agmigsdivl. first peak, and between the bottom surface of the wafer
and the _second peak,_and a concave regi on between the first and second

peaks, 4y be prBewshmeadisilutivageschpasmasdeCOPpindetal, anthedngitnig t o
embodi ment Swﬂfchto;@génrig ﬁﬂ:tol—é?)?ate(i Qtethgﬁmi'ﬁ%gngeg{}gti&eb%ﬂlgttﬂg cryst%llgrowth,




bottom surface of the wafer and the second peak may include therein at

| east one region of slip, whereas the denuded zone between the top surface
of the wafer and the first peak is free of slip dislocation therein. Mre
particularly, a slip-free region having2a thickness of between about S~ , m
and about 40mfromthe top surface of the 5 wafer can be produced, so that
devi ces may I@oleds the@xy By eingentfatinn ofithedagm degaregsupgragtiugtade the copbingr
reliability er kall f I {4 Tl)

regi ons rrayt n%%%ﬁyﬁe(}' hiu?f tﬁ%gmggelr?%%% c??ﬁ%%ﬁ%mééﬁlg%g&ﬁg%&gﬁ a(%% of the
waf er and t hggof israddo supedsatummted] begundithe piddesdrinihedsalubiliky beotigpes (iadicpeded t o
the same STl regions in the silicon wafer in which oxygengg‘;eci pitates are
present far bhwayimiogeseddy)-+ Hawsyser, the inibial oxpees eqngptjatiop Reardiis syeEige 8hs are

free of STl g4sld ] { . i 1) | oW - RTA to
t ake pl afe gtﬁ %%%ygﬁ&aﬁ;‘égé{ legﬁlﬂglg% gn%&éﬁ%ﬁljtiéal%ggg%ﬁ?o%s @%etatlov\é)g‘glvdg olt?tBT 1100C
and about 1868 gen thiretglethe satfausetof D@ afennsicalwhile, il e Gulkrregionabthet 1120C,
to generate the nucl eation center .concentration p ile that s descri bed
above. - HoweVereh Be supyaef GRasen S AENER e Ll Bls o P o epe
reduced as diggek bRad1/BLYEon ﬁﬁgrﬁ%&é HEAE vEiI20a d A 184 Rink & BleliRifa gb¢ reduced

or elimnated. In particular, odi nents of the i'nvention performan RTA
process on téreesirdticnmeanthie snrfieafee wafeohatis, faaegion betvweeh ttetsurfasaandace, in
an at nospher,e.c [ §,-Si NG..ar and ia for at le about five seconds,
2nd bet Hhendapening 1Bt R0 Rbuthambe ercslenBing SWRNES cfotama about
1150C or bebypeA ialigstlvéd ol OFtRRHichA 3R{deUyer (nct BRGN) fol&iGn thélvsi@Z8b

enbodi nent s, (gr.l or to performng the RTA oxygen is purged fromthe argon
at mospher e, anbsimadfarcously spicenénprovided pathe insidpef theamd b divyghe and t he
ammoni a. A redls@tial gﬁi)éoﬁ) ?njé"c%l%g ek@ctso%gﬁee%%%i%ﬂ ﬁ}%#lﬁ&p dl%\in%rtﬁéj Riy@r m ned
concentrati on Of "oxXygen rs present in The atnosphere. ernatively, 25 the
t enper at ur e proyssb A\ sieRilgithesizedf the Poid A0b lechend abdtheabal 20kefindligr  exanpl e
at about 80QC for a predetermned tine, for exanple ten seconds, to allow
the oxylen £i§aBRSSur ged. After the RTA is perforned, anmmonia al so may be
purged fromthe ﬁgﬁ i Myie) t he
present inventi o@%@%?%dgﬁ‘@éﬁe EZ@%@%%&? éég%éﬁ%gﬁé%{r%?ées o$ﬁ2| %i con
waf ers i n aof tRE Areshatribveantioe cambaettended tamang kinda bf vafese sSAsshowmniatTiable of

silicon dioxide f the serigs of silicon wafer to the RTA chanber.
Tenper at ur e ’%bw%ﬁ“t% %‘i"%g‘i’ﬁwaﬁfﬁﬁfimﬁ 8 g@f‘tthéf‘uB‘PgB@ about
1120C may bgzised. Accordingly, the need to clean and/or replace the
chanmber can be reduced and nay be elimnated. In one particul ar 32

exanpl e20 when peFiguresilaghiRTigh 06 aregphioyodrapde shawitg dlnnoxyigen ptecipitaeer at ur es

above about ,l 200 i t..has been,found that the RTA chanher may need to be

cl eaned andfhgﬁﬁ’rugglllsa%fetge aftet W&\?BP"?V%W@W Elge_ S‘ﬂbﬁe%lﬁgaﬁa‘c%‘?#w&a?‘ef

enbodi ment stRMRTASNATRSEHe dxpgﬁgéﬂeélgitité bnRA/IAINPrHRRs 3F FigaWero. tignper at ur es
such as tenperatures |ess than 1150C usi ng anmoni a_and argon, may need

not clean oPartiepr&égurné2 Raeseprdstie theragse ofnsing Ni gasnBigutes] oeorrespands @ gur e
ST oo e L S R B S RBRRd P0 ©

enbodi nents 0O

processzs asorrdsporadsitatiactasdlofising 6, &l APgasps, b8 Tayukd €6 i pdadshanrd profile
for a wafer that is 10 illustrated in Figure 4, but can al f)ow reduced slip
stress and/ €asepbuiagN2gnd He gases; &lﬁ%@eéefgpfmhifmwe s dhesiop sersdifnent s of
the inventi i i i wi t h enbodi ment s
of RTA pr ocglgggagel?ﬁ%f{h\%g%gt %ggeﬁ%é}@ tﬁ%‘aé@ﬁ.‘ %&g%c%%g@fels%%g{/\n th Figure 5.

Ref erring now t oFigugnsrld tRBrougipli are photdgidphs cgwing theedepth 6D dartied refit 0 an
RTA 15 chamf’gr or efc#rﬁace such as a conventional quartz RTA furnace, the
t enper at ur eNGPURAGeQt the Walers, gyhererngroxygempresipitalss exisgpbich haye uadesgaikdby
peri od S t Al J I : flowis

P esent i ¢ e R At Aba RRRaR Qe A, A hilelng pRBeepRectibl o [

bet ween t i memcértyationgréibles obkigureyige dn pantigelandiigure k @ rgpreseststtioe guse g oxygen
t hat may out-di {fuse fromrll§he waf er and/gtr l%her%se 0 present in the
RTA at mosphBie Ny S i FRrgErtilly ke inger 83 highrm K pirsenthierTA

t enper at ur et of Heing HBRHY Fig REDE Fephdsbhts QY cade BF QUSRS Md&HoddegBngeriod |,
such as ten seconds, and/or by providing a sensor 1n the A chanber than
can sense that an oxygen concentration within the chanber has decreased
bel ow a predeterm ned anount, such as |less than | ppma. 25 Continuing with
the description of Figure 37, at the end of the oxygen purge period I, the
tenperature in the RTA furnace is rapidly increased, for exanple at a rate
of about 50C per second, during a tinme interval I1. Sinultaneous with the
ranmpup, ammonia (NH3) is flowed through the chanber. It will be understood

o o M o Y 4 .



5 These RTA processes may be contrasted with Figure 5 above, which perforns
RTA processing at about 1250C, and with other conventional RTA processes,
such as are described in U S. Patents 6,204,152 and 5, 994, 761 descri bed
above. Still referring to Figure 37, at2#¢inme interval IV, the tenperature
in the RTA furnace is sharply decreased Crarrped down), for exanple at a

rate of bet TiHe abispresewss tcrseel using Npwit Hygroes cAs cande et Borpiapleat a
rat e about e standby period V. Preferably,
the fl ow of ggﬁmérg%cgb%%l}tn{}?rﬁ%g?ﬁne q\&n%lrﬁf)%hhfeehend of the ranp-down period 1V,
at tinme (e). Howeigares Zimmhmr@hmﬁvmerpbrotbgaplmrshpwatgetde shepes gf dshgrowanp- down
period |V or i riod ng.the standhby period V, an
anmoni a pur §& ﬁr@{‘%}“ %flgr@fcg@aﬁﬁaé(e eel’f‘d&an%ggaﬁ%?réhqu i BHR G- g’t’ tine (e).
However, 5t NG @EHRA IRy B Ry 2118 RbAGRe ERES Whtre ®T bdin ¢

Prefer abI Y, Bonce trlrzzgarrrmnr a has b en puregg%, tﬁerewafAeggt cegitr?nge Itﬁln %aded
from t he RTN:ktmospberealfiguies3 Afand 2BB rbpresdnethe chws rwherfaREArisI perfortred in

enbodi nent s _,of . t sent |nve ron at rofrI of Fi may be
used to prodtid® ét“ﬁe‘gs RRSLS: raﬁ @“Kﬁsﬁgpaeﬁlggl{% @é?sp“’]? ﬁ"e%
concentrati gid HykiveospherEl 84kBown inib1es ahé oM ereeﬁdt rauredm{tfan A6YAP in
sublimation to be reduced significantl y and/ or elimnated }i'he processing
t enper at ur ethedfrpimosher. g@lrse, tbedars«éum;r@ﬁt;xe COPgds smadth & a pasrebiee, in RTA
accor di t n £s i on, the ro nates of the
anbi ent ﬂgasgtsn ° eee%%x%eﬁagi\l asels lxt‘ﬁgl%r%ﬁ"éﬁ{ g&%saélg mPﬁ%lc 8%’ tu% rate,

25 anneal i n@dmmbabmgcte@nmeaﬂvmntmmz a&ntdsptiers. APfonTid refidt, & 0B ¥lso
contribute to attaining a.profile according to Figure 4, as will be
descri bed bbeerterreettéerrred%ngﬂlspmewf@?Pr in 1 p5-gTovE1 Ytelfsan awsist 81 dependence
of oxygen p cess of Figure 37,
accordi ng tg&@ g{ewlk%?‘slﬁ% heacnélaﬂrhgsg}ﬁé If(ﬁ‘\/}g}%@?%ﬁ%f?%rupvg“ ous rapid

anneal i ng t enper BEtbodisned@s ¢fithe pnesreﬁt inviehti@f cdni ogutrel tBe Histributiad bf thest ances, an

[ i f I 11 of d, ith d
ot e niF ot B PrepBEis fomeedin St @ial BT B BRAEE] SR and
amrem a. Fi gursn38 i95aRbbidictot deReus bﬁe%tt%fng/%f gaﬁ?ﬁ{lﬁ%he @%rdte fti es

(i.e. vacancy defects and Interstiti second
peaks t hat Higerd § busgsilisorwafan. Engmdenemts( plaaieralviRfer praparhidon during vehiels t

(bul Kk EVD) . HITA ibsFRderHainep S Gsar VERa f FrBsd AUbRes RERRARG B
i ndi cat es t hafgenhizhate éﬁ&tﬁ@ﬁﬂﬁﬁ)@qﬁ@ﬂﬁ ROf A oAl ke dBMBb&Lef ects are
an

indicated in density (cmZ may be translated in volume (crri 3) by
mul ti pl 34 ng by 1Bigure’Re V iggtam lﬂiugtmtelger@aratmnwimvarﬁes seerdmgraxa t he

ri ght nost pai r shows DZ havi n f about 23 eak BMD
of gabout 1p9fmx°(% %ﬁ’ﬁt Be HIEYeR ’ﬁl\ﬁltbqn gg%qﬁmclu%yx illtstrating o gengr ‘%@rge of
argon and npicceg@ktetérystal GOWE @10Y.CARLVER RN S thS gSleMRvAfErilY BtHBquRSs

simlar characteristics may be obtained in _an atnosphere of argon and

ammoni a, at PEwisied in Chager, 1 %@QFWWV'SIIEEOE PracessingBioptis BES] Bra 9111!1@ 10
obt ai ned at er. sed
with the ar b’(l)%%gen;dT% b;?é)rm%s(h ere 5@?36@"2913‘}85% la&p &1?&6 ureo hat

the dep2h oifvhichds Réfebyt imeoﬂpufdtecﬂt&):tﬁlbd réfb&nﬁeaket@@gﬁaftglﬁe o8thé gd:ﬂeﬁd as a
function of tenperature. ‘El;ge r&g ge between about 1100C and about 1150C can
control the"d aptﬁee%erree FIystahgiontl stap (10D RESIAWIRE pIVIDERhUSIRGAK BMVD

relatively ¢l 70C,
he depth’ of ZtRchog SR s HPTE RERE TR Indots ‘E@%t%%f%ée%%@“%s@ﬁ@“&rat Vel y
unaf f ect ed twmdmgml&ratgaméeaaﬂmpeasetbhhgﬁmuafawtofkﬁmcmm adepafird | 20C,

t he depth of the D. ses W th i rea I n te eratuyre and, the BMD peak
concentrat i Qﬁ%’?\%“@/&e Pkcleaning hers ntg Eﬂlu?gﬁ%ggi 5:

t enper a§(ur Ceardfld HtIAHEhS %);gsrtarabéseﬁttheywhtew %Eﬁtsgﬁnc%ﬂﬂt%’cpf Aridek IR dependence

of oxygen precipitation according to enbodinments of e present 1nvention.
As shown i nforingdirase pelished (329).canddbe polighedewplersare pbanﬁfd mm@rulmlmlrgqual

fl ows of argon the B BVMD bul k or DZ depth

appear to b% %ﬂg?@m@b“e"ﬁﬂ@ﬁ{‘%%’%ﬁ%ER%CX%‘%‘E@?*‘%E bet ween ten seconds to
thirty seconds. RTaifdiifgt ¥, acé&din@% embedidients OT euegitBient invBREA kng times of
ten seconds may be preferred. Figure 40 graphically illustrates dependence
of oxygen pp@&&iried it thedoner killimgsian (S18)% @é@%@n&mﬁhelaembmema@gor di ng
to enbodi ments of the present invention. As shown, the DZ depth, peak BMD
and bul k BVMD do not appear to be highly dependent on the ratio of argon to
anmoni a over a wide range of ratios. 30 Figure 41 graphically illustrates
dependence of oxygen precipitation on the ranp-down rate in interval 1V of
Fr gure 37. As shown there appears to be I|ttIe dependency of DZ depth

R A~ R A~ @ . oy

t he




5 the peak BMD appears to be relatively independent of the initial oxygen
concentration during crystal growth, the bul k BVMD appears to be heavily
dependent on initial oxygen concentration. Accordingly, the initial oxygen
concentration can be used to control th&5ratio of the peak-to-bul k BVD,

fromas little as apout 5 at _an initial oxygen concentration of about

| 3ppma to aBsulresent wyentios, fan b saied oMt 194 sepataieaitep. tivenst.iliingy B¢ oxygen
concentrati gn.f : I &u; : w sg.as to -
provi de at Peaélt%bﬂg%gp %ﬁ%{gg&gg& Tn%g{nﬁhtg)g e (kg‘kl)l(r)lglgtep Z%féta?frfrglse)%p i th'r grhce

bet ween t he gpeeakl, @Wor &ilting rederb td & pisiExs of cosventirgy 6:z@en Borgponent Gnlkidd

indicate that, using.an atnhusphere canmprising_.amoni.a and argon, an
M shaped ox B Sﬁ’r“@&?‘}ﬁ%ﬂ}g&b%ﬁ@é‘ﬁ?mdfww 198 dYFingSURSPQ@IeRt 15 can be
obt ai neds at s&iEBRRIdHdR%ice fabriRgfor! Akl £00Gonok 88 Slebthid td fmfiimtedet veEn 1

| 00C and 1120C, and/or at about 1 120C, that is conparable to the oxygen
preci pi t at elTOPHEERONSAEOEXY@ED bidcipitateatviaizoat eatmbntaduning thenwaflerjog penedss

nitrogen at.tenperatures that. are eat.er. than aboui. | 200C, . such as at
22001 BT e Tt RS pPERlpe. s Bartan dhishés KeBmReAeh [on ray be
reduced andc@tied etedlaBorEN0XOfd @bekti 30 sB&dRE oPiokSina TR sthagNt s of the
present invention, including the tenperature rang}t{as t hat were descri bed

above. Prior to Hess?bisrgchamatiaview of g canyentiges &Zapyllsn, in sdichr the arystab

orovi derl AP (SO R EHRRe AeShaREE Ry, B PR 0l br R, o

waf er may béursagepaciyetdl pulling medn2dn, fanrefsicenrhigit Bonttdllee endal pfapitePi NS, or an
edge ring. By only partially supporting the wafer at the support pins or at
the edge, tResedé&pRtrelsysirm. e & i gengrally gefewed torasqchat gonafarngse.er |

whi ch itsel i i eral. IGH; bott om
surface of irhééﬁ%zf%gg%?ﬁgété llﬂglug%%plgé? Eegégﬁy% ({rﬁét%il‘r?g V%irlaﬁ}? P?#&hpgt;]d ext ends
up to the tquartaafseweptof 10§ ehivhingay, bevhadecofcheaphite and b eothtdiomaekft 110 thatder to

reduce d preferably 30 elipgingte the | ct of slip on active devices, it
may be tesi F‘ﬁ"ﬂf%alf%‘t WFH’eag}séairW‘PE 1?%8?1291“}-n the DZ between the first
peak and the fi r%co@liﬁ@}acﬁé’lrofr%6&-13@?@60%%&(}%})( %)ﬁérﬁﬂtclo)fﬁn helRY%ubeadGkf abl e

to provide a slip-free"region to a depth out 40mtromthe top surface
of the waf egoolifigug\ hesit shieldrld dmdyeprboitle edditiomal sheemal distributione nA deat padé t he

devi ce regi . rt.unat el i.t. may be difficult to.,proyide 40m
slip-free rg‘g% ]8#‘1]{?& B‘%@%é‘?ﬁoﬂ%}ﬂ%f‘%ﬁ?f‘ﬂl gjr({)@é’gg‘élg? a(%}lggmlﬂggna aphical ly

i Il ustratesdsiritptibgngt h at the bottom surface of a wafer versus tenperature
for RTA enbodiments of the present invention that use argon and 5 ammoni a
at mosph&t es. | n Fheeystakpulling mgchasism includesre rysiabpulling Shﬁ%@b‘lﬂp&)@bh mafs in a
waf er indic 1 e .CcOf. These positdons corr ond to the
positions o)faottftggb%%lger aﬁéﬁ%ﬁﬁ* &%dlt C%llge%:[’lﬁl?%%z’ onsfltﬁg%gﬁe .lrSLI‘ﬁ]éecﬁPl? Efizsaﬁpport
pin1lis adj;lmﬁﬂd .tTﬁermy@aqaunnig?hamz?] h@lﬁ“&é\afs}wdrlﬁﬁ@rAl 1w%ﬁa§eﬁd1@1e%bher o
positions 2_and 3 are renote fromthe gas inlet, so shown at the right o
Fi gure 43 iEﬁ? ?Fédélpidﬁr F%Qﬂgwd%%é%ﬁazﬂ%dmlﬁnlsmﬂsd fromyhmpkensiliegngon and
nitrogen. R ri i C in an atnosphere of argon and

ni t rogen, aﬁsf{nghﬁggrﬁlg{%g%? é&??n’%na%aﬂ?"t%r oduced at position 1 on the

waf er, 2thi ch nayTheenvidmaoept @blkrel sylstensimay pnohafeta dhainbetdncletdieCksd, the

tenperatures of 1120C _a s|lip length less than 1. Snm may be produced using
argon and & _éaéfﬁjé’szpﬁ%‘i%tgera@b"&F%ﬁtﬁglefwgaé%ﬁemﬁtt%’sﬁmst%aff‘resent
i nvention. AuShbin THQE&nﬁ‘Lfltell-ﬁa%Ed EORRI é¥st§ﬁmt : a%gsetlﬂgd RO e%[e #E%ﬁq waf er can

produce a slip-free region at the top fer, to a g40m

Accor di ngl y¢lemestsj the pnlde aad bihee eleetgicalrand imexhustalrelemeontde produced. Figure

44 graphically i]Jlustrates slip | ength versus argon-tQ-a La.gas ratio,

according to errbt}‘b‘i’ra@ﬁf’sgr%‘?’ aﬂf@“)ﬁ%@hm@ Sﬁ?ﬁ?@ﬁ?ﬁ%&ﬁe ﬁ@g§ﬁg§%ﬁ%gfﬁ accept abl e

slip of320 ¢desctdd@ihd mofE ﬁﬁé’orpﬂ%‘a@ygﬁﬁu@}&eﬁml@d%% a&?a'[‘gﬁec?i‘ongas ratios.
eng

Figure 45 graphically illustrates slip h'as a function of ranp-down
rate, accor@phgrdsd enelon andrpidisitatianeoffhemehen silicemiltointo menacaystddlinseen,

t he ranp-do a Nl sldip.lenath. .In er,to provide a_slip

| ength of Gl C%H%atéhﬁtr{g%&ta%?#lpba“‘?’%%‘&gwﬁﬂt ?%’? g np tF‘éﬁ@‘P"%B%%:t 30C
per second Abehdveh ineFigwrier27aihe éterfade 131 G8IE@RaAOAANE tdHEB nddlRnSillcdM 126.

t opography (XRT) photographs of wafer bottons which illustrate slip, and

whi ch correspond to RTA in an argon and nitrogen atnosphere at |250C for
ten seconds and RTA in an argon and amoni a gas atnosphere at 1 |20C for
ten seconds, respectively. As shown in Figure 46A, significant slip can be
seen at the first position of the wafer, corresponding to position 30 #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

Y o .




STI may be used to isolate devices, such as transistors, from one anot her
In an active 5 region of an integrated circuit substrate. As is well known
to those having skill in the art, in STI, a trench is forned in the face of
a sem conductor substrate and then is fpbled with an insulating material,
such as undoped silicate glass (USG and/or H gh Density Plasma (HDP). The
trench al so may Becdnirabeld oxsigen pragiffifate eonceritration prodile asshownas Figur¢ ¢ ean

nitride. Due to thernal _ex sion differences between the.siljc fer and
10 the § noupsePalyeriRE rdREs Bk Pre orlieth Vil RibUEER shbSulienk PRI ¢
stress may Becordihg asithe peksaiit ibtrtion! Spéori@lIPER TRERcdriRgttd embbdiatedtstdre
substrate. The ambunt of stress in the trench isolation region may be a
function of theHuesgshiarentiontdan beepplird to pépetfecanupist inovhish np defeets suddoasdi t i ons.
For exanpl e; L i]] r i i J.0n . ' or three
waf er o o1, 8N afelpttd e k] SR RoRle B R L Jel L SRR 0T LT
D21 to waf ewhihMcamwyRgglomepdtesdropresent id ablye vacaddyerichi regivg withiha ghest in

wafer D21 and is lowest..in wafer D 17. Table 6 vice lte 1D 19D 17
Densi fi cati awﬁeﬁ%mn\(g%%im%mn@m esotetofhthe aler) 5@%%@%@@7%%@@ sn&L

10' - 8. 27 x ; e o I Dyiz1dh ~yv-4.92 x
10'-7.17 x i‘g‘ﬂ-g%.{%gééls%%m}e.ssai%?%%ﬁé’ﬁ%dg'ﬂﬁ%%%ﬁ? rge%rﬁ)éﬁ( ?I%p%%g%ﬁi cal ly

i |1 ust r at es whichawstains dnlyevdcaecycépghdrherntes thpodghl the mgfdrj WithA idensstidli cat i on,
for the ywafersg of Tab 6. In Figure 47, . the length of the line is

br opor ¢ 1 na REREBEHESa FuNt e e PRLEin It B REAHG CheAlee BB %89 any
theory of opRhwfes QM typel of Wafche@riAaHtHe Paihcipld dF thdplefdt mbentiGtVémbecan be
reduced using an oxygen precipitate concentration profile according to

embodi ment s apiflietdh ésidesatheid ahoveh embodiments of theguesept mventipnBe direnteshioribe may

t ake place. | rticular, .an oxygen precipitate concentration.profile 38
accor di ng tgo@@%gpﬁ%@sprggp%%c 5%lé1°nipﬁ&élﬁta? WL Figurs % WHICR i ce
active regi padtieledivy peffofmidl 20R/IDE PraRe R Fiduaé §and Heétsubfquertdvatde a very
hi gh densi té of oxyfger_l_pr eceiﬁpi tates in the wafer bul k adjacent the active

r egi on. Ivor Eesteent efipesiigoacvaigr tosvhiel hetreserbdyaitiop cae bp pprlicds Adsnave very
small. It i ' I | SI1 C i@gh ['ine
tension in [RANEGPES Eushel 5Efe prSBTiRREEL BILER £RRGF BHPRAF O

di sl ocat i onaregiresehteintongnihb butkaregioatof tHeevatesdndamt peeentan therMXed away from
the device active regions and are_pi nned on the oxygen precipitates. Figure
48A is a cross- sgb?lid%%llpr‘?/‘feéwhﬁfdef@@ogS@FP’@BE‘F@F?’Wﬂ%ﬁncﬂ]éwftsggatt%ét can

and whi ch 18 K E o e o B s SR RP IR Pyl R o ' 16

hours, 20 caudedy known that the pull rate of the seed crystal and the temperature gradients in the

1

hot zone structure should be controlled. The control of the pull rate (V) of the ingot
and the temperature gradients (G) of the ingot-molten silicon interface are described
in detail in "The Mechanism of Swirl Defects Formation in Silicon" by Voronkov,
Journal of Crystal Growth, Vol. 59, 1982, pp. 625-643. Also, an application of

25  Voronkov's Theory may be found in a publication by the present inventor et al.
entitled "Effect of Crystal Defects on Device Characteristics", Proceedings of the
Second International Symposium on Advanced Science and Technology of Silicon
Material, November 25-29, 1996, p. 519. This publication discloses that when the
ratio of V to G (referred to as V/G ratio) is below a critical ratio (V/G)*, an

30 interstitial-rich region is formed, while when V/G ratios is above the critical ratio
(V/G)*, a vacancy-rich region is formed.

In particular, Figure 26 is a conceptual view illustrating the relationship

between a relative point defect distribution in a silicon ingot and the V/G ratio. As

shown in Figure 26, during ingot growth, for a V/G ratio above a critical V/G ratio




oxygen precipitates to form As shown, the device active area,
corresponding to the top DZ, generally is free of oxygen precipitates, but
a high density of oxygen precipitates is found in the bulk region adj scent
the device, corresponding to the first Péak in the Mshaped profile. Figure
48B gr aphi caI illustrates an M shaped profile 15 of oxygen precipitates
ina wafer &Y ér guyacangyaiclyregiongs fymed. s HreYrsragp Whes the vaeaney

i nvention. R Eatf Q&g%t ,_#,scto an f..slipin
STl devi cesaés a arltiozlu pddrfg%ﬁ%%dg gt@%ngﬁugl?ghl’%anggg%égﬁﬁgt%gr €
enbodi ment s fatetjwehips fos @ M/Gi mtie mhewrthe itérbdtisl concshiratipntie abevelzouritdaby any
theory of operat. 49, FA 20.is a proc ced tre t hat
mey pr oduceﬁlterr%tra?ész%ﬁrﬁréﬂo%aét ol B4 R s fogRed h!gﬂ@da RF Py
materialsi ”tHehﬁd’éHﬁ&ﬁ v /dpe mw/é??,a*eteﬁ%ntyms%na h@m@prsnﬁrer&ttlat Rerdd ench, as

was shown by the sinmulation results of Figures A-47C. Al'so, In Figure 49,
Fint is thedéfaete(wmall s;zﬁdfcbﬂe@tlbat)vmthe h\edthrfmm hV/ﬁi)s’f toc@/ Gorrt representyayen

precipitate be en b E.dv + 1 f 6 ~ E dv
PETRt Pt B pnsRR s RS I o YongB ik oxiedtie i o0 ar e indi ated in
Figure 49 wher eEmboaih‘ibnt%ﬂtH@'pl‘éﬁérﬁ 1r§\fehﬁd>rﬂ§an b’él'h%gllté'tﬁrofa pérfeBthEféi es vol une.
Di sl ocati on novenent, as illustrated in Figure may be g roduced as shown

by: _ Gh2 _wahowdefepts, whighhas aV/ @(IaMéfﬂ@/eﬁll_ﬁlel%bmdeaﬂdr Rrbandegisingribg/ect or ,
and is I y t he
Tongt h 10 bel ety GedF St dur it ot VGBS hASTRe IR ind oS
oxygen preciafdr athete viRaigaggibmdrites aedoinidddBroagh tHeavdfenducttetisd VIG fatid 39

i ncreases. This can, cause dislocation novenent in the dislocation pinning
condi tion wﬁ‘%?r"é thercritical V7 satio, (WO gopmaonding dn theptitiraliepai®y condi ti on, FLT
- Lb . Thus tgc@@reases FLT , increases. In conclusion, wi t hout

wi shing to Be bound by any theory of operation, it appears that a high
density of snall Pa:igcgwafqnsamimmqtea%cmfsmswhtchméaquﬁc&tﬁaﬁﬁhaprbsﬁtﬂ to

i ncreas sp that FA <- reby a i sl ocation pinning.
1y Eb QiR et Y AR b AR BTnSRDSRL RS Hovever.

di sl ocati oncgitnhtith- ﬁteyara%eréﬁﬂtﬂs‘ A%g})h@aﬁo% 206/390, QP(YW@B?(PP@ £128MB
Dynam ¢ Random Access Menory ( evi ces avi ng ‘an STI structure t hat
are 10 f abr werstiseorporajeddicraiie by tﬁelpnm‘ i Thais of ddtmgadrcbsmptllénghﬁrmfﬁmllgzeaphl cally
illustrates atggnber of failed bits versus refresh tine for wafers which
have an M sh] oxygen precipitate concentration profile according to

enbodi nent s of t PRutd Vel soRerhdtRWaEW 684 M ddiedFC D Phlker dRkloséd th thaf er s t hat
have a constant oxygen precipitate concentration profile (upper curve of

Fi gur e HD) . comdingpfémmninparapglieations, thhﬂChaa lgeavelneld@flﬁemodifwd companeléo nunber

or ect pi tat i Uk G B SRt B s et P S el 20 A e K e
curve of Fi puiteg ZBO)notlmimalfmﬁaédp a\(\@fsall pum’ﬁg @tbch@in, BnCRaREbARENt RO EEITer

precipitate concentration profile (upper curve of Figure 50). Wthout
wi shing to # HerAREterybased caib pystesn. %h@t@@ﬁM%ce|1@1F%&h62@6294}& t he

'C\i/* shaped pr gi i ftfsc%ﬁ‘dcﬁg:o} Qgsz%aem?ﬂtoﬁ%ﬁﬁﬁ 296 gltsa{‘&)tété's"ﬁ%h‘k%{‘mﬁé ﬁa"é ges
islocation pinning in Ive device are nown to those
havi ng Zki | first d1red1|rene2|12 ,as shcsﬂzmcm:ooimg jacket rm and 4 Went slsivlidd 4anseprogidet r ap

ein r educ he r sh time of the device agd/or
Ha

| ect th
Cr et o o or BENGHEhUEER G BHIon B4 & het PRk M AFOUBIR Lo ey

Fi gure 50 a@f@t%zn?oﬁﬁe Q&gﬁbﬁ@t&ﬁh&y&m&ﬁbﬁm di sI ocation pinning is produced
usi ng Mshaped 25 profiles of oxygen precipitation concentration according

to enbodi ments ofh¢ brystahmding machadsnwasludbsocryemtpilingstalft@2e, wisich imapn
wafers that_are fabricated acco odi nentg of the i on can
reduce and ?ﬂ%’é‘?@ ?igrﬂgf B9 lr‘?tansgf(élddét ffgu%%ﬁmﬁﬁl”‘?sbtﬁ t‘bﬁ’ethHét CE?FK“ gﬁa Fi gure
51 i's a3(Ccr Ostowie CllHeQRtal \uBiNg q,hammméﬁia%w@éeh H?)ﬁ%r@@ﬂ@é‘t&h@@ﬂ@ﬁa@rebpd udi ng
a quartz chanber 512 and an array of RTA heat sources 5l4. A wafer 516 is

shown in t hthesegaibeldes320a hods 3 sped apistal 224iwhichdupyltedtfrony nfadien sdiven iThe

waf er gener S N ative oxide |layer 520. 40 It has been
found that, ﬁm}éﬁ:lﬁgh?‘%g’rﬁ&m% ?2$errper atures above about

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




| 200C, the native oxide and/or other silicon dioxide that is present may
evaporate fromthe wafer and deposit on the quartz chanber 512. This
phenonena is referred to as "Si 02 sublimtion". Wien the Si02 is deposited
on the chanber walls, it nmay 5 decrease28he efficiency of the chanber
and/or the reliability of the process, which_can decrease the yields and/or
per f or mance SHwR. h@@/\%ﬂ@?@?r‘bﬁﬁﬁgml SYstAm may be ysedtosopgokthe BeAddi nent s of
the inventi e ' ' . t han about |200C, at
| ess than ag%{ﬁe ’%@E,ﬁeat EEﬁlbe ﬂtlév{/re}ger?&gcgg%g@éfd ggger%%fﬁgl@%ut 1120C or at about
1 120C, little oinomlefSioditodG moddcrystllimnsilidon ingdtethp lseadcerydtal 2244, it has

been found that fers be. pr ssed fo p to six nmonths or nore in an

RTA system sqrﬁawv%ti}? mdjfén ﬁ’i‘@ﬂf} 8%? ek grastual L prileddn lpf‘eawglafﬁ%t}ons_lz. Fi gure

52 i's a sChemRldids)Y oVt aft SBdifidafon FnB'Wdich sA6RDY6 nGEQgiEENt S Of
I)I on, a SO

t he present "I'nven Figure 53 1l lustrates detal nodi fi1ed 15
parts of t heiliGZn pedurseat thé inkirfpee @35 Betwieen fhiegugat 228 Anditiet B ten|silicon226.er ence

I din Fi 2830 f | i t S, ly th
Gi 1T er encos T TPt e CRaMTIgrofdedr gl bs C2endlsr Al Pl EietGesaPiR bel ow s
shown in Fi gi@Rs GheatlichBhoush 1983h d/lical thidlaush NohibRb&AMsisL Udes a first

portion 320a adj acent the inner heat shield housing wall 310 that sl opes
downwar d 20 a¢queaie cordrdl ghithe Wébratighi el d housi ng wal | 310 towards the outer

heat shi el d housih 1 330, A.secon r{k0 20h al so s .included
adj acenlt“?t he out g}g%ﬁéé\gf% 15¢ SF@?‘BQ%Y} ‘.’Vrﬁ’ga\?ﬁﬁ‘ﬁﬁgﬁétpﬁg‘fr %F%rsgg t80\/vnward from
the outer hembodificatsthfidipriesat Wahtich3 @nd Pi@fed) illnstratéydstaiR@fimodlitied d
housi ng wal | 320, for exanple at an angle (_that is illustrated in Figure

53. Vieved awtyefithpidpullenel Eiguisrd- Jokiguses 292 305 likesforenne mesalyl housi ng
25 Dot t om Maedlfi FEARE D8 BfSfef 'R o liRe iBfehRAnd ™Ml d1PtehdAY Bk @E

i ntersection of eat s ousi ng’ wal heat shiel d
housi ng bot CZnpu2Dof Figue8 willsbeadeséritgdr & shawa it Fizdray®y apd G0j thie changeor nor e

f the fol | qui fj di di f the.i i on.
First. Hhe Goudnce ot bhEGhte bnrfge theShmnia trsbshicia howand Jianch oa
shi el d hous h&ﬁﬁwﬁl] hns%ﬁtisﬁatl"v%ﬁea& %Hﬁ%{iﬁé 866! TRV Slquﬁlgﬁblumg Rpeat

distribution In e 1 ngot. reover, e velocity argofi gas at the

area of t hewhaothdtas 3200 ratated repezeitlsheps, likhiachnge mcludecaremser heatygseldt ur e

,l[J E:, Lﬁlr (rannf:g ﬁ{)]ustirtlgewgl'ljgi@ gr?d ng o&ter:]rehela{| s%?éld %ggs'ingF\Izvgﬁ l?)%g,’wlgigl? prré?etrgbqy graen reduce
vertical, and a heat shield housing top 340 and a heat shield housing bottom 320

U

20 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 3 from the horizontal from
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 V from the
horizontal from the inner heat shield housing wall 310 to the outer heat shield housing

25 wall 330, forming the trapezoid shape as shown.

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

30  housing top 340 of the heat shield housing 300 and the cooling jacket 232, around the
ingot being pulled.

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



41 the argon gas. As a result of one or nore of these and/or other factors,
I nproved quality of silicon ingots may be provided. In the draw ngs and
specification, there have been disclosed typical preferred enbodi nents of
the invention and, although specific telfs are enployed, they are used in a
generic and descrlptlve sense only and not for purposes of limtation, the
scope of t h&gohdaencrlygupprytioral 9 iersauarn reaiof thsinigial Y?galeq.‘/aﬁoa?gentratlvmat i s

dained is: af‘%e}nrggo@‘nfﬁf%ﬁ%ﬁbﬁ ikt %‘J el Bilt ane{g egf @%é@gﬁ%ﬁ&%&%&@e rbAi&eSt 11 con

i ngots, conprisi er enclosure; rnt chamber
encl osur e t ftiat coolihgl saterof the ingpit.| As described et réfoteties tol Figtred 1 céielohgas t_he

encl osure, adjacgent, the crugihle to h crytal heater in the
chanber encls’&gﬁfgm §H‘feﬁﬁtﬁh‘aﬁﬁdn$%ewh$gé¥ Enecggql %ﬁ%@gg 1% hi el d
housing §n %Hlﬁll&ﬂﬁﬂpﬁﬁreﬁét@hﬂﬁedi ﬁze i Mebuie MY Rhtt@tﬁhgét(&oﬁﬁﬁls%ic%r th@%fdsSh' el d
housing wal | s that are separated from one another,; and a heat shi el

housi ng t op cambe dis$rdetd fscbmdta:lDZcbhmuglgﬂbdﬂmprthssdqccordmgéotembhélmmmf and

out er heat ?hhl el d ou5|tn wal I s, the heat shield housing top sl oping
upwar ds fr o tHEFHhREF P8t shiel d housing wall to the outer heat shield

housing wal |, andnhhfien bR tosleli@dedhd e bf'@ot@@ﬁﬂt@éﬂrﬂ B€ MHIHTS dasifablest portion
adj acent the i nner heat shield housi ng wa 15 that sl opes downwards from

t he inner heéeqording & @mbmh@mtg ot&/éhelprc&@mmd@itmnethgao@rngtr@@toféhﬁ oot mmsu ng
el 22 FERRRRETAL A AHACAN of RE M Bl ERl RLELADoBARqURY|  hat

sl opes downvaras Trom'the Qu Yeat e i nner

heat shi el dt}tmaﬁteagfwaluhgotm mcrsaaapqmtarefaeﬁemet\tt@traﬁuttmihsfantfbea heat
shield housing within the crucible. 20 2. The Czochr al ski puI ler of daim

1, wherein Prsefermyed dafsetdistahution the pulling seieef theingpy (Dgheldhea heat
absor bi ng ”%c?éais?d' 3. The Czochral ski puller of CAaim1, further
conprising a cooling jacket

According to embodiments of the present invention, in order to increase the

15  cooling rate of the ingot to at least 1.4°K/min or more based on the temperature of the
ingot at the center thereof, to cool the ingot from the temperature at the ingot-molten
silicon interface to a predetermined temperature of the ingot, at least one of the length
a of the inner heat shield housing wall 310, the length ¢ of the outer heat shield
housing wall 330, the angle 3 of the heat shield housing top 340, the angle V of the

20  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
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

25  varied.

In the CZ puller of Figure 29, due to the high cooling rate of the pulled ingot,
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

30  puller of Figure 28, can be provided for the growth of the ingot.

Embodiments of the invention that were described above, can produce silicon
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




25 between the heat shield and the seed holder. 4. The Czochral ski puller
of Claim3, further conprising a heat shield plate which surrounds the
i ngot being pulled, between the heat shield housing and the cooling jacket.
30 5. The Czochral ski puller of Caim430wherein the puller further is
configured to pull the seed hol der fromthe crucible to grow the nolten
si |i con i nt gnviropgnansesiligoniwafers dhat ardedyopd eeqarding taembediments st Wewhi ch
grows in a 0 nt erface

W th the mortened pide, BAZREAMeSBRIP LR AR SIB L BB aBlic b 21 %00 e

heat shi el dtieoersi Mhe shp irstheidetiberdgmais n&iylwdium&gﬂ Rif;wéiig-indwpe saeglofs of
the heat shield housing top and first and_ second port| ons, the, distance 5
bet ween t he Heyefer e s SHPOTt PRS- ang(os SURNTIRE HBING rﬁe} d\tegrmal angalineqriwc e

bet ween the r t t ance

bet ween tjhe s “E%%ﬁ%tﬁpgg%&gﬁgﬂ%ﬁeT?ﬁ%esgl 12 W‘“ﬁ. eI lééﬁ@.“ka“ F?’%‘ﬁd t he

| ocati on of of heedratad csbﬂieddfi@bdlaeateehmgtfmdﬁedt thastafdrhat the pul | ed i ngot
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or between about 1100°C and about 1120°C, or at about 1120°C, in contrast with
higher temperatures such as 1220°C, which were heretofore used with the nitrogen
and argon atmosphere. By allowing lower temperature RTA processes to be used, the
25  amount of slip and/or the amount of silicon dioxide sublimation can be reduced
dramatically. Accordingly, the yield and reliability of integrated circuits that are
produced from the wafers can be increased and/or the mass production cost of
producing the wafers can be decreased.
More particularly, according to embodiments of the invention, silicon wafers
30  having an oxygen precipitation concentration profile that includes first and second
peaks, a denuded zone 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, may be produced as was described above.

However, according to embodiments of the invention, the denuded zone between the
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5 1150°C using ammonia and argon, may need not clean or replace the RTA chamber
for up to six months or more.

Figure 37 graphically illustrates a time/temperature profile for RTA according
to embodiments of the present invention. It will be understood that RTA processes as
illustrated in Figure 37 can produce the same M-shaped profile for a wafer that is

10  illustrated in Figure 4, but can allow reduced slip stress and/or reduced silicon dioxide
sublimation. Moreover, embodiments of the invention as described in Figure 37 may
be contrasted with embodiments of RTA processes that were described above in
connection with Figure 5.

Referring now to Figure 37, prior to time (a), a wafer is loaded into an RTA

15  chamber or furnace, such as a conventional quartz RTA furnace, the temperature of
which is set at, for example, about 800°C, for a standby period I, such as about ten
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

20  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
as ten 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.

25 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
rate of about 50°C per second, during a time interval II. Simultaneous with the ramp-
up, ammonia (NH3) 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

30 (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
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
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o0& () - J[8 z 8%8 (97 sec ang about 70°C/sec, and preferably at a rate about 33°C/sec, to the
temperature of the standby period V. Preferably, the flow of ammonia is maintained
until the end of the ramp-down period IV, at time (¢). However, ammonia flow may
be terminated during the ramp-down period IV or during the RTA period III. During
the standby period V, an ammonia purge preferably takes place, for example

15  beginning at time (). However, the ammonia purge may take place earlier or not at
all. Preferably, once the ammonia has been purged, the wafer can be unloaded from
the RTA furnace at time (f).

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

20  oxygen precipitate concentration curve of Figure 4, while allowing slip and/or oxygen
sublimation to be reduced significantly and/or eliminated.

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

25  annealing temperature, annealing time and/or ramp-down rate may contribute to
attaining a profile according to Figure 4, as will be described below.

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

30  (interval III of Figure 37). In all instances, an annealing time for interval III of ten
seconds was used, with a ramp-down rate in interval IV of 33.3°C per second, and an
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
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10% & ()- DZ having a depth of about 23um, a peak BMD of about 1.4 x 10° and a bulk BMD

of about 1.2 x 10’ in an atmosphere of argon and nitrogen at a temperature of 1220°C.

As shown in Figure 38, similar characteristics may be obtained in an atmosphere of

argon and ammonia, at about 1120°C. Accordingly, a similar BMD profile may be

10 obtained at 1120°C, which is 100°C lower than the temperature that is used with the
argon and nitrogen atmosphere. Figure 38 also illustrates that the depth of the DZ, the
bulk BMD and the peak BMD may be controlled as a function of temperature. The
range between about 1100°C and about 1150°C can control the depth of the DZ, while
maintaining the bulk BMD and peak BMD relatively constant. For example, between

15  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
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.

20 Figure 39 graphically illustrates annealing time dependence of oxygen
precipitation according to embodiments of the present invention. As shown in Figure
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

25  throughput, annealing times of ten seconds may be preferred.

Figure 40 graphically illustrates dependence of oxygen precipitation on the
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.

30 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
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.
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density, and the lower (dashed) line 1ndlcates bulk B density. As shown, although
5  the peak BMD appears to be relatively independent of the initial oxygen concentration

10

15
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during crystal growth, the bulk BMD appears to be heavily dependent on initial
oxygen concentration. Accordingly, the initial oxygen concentration can be used to
control the ratio of the peak-to-bulk BMD, from as little as about 5 at an initial
oxygen concentration of about 13ppma to about 10 at about 9ppma. In particular, the
initial oxygen concentration may be selected, for example, to be about 9ppma, so as to
provide at least one order of magnitude (about ten times) difference between the peak
BMD and the bulk BMD.

To summarize, Figures 38-42 indicate that, using an atmosphere comprising
ammonia and argon, an M-shaped oxygen precipitate concentration profile of Figure 4
can be obtained at temperatures of less than 1200°C, less than 1150°C, between
1100°C and 1120°C, and/or at about 1120°C, that is comparable to the oxygen
precipitate concentration profile that may be obtained in argon and nitrogen at
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.

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
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
differently, it may be desirable to provide a slip-free region to a depth of about 40um

from the top surface of the wafer. Thus, slip from the bottom surface will not enter

10:
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10% & ( )5 S L%rg%)o%ia(e)uhospheres. In Figure 43, slip length is measured at three positions in a
wafer indicated in the upper left corner. These positions correspond to the positions
of the wafer support pins in an RTA furnace. The first support pin 1 is adjacent the
gas inlet of the RTA furnace, whereas the other positions 2 and 3 are remote from the
gas inlet. Also shown at the right of Figure 43 is the slip length measurement for an

10  atmosphere of argon and nitrogen.

Referring to Figure 43, at 1220°C in an atmosphere of argon and nitrogen, a
slip length of 3.5mm may be produced at position 1 on the wafer, which may be
unacceptable. In sharp contrast, at reduced temperatures of 1120°C, a slip length less
than 1.5mm may be produced using argon and ammonia atmospheres according to

15 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 40um.
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

20  lessthan 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,
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.

25 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
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

30  #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.
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
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as silicon nitride. Due to thermal expansion differences between the silicon wafer and

10

15

the insulating material(s) in the trench, compressive and/or tensile stress may be

introduced at the interface between the trench and the substrate.

The amount of stress in the trench isolation region may be a function of the

aspect ratio of the trench and/or other process conditions. For example, Table 6

illustrates stress distribution in a trench for three wafers D21, D19 and D17, 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.

Table 6

Item

Device

D21

D19

D17

Densification

Temp. (°C)

1150

1150

1000

Time (min)

55

55

55

Max Stress

-4.57x10°

-6.5x 10’

-827x 10°

2.96x10°

-1.78x 10°

422x10°

-4.92 x 10°

717x10°

-6.25x 10°

q)total

7.34x 10’

9.84 x 10’

1.12x 10°

20

25

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.

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
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Figure 48A is a cross-sectional view of field effect transistor devices that can
be fabricated in silicon wafers according to embodiments of the invention, and which
10 have been annealed at 800°C for four hours, and a 1000°C at 16 hours, to cause
oxygen precipitates to form. As shown, the device active area, corresponding to the
top DZ, generally is free of oxygen precipitates, but a high density of oxygen
precipitates is found in the bulk region adjacent the device, corresponding to the first
peak in the M-shaped profile. Figure 48B graphically illustrates an M-shaped profile
15  of oxygen precipitates in a wafer of Figure 48A, according to embodiments of the
present invention.
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
20 isa 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
trench, as was shown by the simulation results of Figures 47A-47C. Also, in Figure
49, Fint s the interaction force between the trench dislocation and oxygen precipitates,
and may be given by:
OE,
o

where the quantities are indicated in Figure 49, where Yo and yp indicate strains, and

1 1
25 E, = E_[GD “€qpdvV+ 5_[60,1, -€pdv,

where v indicates volume. Dislocation movement, as illustrated in Figure 49, may be
produced as shown by:

Gb? Gb

2R ML

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

FLT =

Burgess vector b and the length L between dislocation centers. Thus, when the

distance between oxygen precipitates decreases, the magnitude of the line tension Frr
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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

25  profiles of oxygen precipitation concentration according to embodiments of the
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

30  system 510 including a quartz chamber 512 and an array of RTA heat sources 514. A
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.
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10%@ 0 parts;qfofhe @Z(guller 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 inner 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 ( 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
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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;

a ring-shaped heat shield housing in the chamber enclosure, including inner

and outer heat shield housing walls that are separated from one another, and a heat

shield housing top and a heat shield housing bottom which connect 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

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.

2.

The Czochralski puller of Claim 1, wherein the ring-shaped heat shield

housing is filled with a heat absorbing material.

3.

The Czochralski puller of Claim 1, further comprising a cooling jacket

between the heat shield and the seed holder.

4.
plate which

The Czochralski puller of Claim 3, further comprising a heat shield
surrounds the ingot being pulled, between the heat shield housing and the

cooling jacket.

5.

The Czochralski puller of Claim 4, wherein the puller further is

configured to pull the seed holder from the crucible to grow the molten silicon into
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15 7 The Czochralski puller of Claim 1, wherein the 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 forms a notch in the
ring-shaped heat shield housing at an intersection of the outer heat sheet housing wall

and the heat shield housing bottom.

20
8. A Czochralski puller for growing monocrystalline silicon ingots,
comprising:
a chamber enclosure;
a crucible in the chamber enclosure that holds molten silicon;
25 a seed holder in the chamber enclosure, adjacent the crucible to hold a seed

crystal;

a heater in the chamber enclosure, surrounding the crucible;

a ring-shaped heat shield housing in the chamber enclosure, including inner
and outer heat shield housing walls that are separated from one another, and a heat

30  shield housing top and a heat shield housing bottom which connect 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 sloping downwards from the inner heat shield housing wall to the

outer heat shield housing wall, the ring-shaped heat shield housing also including a
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5 9. The Czochralski puller of Claim 8, wherein the ring-shaped heat shield

housing is filled with a heat absorbing material.

10.  The Czochralski puller of Claim 8, further comprising a cooling jacket
between the heat shield and the seed holder.

10
11.  The Czochralski puller of Claim 10, further comprising a heat shield
plate which surrounds the ingot being pulled, between the heat shield housing and the
cooling jacket.
15 12.  The Czochralski puller of Claim 11, 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
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

20  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
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

25  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.

13. The Czochralski puller of Claim 8, wherein the heat shield housing is

30 formed of carbon ferrite.




