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. DI STRI BUTI ON OF DEFECTS, METHODS OF PREPARI NG THE SAME, AND L
"PULLERS FOR MANUFACTURI NG MONOCRYSTALLI NE SI LI CON | NGOTS Mel d of the

I nvention This invention relates to mscroel edroni cyufaci ng net hods and
devi ces, and nore rticularly to silicon ingot manufacturing nmethods and

silicon ingots a COUlY %Y 4 HAVINGOONTHELY, mmﬁlﬁ e

]Icnve_nti on mn%mgklmgﬁsg@@m‘m@ ch is the ISEP(??]H ng m grﬁglihi n
Pystal grovth POLAHRG RAANGRC o T AU ANDICIOUHRRESK 0Y o
crystal gro Q _as e Czochr al ski

t echni que. The i ngot If)sler(r)Dnocrys %qm(ﬁﬁé&ﬂcwﬁmmmmm series .
of wafering processes such as slici ng,MGJﬁ;ng, cl eani ng, poolishing and

the like. According to the CZ technique, a Seed crystal_of nonocrystalline
siliconis imersed into nolten silicon and pulled upwards, and the nolten

silicon is then grown into a nonogrystalline ingot by slow extraction. 15
The nolten silicon is contained iﬁﬁmmi ble, and is contan nated
with a variety of Thdmehfd of ich is oxygen. At the nelting
tenperature of silicon, %‘ﬁ‘%&%@wlw%@mmmm@mdmﬁ | it
reaches a praanererpartionl "@mwn%éd}'inéﬂﬁf Mgne ally js.determ ned by the
sol ubility of pxygen i n??| icon at the maaF i DFMM DAgoss andcon and
by the actual Bewsbfi ci ent of oxygen in solidified 20 sili-con.

The concentration of oxygen, which perneates the silicon ingot during
crystal growth is greater than the solubility of oxygen in solidified

silicon at typical tenperaturegagﬁg '«i] ﬁ@ﬁilconductor devi ce manuf act ure.

As the crystal grows fromthe L ols, the solubility of

oxygen therein réﬁpwmesﬁbem)wm%mﬁﬁﬂg@ﬂﬂze}iﬁiﬁm{ugd in the cool ed
5 generates cry

ingot. As a R he saturated oxygen 2 I'1i ne defects,
referred to sgs b&%&e‘iﬁvﬂ”‘fﬁoﬁﬁ@@mbnﬁcabﬁgdt byna criykal g ﬁﬂitecﬁ&gﬁ
D- def ectl® c arhicteil Sefereéd/ ol B! he@re i pitates, (COPs), which are pits
having a { 111,}-plane on the surface et b9 gef of dpamoctystalling a

series of S 15 progessed iintg wafers eia 2@6rids OF v aftSin gllph{d .e&gs |i shi.ng, cleaning

and the Iikgtc 8 i cul the COPS may be enfarge f"%ﬁ%g‘ﬁ"@?eani ng and

oxi dati on proceSses, W P%ﬁiljé’gém %@P-nédcqrépgm deIQZ teohdiq; b g&ddi N9

i nt egrated mmﬁm&ﬁ&ﬁm . s..al SO may _sharply increase.
Hiiod i Iﬂhnve ® 1‘-%&'&1"“@%’ pelledaipwandsg

Figure 1 is sectional view of a co uct or

(MOS) trans @FW@H@WM@WMimM%m%% Aow L) fer surface
exist igga E‘ngiﬁlon which is located Tn an a ive re t he
sem conduct or devi ce %&Wﬁﬂﬂm@gﬁb‘mmm@tmﬁ@ﬂ with@gi on 14 whi ch

are formed veiety ¢ Gritidsoee o LLleon strate 10, a gate insulation
| ayer 16, for el eﬂgfﬁfi cally idnfs“ﬁ ﬂ%’&@“g&@ewq@@emmef@mw he
si i con subSfPAIgsn pormenates thy ergstaldartice untdit dekdhdd Wﬁf&%ﬁ%&?ﬁ%

characteri sgj; nenpry.device that uses the may :

Nbr eover , m’é‘?%‘ﬁig‘a@&%wwlmae@ygmmmmmemtmgxi de | ayer,

whi ch separtemparamued bfVsilicof Gh@ f seni conduct or device, inpurity ions

may peizgeat e down to a bulk Pyzg]?on ereNBEiteR coplticigntpfioxyzenineolidified ng i on
t

i mpl antft i SHicomn Thconggntoation of oxygenivehith pepmbatod @b isﬁi@ondfﬂgott(f)urﬁg annel i ng.
crystal growth, is mta than the solubility of oxygen in solidified silicon at typical
temperatures used in semiconductor device manufacture. As the crystal gr(;ws from
the molten silicon and cools, the solubility of oxygen therein rapidly decreases,
whereby oxygen is saturated in the cooled ingot. As aresult, the saturated oxygen

25 generates crystalline defects, referred to as "D-defects", in the shape of void in the
ingot. "

Such D-defects can cause Crystal Oﬁginated Precipitates (COPs), which are

pits havix_lg a _{ 111 }-planc; qn.t_he surface of the wafer, to occur during a series of



Al so, oxygen precipitates forned in the bul k region 10a of t%e waf er . which
are produced . by subsequent heat treatnent, can act as a |l ea a&;e’ANo@*m‘ﬁSe
and-can act as intrinsic Bettering sites, which are capable of trapping
unfavorabl e netal contam nants during subsequent sem conductor device

manuf act uri n%%Thus, if the-concentratd on of 20 oxygen in the ingot is

hi gh, the contefiiedrPesisespudasglicing molisiing, aleasinyiCthe Hikb, BSpdrictytdr ¥k | NSi €
Bettering si @ﬁﬂé},wﬁgésde 0soht at. the Bettering capability i ncr eases.
However, if the concentra |otﬁrc5’\g § @%Oﬁ@tmgmq@é&e@,nwhldmmygen
preci pi t at es paHyrnmdirepatddiyoid f: i i iLan that the Bettering
capabi lity mapaﬁbe redﬁe.d )girﬂ ﬂnggaér%ﬁ%gr%%e%gﬁfgg‘fm% |10 ,“?hftc% be
desi rabl e t o 2j5p Hp¥shgrplydmereask. t he anmount of 25 oxygen precipitates
distri but;d in th%. bulf.re ion of the wafer. In a wafer which is obtained
s b?la%?

by a conventi onal Vigy @f agprventionapMeta OxidecSepgesndEeei pi t at es

distribute t Brahf)8 . the, t front side) surface of the

bot t om ( baCkugiés%)lt sur ?ﬂl&&?’ﬁ%‘gﬁ}@%ﬁ 1, “&‘%Bé‘?ﬁfg‘gﬂs stdhe wafsz purfag exisoinl d be

provi ded fr oArhinaekrogion whicle® Iécated iR b rd: . ich s devoid of
R aRigPer M Beioolicht et ki g

30 oxygen-re] ated defects, such as voids,
faults and o 88??1%%E?ﬁﬁeg’aﬂé&anﬂ@qugimﬁImﬁcﬁ&l@rfbﬁﬁécﬁiiapﬂ)e%&%@mi onal
e wa

met hods may gf KGR sBEAS recipitates near the surface of th er,
whi ch can act as a(ﬁsour cg&o 388 toglayenl, for dectricaliy iiulatinga Faes, i n

order t ol(f oretedtrvidei18ing teailicBHh | e 1S nd bul k. regi.on of the wafer
with a sufficient DZ near the 5‘%@&@@9%&?% In,adgliticn, Rireshn| ng a

hi gh concent FEEaCEsRisEGs Qf%yg%mryﬂgﬁccﬁﬁlamﬁe@meﬂOSPET%éjd%rﬁéym}%ove

concentrati O‘Ohe?lft}léﬁ éﬁﬁsper n;yll_tj i on_ at ons épp‘rra) 0 re may be Pher mal | y

processed for a 10 Sﬁfﬁ Jrafyr 25O REISHIN afield oxide layer, which separates hotive _

bet ween | ow regidndofthe k@MiCdituc i en_precipitates may be generated

inthe bulls ?egi on of the m?gg&%&hgﬁ%%%%ﬁgxaﬁq‘%a%é“ﬂk%m

preci pi t at eFepPRbelaw thefield ohide fayerf duringGén iian¢aionr wﬁﬁﬁukh?&hﬁe-t%h%g sed to
cessed Dby

obtai n gscl Ak semi conductor wafer thermally pr hi s
conventi onaﬁﬁ{l%t@érﬁuéﬁ%%ﬁg}ngxygen preci pitate concentration profile

t hrough the waf erAlsd, o® d‘nliﬁec;[gta&gq i to the 3 tt surface_of the

waf er, may be as il us?gr ated in Fi%ure@%&é’ﬁ‘eﬁtﬂoﬁ 3?8?%W€’Zhloboth t he
intrinsic gé‘fetléfpfmrg’délb’ts@@eqwnth@thahthleneghm&tagﬂléaﬂé‘gesé&xf&% QU 14 [pear the

surface of the n. be provided hy the conventional technique.
However, due to %%e cﬁgl‘c’ ?sbﬁﬁlfﬁﬁfegq‘fpi‘ apipgamidyorabid mptabaesanihats a | ong

period of tidneng $ubseqiahtaemidadietdrdevat hesu iRy degrade.. For exanp] e,
sl i ppagg,or 15 warpage may occur i th%ﬁ%g, FINCHERYGR&E L ur i ng

cost ma§" i nOF¥EE4n themeet is highs theroncentmtion oPb et PrREPIThIRE Whith 2804k the

particul arl yek ahich. are trapped by the oxygen precipitates in the
bul k régi on, tﬂﬁﬂas%gér%eg géggggnpw %B&tﬁﬁﬁe@@gwg tinqreasesss, so t hat

‘t he r el easeHowenrpiflitcctinSerg@tion6f ol ource. Figure 3 is a
diagramillyustrating a redrawn ox?/)gg%ﬁgrngg%iglﬂ(geﬁ e°%¥§ﬁ%8¥?€ﬂ>§ﬁesﬁm2@0tprofi | e
of a wafer gf‘aﬂpﬂmﬂmbuamgiwsoahm@ge c ks18isgl osed in

Figure | A Oﬁotlﬂei esgx?tta?'ﬁg ﬁjﬁ § 401, 669. I n parfﬁiﬁgg?gﬁaw%gﬁ%% iI's “t he
oxygen preci pi LAt e eanéent P ftapayesesirablesp propesly sontiol the amepstatf t o t he

depth &5 trmmedpfwipitﬂwﬂkﬁiﬁﬁteﬁﬁxpﬁbwgl ngﬁﬁgg{a?g?ranneal ing process on a

waf er earned out_in a nitrogen atnospher ecting the wafer to

subsequent heat Illr@é&%fnléwhichiﬂmbmimd,byaﬁcoﬁ%htﬁﬁal%s&ﬁ%bvwh%%jmg 3,
near the su.rfag‘f-iS %f t he waf er nor” sufficient oxygen

ith th
B(ralaci Slr t at ngr %r‘eis’ VB RTREIPIALGS e guoegh the waferfyomhestopqfruariidg)nal
thod. S i di t f_th t i ti
oy ovi de & srmee Sithé RRYEEE LAD IR e Dervdcdionsi(BZ) bt | on of
oxygen pr echpild b¢ peovideddtons 88 t6s kurfise tdh piedstkfnid&d &eg);t#,rvgh@i %ﬁ‘%f"ﬂé%f
op

particgbar, t he Oi( en precipitate concentration pr

surfacg, i RXRENT Sy 8uchexg ivaids,dTOBs, dmcﬁwyﬁﬁﬁn%jﬁﬂ@&d%&é&? for med,
to the bot a hecsilicon wafer, conprises tirst and’Second
peaks at f#)?égs@tip‘i %F]eg Z@g%fr‘\'ﬁl’ B’%&e&a’{ahﬁl‘fﬁ{‘?ﬁi\g@' @apenendl magthedsemayoprodust bot t om

surf aces obxydea predisitates neft the S8 tively. Al so, a Denuded Zone
(Dz) is included between the top su?%hgciﬁeéfsﬁﬁhcﬁg‘gﬁséﬁﬂ“{cﬁé Pe peak
and bet weef"ff¥- bott om surface of the wafer and the second peak. The oxygen

precipitate concentration profile also has a concave regi on between the
first and second peaks, which can correspond to a bulk region of the wafer.




5 I n enbodi nents of the invention, the oxygen precipitate concentration
profile is symmetrical with respect to a central surface of BGJRN'z'mn
wafer that is centrally |ocated between the top and bottom surfaces. Thus,
for exanple, the first and second predeterm ned depths are the sane.
However, in other enbodinents, the profile need not be symetrical, such
that, for exanpl élhwjihfordans fatepihtimsiowyttaenpieyindRsbilR tegififofkfe fhfest and

second peaks..dﬁl sQ .i‘rljfﬁgma gﬂbod' ments of the invention, the depth of the
denuded zone®™ & SHHCE 2575 dheofurkaps ot the srefer 2 wafsteondgning prbigh each surface

of the sili cRcarfagh | Ve L £0) f g sentconduct or
device is form%d tao %Ogu F%Fgéﬁfa% %)e?ﬁtt n’.ﬁm%ﬁﬁagg&e?%géﬁq%lﬁ?g ?QP alline
def ects rel ger million atxsdppma)ormadre ety e thetmbeproédssedfor h o péabeet s in the
formof vyoids, having a predeterm ned size, as 15 well as the oxygen

preci pi t 3t ed! alf?é“ﬁ“&ﬂ_t@?e‘?“’ﬁ?‘éﬁ%bemﬁeﬂ @ and high leysily sudf thatraxygenf er - at a

predeterm n |- odi pents of the ipvention, the
oxygen precﬁ%?%@%&%&&éﬁ ga“egﬁlgmélt% “Pﬁ‘reégpf]ro CaRHCTs BRGHRUSAGRUSILDE 4
| east about dkygdDgrecipitaes prostnonend 8 saFfesd ofi thétvafef RAE 8ObhALiRARAIH the bul k

regi on between the first and second peaks i.s at |east about 20 1x108 cn8.
Sili con waf é%ém%éé’:@?ﬂpﬁgI’Eésm‘éﬁduém@@ﬁmmaﬂﬁpmb@sqﬂbs@istcohvanﬁmd on :
include a cqp i i e f _oxygen precipitate nucl eation centers,
for exanpl e vaca lé’letgg,gk %ngé&cﬂétﬁl&pcgg%ﬁgég%’}d}%gﬁ 'b&’é‘&ﬁﬁt?et‘ﬁ?b}g"g@% fitration
prof i | esOdegop kirude ab thebottbinugcess fiBe FHRA Imdy R Rlustrha W R oThe vacancy
concentration profile 25 conprises first and second peaks at first and
second pr edet er niBs&dTBE i KguterZo hothithe mginsicrasttening sites muthé bulkgegion tide waf er
respectivel y, ; ONSRDEL ti.on renmai.ns at a predet erm ned.
concentration, (?%%%n%g&%%%?%an ag%?éff?aqfep&ﬂg“éﬁﬁé’?f’ venfi&heen t he
top surface tedhnigne Hewever,alud to te adilitiohal pamkiempetalied WRARAIDRSB0bE RBpsUT f ace

of the wafer an(gl éhe igéogg peak. Finally, the vacancy concentratio

profile 30 REEOGOLIERE D Walkey rhasagkaristietmay drgrader Jor exrnple sbppagpenks.

Symmet rijgal waip LCal L 1a§; proyi . JAccording to nethod
enbodi nents of %ﬁe resent t?ﬁge}%llgﬁmggarp?%lﬁ 1élrdﬁ§'?%§\ﬁﬂ%tz§?a}yﬁﬁcr ‘A is

per formed orlso, &i fuchamase fretal bontaninaitswag partieulatly Rof @%) Wbk @ tOPRI | Sing a
gas which h?,S[ﬂ? vacan}gﬁl lnject itgeg ‘ﬁ%f ect and_a gas which has an 0 5 JAN
2~~5 5 i nt ePd G PSR PIeriples 1 the bylk Feeams gy bereleased mepthe¥ byat om sur f aces
of the sili g@bked@hneprockR, SARMGIHE Fldie] GAlMRrtEAhSE g/\fg%lg @S oxygen
precipitate growmh fsni-t.es during subsequen ea.‘%ﬁagg nen ,agggﬁlﬁc?'hat t he
nucl eati on cent eFiguond & disgramnllystrafing @reflravm dxygert precipitite aoceh@atione bot t om

sur f ace,pf er coppr. ses. first and secopnd peaks at 5 first and second
pr edet erzﬁ’i néﬁ)%ée\é\%{%gaﬁ- g%@flfaﬁ%f'eyo@@??a CoreRRL methad ckhigh istdiscloged By |
respecti vel FifuﬁelBA!ofUh@.Pl%kﬂ%tf,@ﬂl,ﬁ@g]tﬁ\%a?ﬁm%?rﬁi%ﬁ%%%tﬂe bs at a

r C

predeterm ned concentration, which'is |lo t han ritircal “toncentration,
 bet ween t hePesipitgigropaeaatration profilgeof erwaferdvittivesgect &t thp depthafichebedfeen t he

bottom surf . r_and t second peak, Finally). the nucleation
center proflﬁf%gﬁ‘ﬁ fsﬁoépcﬁaﬁgfa@%%ﬁqng %%OIFﬁg%CF‘i"FgP“LW@E%ﬁ% peaks,
whi ch cor r eapanpleré,and stibjbdting € Wi¥ePlo subRqWeh BEat trRURIEET HEMev [ as can

o]

asymmetrjical profiles may be provided. According to other net
enbodi néht s be sreadrom Eigarech meither fierP4 nens dhexsurface offthe Rafertuor ifficdente. an

. oxygen precppi en profile fromthe top surface t he bottom
surface of ?ﬁge &/ﬁeecgp?tg%%%ﬁgtg%?ﬁg%?@%gf’ta’gﬁ%i;%g%‘?ﬂi‘vﬁ%t% Ig?tﬁ?‘g-r st and
15 second predeterm ned depths fromthe top and bottom surfaces of the

waf er, respectively, a DZ between the top surfaces of the wafer and the
first peak and between the bot Sammanyief¢ike hiventienwaf er and the second peak,

et e o SRR o et B R iR Her ARES of e
i nvent i 3m, &dt@mﬁl@@véﬁi&illdﬁsﬁimﬂﬁ)bfé%eﬁ‘bfe%f?ﬁ&@s &h&%ilrcrg@gct%q}taﬁgfn (Ar) gas,
SO, oarnents oO

or nitrogen (NZ) and hydrogen (H2) “gas. In e t he

i nvention) BHETBEyitrsn I particplar, sheeoxypercmmntipitite commentrationerbfile Stonathd tgecond
peaks and i he . reaion) and/pr the depths of the denuded zones may be
control | ed %x}#ag%jnggr | rlfgaggque)erﬁglPHBﬁ%s%‘F‘“{D%@gtﬁf a?‘ﬂ‘ffm%)f%fomﬁ‘é tofthsy rat e of
the gas 25 Wingmikefack BEtHeaTRoM RafeAlBmplills RAEALIDEA t he
annealing time and _the ranp-down rat Ienpof tiﬁgel RTA prgo gésﬂg’% nsltlgelg odi nents of
t he “i nvent i ¥AondpresisteEyiped depths fromatheitep andtjottotn tuofaces dRTHe pafeg,ess accor di ng
to enbodi nents of the present invention may be nmanufactured from an ingot
which is pulled fromnolten silieon in a hot zone furnace according to 30
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

T T o - - o o, e

=
st

-




0 5 JAN 2~~5 6 In other enbodinents of the invention, a silic 5 me‘sgashat
IS subject to an RTA process according to enbodi nents of the g e teY

i nvention may be manufactured froman ingot which is pulled fromnolten
silicon in a hot zone furnace accordi to an ingot pulling rate profile
where the pulling rate of the ingot is high 5 enough so that formation of

interstitial raspedtivelpr Alles aiDenpdeNAsieqDZ) Rihcthy 1R/ IS Rplshiatceldpimat i on of

interstitial agglonerates is prevented, and the formation of vacancy
aggl oner at es Wkt gpdthediratpeak andsbgtwpenth bpttemiserdicaofithe wafet and thoseeond on, a -

silicon wafe [ ' . RTA. process, accordi ng to enpodi nents of
the present ?ﬁ%ﬂéﬂ'ﬁ?}egﬁy g{é&f;ﬁ fg%b li%gcn%ggﬂog‘rpé%ﬁ? %B%ﬁ%frﬁ ‘F%g‘(e TERIPR Retwgey | | ed
from a nol t ethedfirbti @ Bedond Pedl@] whioheah BorAEENdPS GBul! FeBichdf A wixgot pul ling
rate profile, where the pulling rate of the ingot 1s high enough so that

vacancy aggl omer allmbpdimenss pfthe invetioph thetoxygkingredipitato Corichmtratiog ptofilé t hout
- forming inte |t rates. Accordin o0 ot her odi nents of the
“invention, aﬁs%%ﬁacﬁgﬁ?ﬁg%e cgl&o f &M ags‘ﬂfa&s\ﬁﬁé‘eé‘?‘%h?{ ng%aé’rslcie?féaﬂé!i l'i con
| ngot. i nc| udieated BARERE theady bASHSIRm Subiclt | B, foP cAAIC RATRSE afNELARU ©
c

“that holds nolten silicon, a seed holder in the chanber encl osure adj acent
the cruci bl ePiedetpaniaeddeptiscre theseme., Homuver, inadher embodinieatse e pbstile gpdl osur e

surroundi ng GLuslpl A.ringzshaped heat shjeld hoysing . also is
provided in P g)eé’ Lrietical, sughf g’rieﬁ%ﬁ&ic@rﬂf P HEYE’GPEPVKFF&;@T@W el d
housing $8 | rsP d RancPYieled RS 3h 86k ERBIAAERLS BF (e tvelfith, Ind\idln GYle! ¢

housing top and a heat shield housing bottom conn I nner and
outer heat s#mafed znmasisiy theapngs, oftaheuthi®aim whibettcOpou fongeatlo purfice pf the

ds f 4 j t shield h i Il to th t. heat shield
el e w1 G R b8k R b o B ot erdo et e 52 f 1 o ¢ he
i nner heat shiffidicht depth] Mgothet émbodib&f s,é%ﬁs@ﬂﬁn@%@fec@?ﬂﬁﬂh%ﬁcﬁk?#&gdq‘é@tl . A 25
i nthe éPuci bl e.

support nenber, supports the heat shield housing wt
Czochr al ski Fuitietie Dfse whik Rodefestssinitbationnof voids, havieg i preletdrmined kizg apul | t he

seed hol ger ' molten silicon i.nto. fhe
cylindri %:hzl %@?e‘?‘%?%’%ﬁ%ﬁ%@ﬁ#ﬁ%o | n%%g?r WB&PZ%Q@Q&%%M vaebund its
central axi satiarpredeoyrininedrcon@ntrati@pe and fornms an ingot-nolten silicon

interface with the nolten silicon. 30 At |east one of the Iengths of the
i nner and out er HB&eEsmbrdineBEf tay Mpantion,dhe exygein precipithieaiodcdntrationsg, t he

sl ope angl esytGfe ﬁr@@anﬁ%@&onﬁmeﬂéjarg QURAR I fod’%mm,) 2% g}(yé[eg %recipitate
concentration in the bulk region between the first and second peaks is at least about
20 1x10® cm®.

-

Silicon wafers according to other embodiments of the present invention
include a controlled distribution of oxygen precipitate nucleation centers, for example
vacancies, which can produce oxygen precipitate concentration profiles described

. above through subsequent thermal treatinent. The vacancy concentration profile

25  comprises first and second peaks at first and second predetermined depths from the
top and bottom surfaces of the wafer, respectively. Also, the vacancy concentration
remains at a predetermined concentration, which is lower.than a critical concentration,
between the top surface of the wafer and the first peak and between the bottom
surface of the wafer and the second peak. Finally, the vacancy concentration profile

30  has a concave region between the first and second peaks. Symmetrical or
asymmetrical profiles may be provided.

According to method embodiments of the present invention, Rapid Thermal
Annealing (RTA) is performed on a silicon wafer in an atmo sphere of a gas mixture

comprising a gas which has a vacancy injection effect and a gas which has an




di stance between the ingot and the inner heat shield housing I, h
di stance between the crucible and the outer heat shield housiﬁ@lsw%wﬁfgﬁe
di stance between the nolten silicon and the inner heat shield housing wall
and the location of the heat 0 5 JAN;~~05 7 shield plate are selected
such that the pulled ingot is cooled at a rate of at |east 1.4K/ mn based
on the tenperiatestitialiilichl njédtBRkR: dBe 5l bo i §aperature
at the ingot-nolten sili C(:;n I nterface %gﬁa pre%égtﬁélgﬁcﬁse{)f@gkn%g&a‘%’uré of the
i ngot. 5 Thusto ggaeraiediuplgation centsos whinhtast ax oxyben recipiennt giomde sitdsdaring  wWaf er

I s exposed to RTA in.an .atposphere of- a gas m xture conprising a gas which
provi des an in eerq‘slﬂql]ﬁeé}l@?a e thaf f@d}?&ﬁﬁ@n&ega%cqnﬁ%mpn puafdeison
vacancy i nj echi &5p fheck BELLS MRERE | Aok L8 nOf Qxygen
precipitate nuclﬁjepat ion centers | c%ﬁggﬁﬁum%éﬂp%gwg&g?ﬂ%ragégcgpm%a ept hs

f rom each %of firsteandsedomd gsedefermined depths frofhdNopand bt shigites othe Rhor,
processes accordig&llto he gr‘%ient i nvention are performed in an atnosphere
of a gas whi CRESFOTANAlse.he pyglcation centen conegniratiqnysmens ata predetetaineshf er

surface, so tddyabenmlati VQi o . exigt.in the wafer,
the D-defects carf@II gteﬂgi%gg%bli\% \fmﬁ#%mn&?ﬁgcggﬁﬁé&&%ﬁ@ab%,toff 6“‘%“?%@/ a
cl ear active thegiafen andthodirgiipeak aieithetwedn thEBatMSIHREQ of dBYvERr ankBthe N
addi ti on, enbodi nent g.féﬁiochral ski pullers according to the present

i nvention carfe?oé’gﬁﬁﬁé Bty theduplgntionrentes profileshss aisarcave tegidnrbetwéenths ds,
whi ch mayjgbe r ' i an_pe made.snal |.er., Such,spal |
voi ds, V\/r}:llott:)h ﬁé%eﬁgggggg?g% n tﬁgﬁﬁ%&%g%s ‘§é‘%3$‘s‘8%}f’%8&3\9i‘%i‘f?héw cess
accor di ng t o crrbpuinetevdl prafiles ey twrmoeided.i nvention, while voids remain in

tl~ bulk region of, the wafer. 20 Brief Description of the Drawings Figure 1
is a sectional vi&YoRHRE A pther Methnd embodients, besh trestmientia petfened o te

Sem conduct orRKAkSHrolilh@N 02?8%1 r@éiﬁﬁﬂe @(?lﬁ:@n&iﬁ%ngw gﬁg?ce{{l% Hcsfgig"lﬁfjé‘sr:eon waf er .

Figure 2 is a diagramillu atl ng- an oxygen prect pi i on
profile 25 oftheabatomysmfaconfithe wafery whieh gompriss fist sndNedHdrpBakd 4tURétTaali Ny an

oxygen preci pitate concentration.profile of another conventional wafer.
Figure 4 1§h0\%s°é°£ﬁlp5§§€féwmﬁqgﬁl?% ?M%@R@Bﬂ??‘éﬂmé‘ﬁf%ﬁm@w@fﬂa silicon

waf er accor direpedtive§TRDY bBRE (RE ¢ : | ' Figure Sis a
time chart for a Ragl d Thermal Anneali n(é&?ﬁ%)&ag%fgg&eg%r}ggcpgggﬁ% to
enbodi nent s &etwess therhosiom surfacecefi tho wafeF anylithe séeond pudk, and®tdticattefepivh

concentratio [ ith respect.. tqQ the depth of a wafer, after an RTA
process ill u??%etgelgﬂe?ﬁr{ ‘:flnglﬁ?ceon praks, trieal ar asymgetsical nsefdes mapde gas
at nospher e. - provided.

20 In other embodiments of the invention, the gas mixture comprises nitrogen

(N2) gas and argon (Ar) gas, or nitrogen (N,) and hydrogen (H,) gas. Also, in
embodiments of the invention, the oxygen precipitate concentrations in the first and
second peaks and in the bulk region, and/or the depths of the denuded zones ﬁlay be
controlled by adjusting at least one of the mixing ratio, the flow rate of the gas

25  mixture, the ramp-up rate, the annealing temperature, the annealing time and the
ramp-down rate of the RTA process.

' In 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

30  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 that formation

of vacancy agglomerates is limited to within a vacancy-rich region around the central

axis of the ingot.



0 5 JAN ~~05 s Figure 7 shows a point defect concentration profile with
respect to the depth of wafer, after an RTA process illustrat8d JANFEgBre S
is carried out in an argon (AR) gas atnosphere. Figure 8 shows a point
defect concentration profile with resgect to the depth of 5 wafer, after an
RTA process illustrated in Figure 5 is carried out in a hydrogen (H2) gas
at mospher e. Fi gurig odhet RIS ddeh BGTFIRY in®QAR6E A sfiRbd Q6P [l id ®ibREd BTanan RTA
process of Figure 5 wth respect to a variation of the mxi'ng ratio of a
gas mxture R%Atm@%’rsmycmbwtg eanhoditwentsad theleseitguventiof nslybes an oxygen

precipitate congentration profil.es obtained thyough subsequent heat
jtreat{rpnt af@fb‘f%fﬁmﬁgk;ﬁ%ﬁﬁg%t%@bﬁigl@r}f%n@ﬂ% '8 2 tv%%fﬁ?‘%‘fseent i
i nvention, Wdchrd . {,mﬁ% Emﬂ i gure

is a diagramill tli}gftrggtﬁi n%ﬁgi Ss Hﬁ??@n o‘?%?g?gﬁn%&l{t%?ﬁ%{e?%o rec%ﬂ;i tates
(COPs) néar t¢rnoegl sy hacformhtidrhef intetstidalragglaferatea & frieenkBAbof lowiegotigh b i s 15

carried out i n the Ar atnosphere. Figure 12 is _a photaograph show ng oxygen
. precipitate @P@%’F‘P%E’Pi‘%ﬁﬂtﬁﬁg%ﬁﬁﬁg@mmmfﬁ%wérﬁ@rt@%m e pbwsaEHt heat :
- treatnent afj s according to enbodi nents of the invention in
the N2 gas ‘atgggosp aet?slé‘p%w}ég{?g 13 is a photograph show ng oxygen precipitate
di stribution of amnweiflethe?8mbbdinbnts af the ilentmne siticsiineafet|thanis stisjadt té aeat ment
after an RTQR@AOCGSS accg{,di ng to enbodi nents of the invention in the Ar

gas at mosphele DEpGGSY aeconimgstocmbodingatsof thegresant igvesiion &my deeci pi t at e

di stribujg onof saed fom\l t r eat ment
after anIdRTA' p’rug%ess gf:)cor dilﬁ a‘g%c%ﬂégﬁcﬁg %}%g@#&fﬁ@&ﬁ%ﬁ%ﬁ%@ %n the H2
gas at nosphefuenac®cchbiding ® dbingct pulliph @ite grofi) whre thegullng/ G oMhe fipid i at e
di stribution of a \Agf er. whi ch has_undergone a subsequent heat treatnent

after an RTANShenoueh s that vecaney 1eglumasdes are farmed throwgh the dismetes of the t he Nz
and Ar gas af, ek forﬁ%&hﬁrﬁ%@iﬂ%ﬁgﬁﬁ?&ograph showi ng oxygen precipitate
f a wafer wht ch has g

di stribution ergone a subsequent heat treatnent
after an RTA pr ocksaerdiog tr otheemimdafentsdfahl invention,af Czdvhralskvpulier €51 i n the NZ

gas and gas_at nosphere. Figure 17 is a.photograph showi ng the depth of
DZ forne ne%rpwﬂgea@g?‘?%éaj&egsgl%f‘@ﬁw 4f; .(1"@?]86‘?{8’ %lc@ﬁibgé‘huenjt heat
treat nent af iheich@fbeREAINURS BAChAGSAb N ichS) a3EROHIAE 1 &le@mﬁ]gé I nvention in
the NZ gas at nosphere. A~ ~u~~J 9 Figure 18 is a photograph. show ng the

depth of DZ ¢nslomend adjagent theecrucible de boldfa seedwafstal, andliadieateain the dbamene a
subsequent heat treatnmen ter A proce accardi ng tq enbodi nents of
the inventi of Cf"ﬁ“‘?ﬁ%‘ﬁ?ﬂ‘f&%&, %ﬁ%g@m%a&@x&pgo&g% Braph showi ng
the depth of prlodidédin el chfder bitfosaty ihatdinPind afd VakPheat3hield H¥ASIng REEY gone a

subsequent heat treatment after an RTA process according to enbodi nents of
t he i nvedft i oWl ase saparated fom eagnetberh andea hemt shipldbhaeinggop aphaheashicd showi ng

t he depth of . t rface of a .wafer ich has,updergone a
subsequent h%a% é?’ég?%eﬁ%ﬁng%ta CWA%(?%%%%&%@&%%?W&% %E‘Eng’ﬁglf%e nts of
the inventi cshidlhdusinggp gdpin@ gwards Gdm thé FRETHRsY shicld Bodsigunall @khé S @
phot ograph show ng the depth of DZ formed near the surface of a wafer which

has under gorfter heatyhicld,bopsmgeall, andsthe fieat shield beysingnbattom glopiag slowawews di ng t o

Soa LT o b I A sl ey R oA S ERHALIR AU BT Iu1

22A i s a photograph show ng e sHape 0 an as- ate and

Fi gure 228 siuppert rlembehappons tie@eat shizld Hoasindwhin elactgeileal t er an RTA
process 15 according to enbodi nents of the invention in the N2 gas
at mosphere. Fi gur%b@%?@emmﬁﬁe@mrgwmem&p@m in an
as-grown st al.gq { .of . hat .has been changed
after an RTA prg@g%@%gg%réﬁ%ﬁ?ggg%@g%%f@l%P n%cf?:m% ?ﬁ’&%ﬁ‘?"in inthe N2
gas and Ar gasnaiysodlpleailizon ingot, which grows along and around its central axis in a

cylindrical shape and forms an ingot-molten silicon interface with the molten silicon.

30 At least one of the lengths of the inner and outer heat shield housing walls of the heat

shield housing, the slope angles of the heat shield housing top and bottom, the
distance between the ingot and the inner heat shield bousing 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



Fi gure 24A is a photograph showi ng the shape of a COP in an as-grown state
20 and Figure 24B shows the shape of COP that has been changell 5ajAlr2i8b RTA
process according to enmbodi nents of the invention in the N2 gas and H2 gas
atnosphere. Figure 25 is a flow di agr am illustrating preparation of wafers
according to enbodi nents of the present invention. Figure 26 is a

concept ual dhift plateiakd sefdctcalsuPthat e lpalid Is ive 25 point
defect distrj butllapn in a si Isi J(E:Ign inggﬁpéd;iﬁgat ce&%d\éaﬁgg%tlgg%?{?%et pull rate
of the i ngot}-4¥dminchases en the sengpesatiesmf)the ing &l ay theeceRter tterenf,Sooritwt i ¢ Vi ew

illustrati t | Czochr.al ski, (C~ |l ey. Fj 28 i
schermt | ¢ viiSPSRLLE By HER E0t0 B bt melsies b ayeihisemingl Hameeatat o
Appl i cation thefigad. Nos. 09/989, 591 and 09/ 320, 210. Figure 29 is a schematic
view illustrating CZ pulleys according to enbodi nents of the present

i nventi oA. Figur 211@@, aceordingita gmbndisientsiof therpgsont ipeemtion,of wadr RiekpRys of

Fi gure 29. t %15 JAN ~~05.10 I?i ure.31 is a graph show ng variation of
oxygen preci i ﬂgla@c?_ttl@gm’&tq Breaa Mt GOERKENS R g2T WhiRR PRYMES AL Fi gure 5

Wi th respectnteftifal\igedtdhiefBeiAhd b¥as Wy @‘H&sgfva%cgﬂl?ecﬁ ngffégt%ﬁ?hegas' .
Figure 32 is a graph show ng variation oxygen precrpitate concentration
at 5 the peakaferafeselting neth&profif offoxypereprscipitdtbnuckaion terters &vhidi iaatweon of t he
mxing ratig of N2 and Ar m. xtur as.. Figure 33 is a graph show ng
variation ofpe%%é’@ﬁ'reé‘ﬂpﬁ‘ﬁnfl‘é& ’g%‘g‘&éﬁ’h?fla‘g‘?ﬁﬁfaﬁﬁsqfﬂée‘ﬁéf&ks after the RTA of
Figure 30with resngsmbldiheNRor RIA W e iEne Rl QMg 34 s @
graph show ng vari ation of oxygg?%&gg%ﬁsggﬁa@gﬁ%gﬁtra FtOIchL OB G he peaks
‘after the Rperfofmeddigan etniospherd of @ gmewhich providesthic adterstitia injédtionafp@ad i Ng
time. Figure 35 1s a.graph show ng variation of oxygen precipitate
concentrati oft \g?fe{ ﬂ’éfag%af’g ghaéiafﬂé‘?“ggﬁ’@%"lbﬁs Idefosts nBy grishingthe pater, tho a
variation ofD-Béfects BREBI Aii8Ived Nidithy Bﬁgthfbﬂﬂé Bzé"ﬁ? 'gxﬁox@ gk%;e%g %@{é‘%&;&?

variation of oxygen precipitate concentration at pe e RTA of-
Fi gure 5 wi thbe pryvided in @semiednductondevice: anp- down rate. Detail ed Description

of Prefeered Enbedi mpnts The..present. i nvention now w.ll be described nore

fully hg ei nafte?‘%ﬁ?o"r8?‘@?‘8&‘8%‘*2%@“@@%8“‘%&%%@%@@%@@?@% whi ch

preferred eibegiciRnahsagilly'cbsl tﬁ&?ﬁm%%dt% tﬁit%éég&\’*ﬂ:voﬁﬁi éhicﬁéf‘agbﬁ;eon may,
en u e

however, be enbodied in many differ Torms and sho not construed as
linited to forEeddncng mept Zoweh chinbe madesmiller. Swhisen]l voldgsehierinedi ment s ar e

provi ded so -t R S~-£l S 1. rough and conpl ete,  .and wl |
fully conveg}ét:‘l'ﬁﬁet ‘ﬁs@SB)eﬂo?%‘%eﬂsﬁ%n%ﬂ%ﬁe #@%tﬂ’i‘(’)‘g’és %%P{fﬁiwgmm . In the
draw ngs, t bEthetphéselurincemtion, whilg &bflsaashin @0he ek BoLsPEINRed for clarity.
Lie

20

Brief Description of the Drawin:

Figure 1 is a sectional view showing a structure of a conventional Metal Oxide
Semiconductor (MOS) transistor formed near the surface of a silicon wafer.
Figure 2 is a diagram illu_strating an oxygen precipitate concentration profile
25  of a conventional wafer. |
| Figure 3isa diagram illustrating an oxygen precipitate concentration profile
of another conventional wafer.
Figure 4 shows an oxygen precipitate concentration profile of a silicon wafer
according to embodiments of the present invention. -
30 Figure 5 is a time chart for a Rapid Thermal Annealing (RTA) process
according to embodiments of the present invention.
Figure 6 shows a point defect concentration profile with respect to the depth of

a wafer, after an RTA process illustrated in Figure 5 is carried out in a nitro gen (Np)

gas atmosphere.




25 nunbers refer to like elenents throughout. It will be understood,} hat
when an el enent such as a layer, region or substrate is ref edr®ed 2
being "on" another element, it can be directly on the other el ement or
intervening elenents may al so be presgnt. In contrast, when an elenent is
referred to as being "directly on" another elenment, there are no

i nterveni ng el emep r : i “ﬁn% I and
illustrated herei né‘?ﬁglsﬁgggﬁﬁg@ggﬁéﬁ%&ﬁ%ﬁtﬁg&r{%ﬂe@gﬁ%uc 1 viq%gt @%gaﬁggi ment
as wel | . Fi guafer, aftecavdBAipoedessyilledtatesl in HFignxe/ B rapiedoiupint ful g @OAROas at i on
profile of a,silicon wafer according.to enbodi ments of the present

i nventi on. &)@SWWQ this profile to the oxygen precipitate concentration

profiles of the Sihie@n ; == f he
conventi onal techﬁlélareﬁgs}l%? hmg(riée?egﬁéﬁén\énluﬁ |péé?lg?]gl'r§%gé§%€é?péh%§(i st
Denuded Zonewaftnagyr anrREA provdss ibustiareddn Hipptds seagRdlouo dgidfogeh ef)op and

bottom surfaces, of fhe wafer, and the oxygen precipitate concentration
forms doubl E358HRBPEHCt he boundari es between each DZ and a bul k regi on.

Al so, in the bul I@ié,rgg%g‘gsg)%&gg)aﬁnc tg%ﬁ’éxﬁuﬁ@%@?%n ggérggesgggunt of

oxygen precipitates are present, are oug ettering

-effect on méfigire Sovittarspeantosa variagou of the ntixifig fatio®f 63as mniftee cBnfampipdN,Ther mal
Anneal i ng (RTA) process according to enbodi nents of the present invention.
A conmer ci algaﬁa’é‘géfg%sol e RTA furnace may be used In the RTA process, first

a silicop wafer 3gaRE q| t £ ' ion d.s l.oaded. into the
RTA furnace, the téti,lﬁ}rrpetr)g%go lﬁ%%@&%?%‘% lﬁlza%g%?dcg%/t?a%grm %Sn%t??%m - ﬁ?OOC,
for a standbybsguéndliedt HeatnFneaftertan R TAe proeesdtabdording té BebdTedty bNdee i S
rapidly increased, faor ex.%lnl[}%lﬁé,;{ at _a_rate_ of about 50C/ sec to a tenperature

of about 12d0¢seRyHyentiop, Iyl ©nibe kmds phess ysededusingitheRTA: 1250C for a
predet erm ned p.e'fiiége P4 jistd dMBprarh Pusf i&b}lﬁ@@ﬂfcé@ta*f?ﬁg@%ed(l I1), and the
y ase

15 tenperature in the RTA furnace is sharp ecr a rate of about
33Gsec up t dredigitates(COPa) neae thefsutfhee ofttandlivgn pefdras td RTA ofiFipatd ¥is t he waf er
is unl oq?edcglrrg ol Ee tETA furnace (~. By enbodi nents of the RTA process
illustrated Tn ié‘ Pe %Arf’ SB%ri bution of the oxygen precipitate

nucl eation cente @mhq, ‘ | B6wi IS : : ol ed
Precipitates (C@sg, whi chﬁg?egi-%rhesen%n%%géﬁﬁ%@gart%%%ﬁg*%%fe% wafer,
can be di ssdthiduhas gadeggone rmbspguentihbasdrdatent aftdrtan RBA prozassacterdinggolr e 11.
The processi r re range of Figure S.is nerely illustrative.
However, ine@x&%@%roghlgm‘fegggﬁ%%?Rgﬁ?‘qsatﬁ]f)sﬂhﬁ’é@'presenft invention, the
kinds of anbi ent Rpage$3 isfa photopddphshewing By LA prasiee diftribhitth &8 e

anbi ent _gases, .ranp-up rate, annealing tenperature, annealing time and/or
ranp- dodH r Jthichhas gndergens| 4 saseqnens heat|tream®nhafier @nRFA processtascatlingitoi ng a

profile acc j i ih\| | _be described below The RTA is
earned out g?ﬂg%ﬂ%e{engso k%%%gﬁqg@%@“%gasaﬁup@ ¥ about S seconds. For
- exanpl e, the RTAFigarpbt fsarphomgtiphsho0ing bygenprdciitie AribRH S water at  1250C

for at least .5.to 10 seconds, Also, the wafer is cooled rapidly at a rate

of at |east Witstyhesundesgonea sybseauent heas treatmenhaftes an R Apiosksspeenilidg 4o a
vacancy i nj %ﬁﬁabtﬁﬂmﬁtéfo?ﬁ#iﬁﬁ@&ﬁf}ﬁeﬁgg%saagﬁp%#}ehe waf er, and a gas which
|

provides an interstitial silicon Inj ect, is used as a gas for the

RTA acc2’di ng t oFiguixolfi ismiphstogfaphishowing 8&yen pfocidateistribiticista wdrgodi ment s,
ni t rogen (Nz“é‘f s is used as the gas which has the vacancy injection
effect, and Cg@ﬁsmefg%ﬁ&/sabseﬂ bept freatoent aftes ap R prpcess acensdiga o whi ch

has the intgh8bdinbmk of itel; Hﬁédﬁzgéﬁogn({a“g&:awﬁpg 3 JAN 205 12 Figures 6

through 8 illustrate the point ect concen profiles of vacancy
def ects and i nt eFighiet 16ais aphotogriph dhdvweing 6xypleh Prechpaardisttibutidhofdepifs of the
waf er, after tlﬂ%PgT illustrated in Figure S is carried out in N2, Ar and
H2 at mosphe &%) E&qnﬁélsyl?seﬂ?f’nf:h@ﬁ freatngnt 3iep ey RIS\ prokess phesrdipg Yo
represess s LhBodAERREY R MVRhadlRh &6 N, gas and H, gas atmosphere.
Figure 17 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 atmosphere.



5 concentration profile after RTAin an inert gas atnosphere, gd pl ﬁgs (b)
and (c) represent the vacancy and interstitial point defect c 8 AN 2505%n
profiles, respectively, after the RTA in the correspondi ng gas atnosphere.
As shown in the enbodi nents of Fi gure§ fi through 8, the vacancy point
defect concentration (convex curve indicated by (a)) after the RTAin the

inert gas 10 at ¢ l%\?&i A urfaces of the
waf er, and was m ?%gt e aﬁfa%%lﬁgvﬁnggt?xgg ?%Qgﬁaﬁgrﬁﬁﬁeﬂ%a{aﬁgs ??ﬁé’?at ure
of the RTA fawafecwhick hasygidetgpne asutesepedt het trbfmeasRr ad RTA @bedshe poi nt (a)

of Figure S in the inert_gas a%gjgspher,e,,the equi f brium concentration of
vacanci es, VISFUHmg:Pp € B Qf thgdnveation infhe Ae g9scAt@pspheséer eases. Since the

mobi ity of vacangg b i 5 [Wela f he waf e the 1
vacancy concentr at 1%% 1?2#& ngj’gltil %é,\li}‘rﬁo?ﬁg;m %ﬁ%@&ﬁﬁ%&%ﬁrﬂe o'?ﬁ‘géFf?‘Tcgto?on in
the bul k5r egi wafer whick sy yndefgenerm viebseqilentheay GeameAtaSct &n RTAIpfécdagar t he
surface of the r\é@fger, so_that the _concentration of vacancies near the

surface of tAECTHIRELP embodiments phhe daygntionin; thetls pasesmosphticon, rapidly. On the

ot her hand, as t r - RTA furna harply increases, the
equi | i brium concﬁ%@ggﬁgnfé@Eﬁgq%?g%tﬁ? fl?ﬂthgfﬁzi%rﬁwﬁﬁ%%?é &af for
—exanpl e by Freafleewhickhanbidagbhon sibséqRarhesbaedeynier ARPArbddse! Silicon,

with the increase in the vacancy concentration. Al so, since the nobility of
t he intersti¥rErEELe HyertioneiithNpgastand Angpeatniaspheyey, | i ke t he

12
vacanci t her ei R tnferstifi concentration. i.n the bulk regio
r enai nsqﬁi gher th%%&?%%aise%cfg{o FOI rﬁhﬁh#ovcigﬁgﬁ%{j?@f?@ﬁ.z f?—ﬁ&b?g\%f?r, i e of
interstitialaveafacehich his wdergoss a Wﬁﬁ&ﬁ@u&im&ﬂi%ﬁmTﬁﬁﬁ&@&hes the
equi fbrium concentration, as does the vacancy concentration near the

surface of PREPTGEE & embpdimentsaf the invention ingheNpgastand Higghatmesplarat ure for a

period of time upg : ROl i 5 i sion _occurs such that
bot h vacanci es aﬁﬁ |%%%‘?g%?¢qagqgé@hes§éwﬁfg%§é 331(?8? ?f] %{:bgrﬁl%ﬁ%ﬁﬂ%stt?%ns.
After the wahéFigue 228shdiws theoshapcoftOOR thad hid el Chinp P et tadFEr R brdch@ poi nt
(c) of E'%gure 5,.. the ig(% rstié}tgl .poi nt defects, ich have a l[arge

di ffusi oA cSEFHHRE e ‘ﬁ‘&%‘ﬁs & W VERHan in the Nagas sheesiberat i on at the reduced
tenperature. HOWgyRke v j ' h a smal |
di ffusi on coeffici enet?j“lbogca me su g&?%?&ﬁ%%%%oﬁﬁb%ﬁgﬁow'? cul ar,
the degree @hd Figper 23R showmsitimrshape of(CAR thae has ik clpngedaftdren RE A pregison of
the wafer. Iab\A/e%igr : JAN 2~0~ 13 because the mobility of the vacancies
i s high neaf %Eﬂ?%%égﬂ‘?mﬁ Gufvetonap thehp-gas gnd AL gamatBosphgsancy poi nt

def ect's i medi at Figﬂré@ﬁ@ﬂ%h@tdé%h%ﬁb%hg%ééhH]B&GFhCﬁéGFrh?LAQﬁgﬁkmt o dropped
tenperature. Thus, the vacancy concentration profile after e in the

i nert af%ospadFigus 248nshags thet shapecafi(V@R thah hascheers clsinpedhaften afrIRIA peocésst hr ough
8. Also, as in Eaure 6..1n.the. cas ere t RTA of Figure 5 1is
per forned i %?%g%bg%%bogﬁ%gspﬁeth anﬁnggdng&?S ﬁ'é$l ﬁégi‘%%t‘qoﬁﬁh?r%he bul k
region of the waFiurezybatow dbdrin IRGARGmE SkpdratOR Jrv R dicsagR | er - si zed

silicon nitride (Si3N4), so that the vacancy concentration in e bul k
region is | GHepdimentsphigipresent im@ntione vacancy concentration i ncreases near

the surface of t r vacancy.injection.effect by.the NZ gas.
As a result, theﬁ acanf@aggﬁ%éﬁlf#%%%w g%'i“fgedﬁeﬁi’t‘f’ﬂg" WEFRABRME has t he
opposi t25 shppiat dqfé@ﬁishﬁtd&bﬂhﬁdsiﬁmﬂhﬁ?l, dnd the"IG Rhiol(R pilifrak Jraly i cated in

the inert atnosphere. In addition, en the RTA process of Figure 5 is
performed | ReeHke gmpergfurgeradienths at nospheres as shown in Figures 7 and 8,

respectively, thg,¥acancy gencantration i.s |overed through tg(it:%g waf er due
to-the interstitia sill ﬁg‘h"c 1l e&!ﬁ%djf\usga.g%?goquin ¢%‘{?8§1?#“ e a
reconbi nat i pullepf vacancy silicon and interstitial silicon rapidly occurs
- near the surface_of the wafer due to the interstitial silicon injection

effect of the gabigure?dds a sehemativiaw®f anetheraronventional Fapullee acmirdihgtned at a

parti coitar  PEPIRaEE] st Nod RSO Bn 0538010 Ve one t ho RTA of Figure
5 is performed iHgﬁe%ﬁsﬁkéikﬂﬁ@cﬁémt}ﬁﬁﬁci?ﬁnﬁgmhgﬁP;Z and Ar gases or

N2 and H2 gases, and thus the vacancy concentration pr es in the gas
m xture at neEPAkiments efthe peesersinyertéat. by conbi ni ng those of Figures 6 and 7,

and those of Fi .and. shown .in Fi gure 25 9, e vacancy
" concentration p?%%%%e?’? %Qﬂ{a%rgn@fyg% %ﬁ?%ggﬁzﬂﬁ’i?ﬁé)fyj%"ﬁsﬁt ure
at nospheres show first and second peaks at a predeterm ned depth fromthe
top and bottom surfaces of the silicon wafer. Also, it can be noted that
t he vacancy concentration fromthe top and bottom surfaces to the first and
second peaks is lower than the equifbriumconcentration at a particular
tenperature. Also, in the bulk

bod)




30 region between the first and second peaks, the vacancy conc&gtra&kﬁ
profiles have a concave shape. The vacancy concentration profi i@@re
9 can be obtained according to enbodi nents:of the invention, because the
RTA process of Figure Sis perforned hg t he gas m xture atnosphere

contai ning the gases providing the vacancy and interstitial 0 5 JAN 205

14 silicon injectyj fect [i .using a logarithmc scale, the
vacancy silicon cg{r%greeﬁlr%% igg@hgﬁér?ﬁgev%%%q%qg Y&"«P&ﬁ‘?gffm@tweamugn # con
i nj ection ef fleqieaksufich eeNT 48 FgtreS AltR kédpedt ® h WfidtBh 8F BleiflolareidfN,cON

concentration profiles obtained fromthe interstitial silicon 1n ection
effect in Ar AT—E“%j‘é@g&%-rmsphere, the vacancy silicon 5 concentration

profile is less s ’ intersti.tial silicon concentration profile
inthe region fr oﬁgﬁﬁeéngg gé#g‘ SB@YP& rERHAD0f 9XyesR PresRIAkgr cOpcengration at
pr edet er i netheqeptsultcHOREA of Figre/ it fetpét td £ 9MiaRBA6FHe iking Rl | ©

0

becones steeper than the interstitial silicon concentration p I'le from
the predeter ﬁ%%@&@%&?&ard the bul k region. Thus, in the denuded zone

near the top and surfaces of the wafers, the 10 vacancy silicon
concentration is ﬁigﬁltﬁgagzl%gg agﬁ sﬁ?wg}glvmngngf PEYEER Pregipitale copceplrationedis t han
or equal to thegesguftebthe RTA 6fEiR e P it fes . ' ' perat ure,
by the reconbination with the i%?tg.rsti ti aﬁ#?g%ﬁggg%%tg#?ﬂéﬁggnuded
zone, the vacancyFiguei3ddna emphshawiag ivatiatiohaf pkygen precipitaeohenbatigoatal to
and high t ~ e | concentration value. Then, at_a depth of
the waf er m@?g’e&kﬁt g‘ﬁgﬁqg’f‘é{rl%%{éﬁ%‘é?%‘&ﬁh TesRect 10 8, variaHen obthe appealingstime. i o
silicon concent r afizae 3544 4gfph SRSIAS vAIABY OFUR) MR biLiit] iéh dche
vacancy si l iéon concentr at ?%Irz rofilTe becones gt%é%grr‘)nfhﬁg:ﬁn?eﬁ{e}gﬁgoﬁ'téetr stitial
silicon conc@hPFHsialar the &didsof MigwstS withiresprobtoch yreiatisn) ofthe afireelied. The
vacancy sil itg&aelggﬂgentrati on decreases beyond the peaks toward the bul k

region, so that a concave vacancy concentration profile is obtai ned between

the first and sedgteB6aksgraplsiiasing dridioh Bf OyR6s pREBA: BRleiron e
i nventi the v cagcy ,FXI nt defects of the wafer genherate oxygen

preci pi t 2t ePgksatteR of BleaessS withrespestiio yarintion oErampsdowmonteluct or  devi ce
manuf acture. In other words, the vacancy point defects becone nucl eation
centers for oxygen precipitates fornmed by the subsequent thermal process

cycles. The hi gher the \DetsifdyDeoription bEPidéred Biabsighaitst he oxygen
precipitate 25 cqopcentrat.ion,, Thus, the oxygen precipitate concentration

profile can be i PFSEOSIRYRIOH BOY St e Jesed te dellycherginagter withof t he
waf er. The \vafernedtdiBea b ecipifate copcentration
have the foll ovvi‘ngtrel at i ogshlrgé:]dgo gl ’@ﬁ%ﬁ%%%mg%g?%a‘{“ﬁﬁioﬁ% + yVsi ~
Si &z (o¥gernysntien piewshew). Thisinvegtionmay howéves| besinibodien n thady Hiffbent €l at i onal
expressi on m&nga& a tk% vacan%Iy i i con concentration (Vs;) and the
initial oxygéen cone "? 8PS iFopsrye 'aﬁi‘P’é‘S‘iQ the gmbpdisents set forthdewsis t o t he
right, so tlather, tosberifimebar privied SMBRMRHRGL Rl FPLEABESALGAL O

anv.

increases, In the above relational expression, 0 1S a cons
embodi ment s c8MPletfe apdwdhiully ponven theseypsenf the meérmioh ad chosesidkd inaid @ profile
was obt ai ne t ; t heat treajnment on the wafer which had
under gone t Eréaie (ﬁéwﬁQQ kiR hes 6F fayers anci regions are exaggerated for clarity. Like
25  numbers refer to like elements throughout. It will be understood that when an

element such as a layer, region or substrate is referred to as being “on” another
element, it can be directly on the other element or intervening elements may also be
present. In contrast, when an element is referred to as being “directly on” another
element, there are no intervening elements present. Moreover, each embodiment

30  described and illustrated herein includes its complementary conductivity type
embodiment as well.

Figure 4 schematically shows an oxygen precipitate concentration profile of a

silicon wafer according to embodiments of the present invention. Comparing this

profile to the oxygen precipitate concentration profiles of the silicon wafers



5 RTA process of Figure S. The conditions for the subsequent hggt‘j%‘gg@gent
were determ ned taking into account the conditions of the thernal S
cycles in sem conductor device manufacture, during which oxygen
precipitates are forned. For conpari s?n between wafers, after the RTA
process of Figure 5, the subsequent p dcesses were carried out at about

800C for abomhmfAadpgid §¥ ﬁﬁ@oﬁw‘enﬂ@ﬂl’iecﬂ]g@g& Rﬁ%hloeeﬁgwgﬁggxggghgdén an N2

gas at nosphere. Also, 1n order to inv Iga as mxture
used in the theresaist Demded Zbues,(D&sY inavpreddternand debthi ragzefidrh Bofthd 69 gas

m xture usedq?gﬂ)rei nglrt e RTA proq?ess of Figure S were varied. Figure 9 shows
t he vacancy b AesA obthsrrater, and e oxpgenRIesipieterogeamiratipmforms r espect t o

a variation & bkrliﬁa]@.dfitﬂé%' oﬁlﬂﬁ. ] Xture.confaini ’“\pﬂﬁ gas and
Ar gas. Fi gureuB IS a grap %ﬁgﬁtﬁggﬁﬁ%ﬁ\s}%%?%ﬂg‘ﬂgfe@m& %%B’%&% i tant
concent r &t i aegiah betweep drldouble pbakses PEgd arhdumd o VGHyh éi prefipRited 18 pids@, rat e of
Ar [ N2 n‘ixture]Piﬁlgs. In Figure, 9, (a) represents the vacancy concentration

g !
profile whenVERRageROYER tp prodycep seermgcefingt ansmetal c@otamfingntss epr esent s when

the mixing ratio . i : 0 and, (C),.r ents when the
mxing ratio of I\Ilgégng %g?é&%f@ggﬁidsﬁ%eﬂ@&engﬁﬂocﬁy the N2
concent r at i ciecondingda smboditnbyets pLek presbid iventivi ! A oHl-AGAR RhildbRR PRI er, and

the vacancy concentration of the peaks increases. That i's, the depths of
the Dzs, whdP@acmayhswst B the RIA prosessdiinst a slicomevafertrceerdmgtto freocesses ar e

not forngd, SRES i ncrease in the cgncentration. 25
The oxygen ré%ﬁtﬁl?egg gﬁ%gncen%ﬁ%o%fgfw Ua}?%%‘?ﬂpeé?mf%(gzvﬂg St neasur ed
after a furtfheexatripie; adut 70026 foe atstaatbppeidd P Ohe; Otheﬁﬁﬂié}aufr hogeRBOd then
at about 1600C for abqut 16 hours in _an Nz (g)?rms%here after et he RTA of

Fi gure 5 wadW@arRiis &anidly megeased, for example s & rife of ahowe 0963 set toaitemgpetathiZ  gas
m xture at # nanneal.d erature of
about IZSOC?fgﬁém;g%g%oW%' ??erﬁhg}(t){go QEE‘%%F‘%S“% co%olgg%%%ggr anp- down rate
of about 33@selcteriined perind ofaines farfexarnple Abol? 1@ as6sdsi (INL), Bed de/ NZ i xt ure
were varied to be 1/.1, 3/3, .4/.4 and 5/5 liters/mn. The result of

Fi gure ﬁ Sﬁagger?%mﬁéé@@@%eﬁ é@r@y fegreasedpfcemater aftabewt I3 Clsecrpte wit h
the increasghd @@Eﬁwggfﬁegﬁma%?;g&g)gt%ﬁ% t%e Q&r%%oﬁﬁ%ﬁ&%&ﬁhe oxygen

preci pitate concentration of Fi eaks was neasur Gfter the
RTA was per RorAvBunaca (V) eByembodiments bf the RBSs pfooésstilhatrated & Bifufeisythee 31

except that r/ N2.,gases in the gas, m xture were supplied at a flowrate
of 311, o 5ppulbithh DF a3 iEm recil RIS feiers con by-pohBaledntr Yogls at | 05
After the RGACRfstd Origidfed Frecipitated (COPE) Wik ek é%'%ﬁ ARBP rmed at
800C for_4 hOt(JJr?fé andg?ﬁen at I%5100(8 for)’16 rlllc%g |n@g A nmosp eélg. The

resul t 89 Figdrrecanbedissalxed, Auwilkhe deserihed datert wittersferéricowo BigutehEl. gas mi xt ur e

at 4 litersfmn, recipitate nceptrati pn_increases with the
increase in the %??%%%g%ge[#r% g ?#ioig‘ﬁ?g‘s Wﬁr@g'dp‘b%%‘i NGOWeYsi ti ons
of the RTA, i REAudtcding beermibodiients 8f the préxentlihntidit) dicAliRdff (Hibenf Xt Ure, the

ranp-up rate, thfg)dvanneal ing tenperature and tine, the ranpdown rate and the
lie, can be8d%Pi Rfes\ph Bt gasese maxipgrafig of ambientgasés; rampsupfatgeaks at t he

vacancy con - af i, . ncy . concent ion val ue at_the
peaks, the vacan%ﬂe@gﬁ%{é}g{’%@rﬁ vE[an% %&%y eoﬂmﬁ?{crallé&i’ S‘FPjimgﬁ%te)s‘imze of
denuded2¥ onmagcoiteibutt lbeattditing 4 profilgascerdiig FpMre 418 Wilkibe AbicPBePbeld¥y 9en
precipitat eggggrclﬁr;i%rati on at the peaks after the RTA of Figure Swth

respect to cyred putias at leastabons 1130°€ foratrleast At Sseennds.hBomt her
. . e ¥ ont et ot .
D A and - af P IR TR s feorkdd 11567 B oy RE0SD ook b AstEC fods cor £

1250C, the kastdabiligetinde ARG, thetvafed islébokAGRRIEN a0 thtt BEarIBADIGOWRC at € was
set to 20 33Gsec. A subsequent thermal treatnment was carried out for all of

the wafers at 800G BIXtWegNARINg R3S dtichuprotide0G dcancy ifjettirefebtrtoa NZ
Lol R g s B8 e R R R S T e
(i 8ncent rati effiecalis pedis agas B HRRDA xecRdiRg toerfibotimbitis bf the Prdseftt itver®Bf2- 0 X
.In some embodirments, nitrogen (N3) gas is used as the gas which has the vacancy
injection effect, and argon (Ar) and/or hydrogen (H>) gas is used as the gas which has

the interstitial silicon injection effect.




0O 5 JAN 205 17 Figure 33 and Table 1 indicate that the oxygen precipitate
concentration at the peaks are not influenced greatly by the r(rFpjAlp X85 e.
Fi gure 34 shows the variation of oxygen precipitate concentration at the
peaks after the RTA of Figure 5 with 1rgspegt to a variation of the
annealing tinme. For an 5 accurate conparison, the other processing
conditions of th g};@s SRS (o , . XI N atjo of N2 and
Ar gases was set 61?0 SO%suéiﬁgeer am-%%%gge%scoégﬁ%n%omykthe

anneal i ng t erpacudefectswad imettitiabsili@mictctsavich tesect &b Ao of Hetyafgs Set to

33Gsec. . A subse t therpml _treatment was carried out for all of the
waf ers at 8(5’3‘8 %w%ﬁ?%teﬁﬁlcﬁw& 1 ¢arsigchont i Bp, Awanddier ampsphares

Fesui t i s Sheleeuet miaklsRe RS de bR Rpiiint e SRR BE detect |-
concentrati mn@mméakptbﬁldhfoerRM%&eﬂ%@&&sﬁh&&%&pﬁ:t%@Qﬁd fx 10 Figure
34 and Table 2 indicate that the oxygen precipitate concentration at the 15
peaks is i nfPRIEFEEHeHRcansE a%ﬁ?&ffqtlﬁé)qﬂit fecbenncenization pecdilésnrpspeietively] be

conti nued f QfePthe hfﬁe%@ﬁ%?%ﬁﬁﬁogpﬁ%t he oxygen precipitate
C

concentration of at [east nor e the peaks. Figure 35 shows the

~vari ation of oxyg’esrshpWﬁdriﬂiete&ﬂ)bdimeﬁt@mFigiﬁe%%itﬁfbughSEMEVQ%?{)%E&%& he RTA
of Figure 5 with resrg&(ét to a variation of the annealing 2 enperat ure.
For conpari SORCCRirAOIHCABYeXSuBedadicatel ydaDiaftenthe RFA intbe BEr gaer e kept

: . A | 0. Of A .0 50:50, th
¢ amp- up Lt & ospdE PsTo Gt bollon Bt of ARCRardl SadFas bk 3 e conas.

and t he' r ambulitaegion af thewedfers WhdnhSaiReaturé of tHe FEFK! Althade heFaRily  r eat ment
was carried.out €félor gllf of the wafers at 800C for 4 hours anhd “then at 1600C

for 16 hour SFRS FESHterat thepoip (21ef Hizyra hin e inertgss amashiergr evi ous
measur enent ghe éﬁhﬁﬂ)ﬁﬁﬁl%hcéﬁaﬁ@&ﬂab&c%gg%ﬁcﬁexriﬁt ragpgigﬂéég?c%ggéﬁswlég LE 3

Anneal i ng Tenper at ur eOxygen precipitat€ conce
(eal cnB) 12. 8Bmasesx SiBedhe 0BG of vAGIncitSR low inkthd BAkQFioR ¥ B whited; BeX 10

Fi gure apd Table 3 indicate that the oxygen precipitate concentration at
t he peaig i gg(faﬂﬂ TRSEURAUGY rerprins g wertham, the cgpilibrivin gencentsatipntin hedmlieal i ng

t enper at ur e rdpidid Qb Wek®, the HvérAint 6¥ vz%:?ﬂ?és 1@{’&{%{3 3%%3860%?%3% §fe%%tv}c r. the

oxygen precipitate concentration o eas e peaks.
The anneal i ﬁgﬂqaétbpé:pa@qmtr@um vacancies near the surface of the wafer reaches the

equilibrium concentration, 'rapicily. On the other hand, as the temperature of the RTA

furnace sharply increases, the equilibrium concentration of the interstitial silicon is
20 - lowered, for example by Frenkel recombination between vacancy and interstitial
silicon, with the increase in the vacancy concentration. Also, since the mobility of the
interstitials present in the bulk region of the wafer is low, like the vacancies therein,
the interstitial concentration in the bulk region remains higher than the equilibrium
concentration. However, the interstitial concentration near the surface of the wafer
25  reaches the equilibrium concentration, as does the vacancy concentration near the
surface of the wafer.

When the wafer is held at the high temperature for a period of time up to the
point (b) of Figure 5, diffusion occurs such that both vacancies and interstitials reach
the equilibrium concentrations. After the wafer is rapidly cooled down to the

30  temperature of the point (c) of Figure 5, the interstitial point defects, which have a
large diffusion coefficient, reach a new equilibrium concentration at the reduced
temperature. However, the vacancy point defects, which have a small diffusion
coefficient, become supersaturated in the wafer. In particular, the degree of

supersaturation of vacancies is high in the bulk region of the wafer. However,



time are closely associated with the oxygen precipitate concentration.
Considering the result of Figure 34, it can be noted that fofl & JAdF 03050
concentration of oxygen precipitate, the annealing tine can be reduced at a
hi gher anneal i ng tenperature, 10 wherf:gs the annealing time can be

| engt hened at a | ower annealing tenpet@ature for a certain concentration.

Fi gure 36 shpws 4-at | aiod .0l ntration at the
peaks after themmh%e%lgﬁﬂﬁ%dﬁ% %chI t hgfg%%;elg eosnlgfg%a(sr}f@{%fﬁr’o “the

ranp- down r atancerfmtion ofiparancyqojnt tdefectimaediatehoestiengnewbgiilbrams of the RTA
wer e kept consta tt’ . e., tk}\)g)e%S m xing ratio of NZ and Ar gases was set to
50: 50, the r‘é%?[gﬁ ipn pLthi Jronped tPeREEec  t he anneal i ng tenperature was

set to 1250C and 1hg @&BR&EhLENSdchiiE:t subseguent
thermal treatnment was car%!ne)g out@o@ﬁirﬁﬁ%#e?t%%ggé%?@gz?e%% 4 hours
and t hen %t @A0a@ thecofiexishapesasishoven NAigire6 fheuph.8. Whi ch was the sane as in
the previous neasyrenenfs. The result_is shown in Table 4. 20 TABLE 4

Ranp- down rate (CERL)3®S indfigue 6 mdbecase mhersttheRTArof Figyse 5 lis

(eal cnB) 108. rf&g;jg(g _ - X . 10Q....0 ~ SAN.a~Q: 3.0 x 10903.5 x

10 Figure 36& an Ta%l%q%%a%%?ngoasﬁ g&?’ﬁ%"t gz%s%vehl%ﬁpf%at%sr%@%? %‘iq‘ée%?}’rl entration

at the peaksthe svafepcoihints et estageyesilidoy t& prodies snilbr-Sleadsilicah @itrigowever, the

oxygen preci Ega)t:e concentration slightly increases with the increase in
3EN4

ranp-up rat 5, that theragaigy gonasatrey thegrlkcregion ig lewersdc Mieanwhileo n

Bpge
profil esjgobt @i 3“&0?1 he. eat atnent, atter the RTA
process Iggcotfﬁgiqﬁ%n%o e%ﬁlﬁﬁﬁg@%@%{g@%?‘é@%w' \Wéqlg 995 0 HeBCMEE pect to
the ki nds ofinjgetionustect juthe Ny ghé) AR fesule, thévauicy cbcentrationl SIRERSE MeN, he

oxygen precipitate concentration profile_ of a waf er fabricated in a N2 gas
at nospher e, %%&%@Wﬁ%ﬁﬂ?@@%@m@dﬂr bOde dent ofithe WwaferNz gas and Ar

gas at nospheggricated)in HRRAES &HoSpicRat of a wafer fabricated in a N2 gas and
HZ gas atnosphere, (d) represents that of a wafer fabricated in an Ar gas
at mosphere, and (lepdditpn,edentse REAtprodessofBifiae 5 fispsriosmt®th the A2 aliPHgas

at nosphere. For, conpari so t he .RTA and_the subsequent heat treatnment were
carri gdelgﬁt %‘ﬁa%s%eﬁ%sl %a‘g%% “ﬁﬁfﬁ‘é‘rss ?ﬁ@d éa‘ﬁﬁ’%‘i“ﬁ’b&?ﬁ‘ﬁ‘@%ﬁﬂ?@ﬁﬁ?ﬁn That
s, the RTA Whsiehd iRigo i Rbtol $R06 tholcl i ALGRAhic A g spbseauent

e abdve, a 0

heat treatment were performed tw ce, as descri for 4
hours and atPalt®uBG sinse axecomdination Tfeacancyisilicon ancbintensitinl silicohakpidly5. TABLE 5

Gas usedpea e epDe S0 . ce 1 -
DZs COPpr eci E’lcf?%gﬁér}%‘? &t gétﬂe FRyaus I e imgerstisial é‘ﬁ?qndpleﬁﬁ‘RRﬁfﬁeéh‘i’frth‘% i onabi |
i ty(cm 3)i n gasdshased dheovtckaidy pM¥efiritich 48 be nb@ Rt Uikt GoncchAfrich,
1060H ghNz3 x 10~ 1 x 100None(detectionlimt)N2 + Ar2 x 10""S X
10910Med0unghich isjghe sguiliyguma coucestption at a particular temperature.
In embodiments of the invention, the RTA of Figure 5 is performed in a gas

mixture atmosphere, for example, N, and Ar gases or N, and H;, gases, and thus the

vacancy 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

25 9, the vacancy concentration profiles of the wafers fabricated in the gas mixture

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 thé first and second peaks is lower
than the equilibrium concentration at a particular temperature. Also, in the bulk

30 region between the first and second peaks, the vacancy concentration profiles have a
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



0 5 JAN 205 20 Figure 11 is a diagramillustrating dissolution _of the COPS
near the surface of the silicon wafer as the RTA of Figure 5 iﬂﬁ:a’Arhbaﬁﬁilt
in the Ar atnosphere. In general, the COPS: which are fornmed during the
ingot growth by the CZ technique 5 ha1v a ‘broken octahedral void shape, and
a silicon oxide layer 22 is fornmed on the inner side of a void 20a. Al so,

when the RTAiRIOAGHSSioneALGSE.f Q&:ﬁg '.g[‘uﬁnﬁ }Ogé?%g%%g%}mﬁ%g{% Sgﬁ wherein the

gases provide the interstitial Silicon ion Sbrface of
the wafer, téfacaBRsion phifiddotarisedires dirt vaoamy silioen widctios effeet mtm@ngéﬁr, are
di ssol ved. 1{11 Descri gi .4 di.sq'ig‘J&iuti on nechani smof the COPS in detail, as
the ingot, i nhIWﬁ > &%&'eﬁsgt‘ I RseRtign profiesiobfained| fromtheent rat i on O
during the cigdtiihl SlOWidlectibs eSQ9 e gx(xgg ngentration of the ingot
beconmes supersaturated a ectlheecooﬁlfﬁﬁoiﬂgﬁ%era u?pggpe’l'ﬁﬁsv,acatnﬁ%s B i al oxygen
concent r & i ovpnoéntration perffiir is less steep thathe tltersiitid eilichis cotlcsrasigR BfofiRl iy at ed

beyond the predeterm ned solubjlity of oxygen (indicated 15 "S" in
Figure 11). %m&%&mw&qﬁ%&me ribewefezn to @)qufléf&rmlmngdepﬂxface of

the waf-er i sgeRelk thdva ‘lf-]'%%l%o @g[ﬁs . pr. rmned sol ubiljty "S" due to
out - di f f usi on of oxygen t roug)h t eﬁtgﬁ}oﬁgggﬁ%&%o%smgr% fwhi 1 e, in the
bul k regi on ioferstitial siwba conceimeation pesfilafiomahe Pre@xi¥ained SepthRlatEdhe bk the
void 20a and is uged to f%rmthe silicon oxide |layer 22 on the inside of

the void 20d¢8RP-sdMus ihthe degpded poneingar e Jopandiptiopnuisiacesaf therwaferasthe he

surface 1gf t j I et n the.surface d dashed line
"T" of Flimgur%gidle?fslﬁgo 4 ‘té(;shg&%%g?\n ? r%ﬁ%?@ e?teorr\rﬁﬁ)gvda tl“iﬁlgﬁl\wl’ §le‘?%“tg?“ oxygen,
oxygen i s dicgsqialéd tewdquilibridth eomiehtration valie d€a paRilaf RpeflRYDY thor med in

t he void 20b and .si nul t.g{l{gouslé,si |.i.con is provided onthe inSide of the
voi d 20b dud®tBRRmation ity the inferstitialsiicopes, Baypad thelenededeone, dhe vaoacyas whi ch

is provided gli¢bh B&8nde resuli. .t Shze i he void
20b decreases and th%ﬁﬁ%@%@%?ﬁ%?ﬁg%é@gﬁiﬂ%gﬁﬁ i
di ssol ut i on cen¢eagration yalueRThep, a aalepthadt ter wafagwhere eidiffereRittetvden tite pr esent
i nventi can be extended. t o. many kinds of wafers. As shown in Table 5,
such COg%di 3%87”8? o m&?ﬁg@{ selffﬁ? Cé@%ﬁﬁ%vé@eﬁﬁaﬁgestamg{ghgn&n usi ng the
Ar 30 . R SR j

1 30 gas. KB @8 vidubPSRkARolGnRifor SIBHRUEAMS SO0 fith ARG SXYHE"

precipitate distributions of the wafers o ave ergone Subsequent
heat tr eat méHlicornsonsentrationraks inst ahdsesond peats)ge forpied  IThe adaicycdlivegnt r at i on

profiles of Fj .10, | rti ar, . Figure 1 orresponds to the case of
usi ng ‘Nz _gasc Eh%“ggtrn}en %e%%egiee%odxﬁﬁi&p%s tog’ﬁ’“gth\?ié@( Legignosp Bpfd asFeof usi ng
Ar gas, Fi guaeantycomenteapapiisilé B obhihed ds6vedh il &aﬁ@eﬁésgufe 15

correspgﬁds to the case of usi ng N2 and Ar gases, and Figure 16 corresponds

to the é4se of udicRgrds taqhe jaents of the inventior, giet vaodnog point féfeess ef shows

the top sur Lt he .right -thereof shows.the bottom
surface of the ﬁ%%&%@%ﬁ%%@gﬁﬁtﬁw%hﬁ na) progess CHelss dyF R howi ng t he
~depth of DZsémicombhcreaievicdmanifichas e 0bththwo s 6s %acaﬁ@}e%&nmf&w&hn
preci pitates exist, which have undergone the subsequent heat treatnent

after the RPACealion crulets forxyasa presipittesdopnedhycthe swhsequensthenmal prasess es of
Fi gure 10. MG L O nis,t case of using N2 gas,
Fi gur e 18 r ggcrwe)bgeﬁrﬁe s émggg%ﬂéfcﬁéfﬂr\%%iﬁﬁg%é{ghﬁ B PEers PFegﬁ’r“@thnt s tg he 10

case of 28isi nopdeitrafion, ThugtheoR@en pleciphas condehiRatichSitofik cis b&mrdRgand Ar
gases, and giﬁairj‘ég 21 represents the case of using N2 and HZ gases. As can

be noted fr VacagCy ¢QiceRAtpR prpfileafhg wafsed in the N2 at nosphere.

Fi gures 22A throggh gé@c céﬁﬁl‘a' w ng. the shapes .of K as-grown .
COPs, and those of  COP yta{?glt a@%’%@@ﬁég?&%g@py%@w apigihaye 88 qure 5.
I n 15 parti tllowing felationship: 22A and 22B represent the cases where RTAis

performed iu the N2 atnosphere, Figures 23A and 23B represent the cases
where RTA is perforned in the N2 and Ar atnosphere, and Figures 24A and 24B

represegy the caggg; a H2 at nosphere. As shown in Tabl e 5,
the COPS are not Eﬁgﬁﬁlﬁsg{lﬁy |"s‘£s1 Yed in

= Si0; (oxygen precipitate) + Sir (interstitital silicon) + o

This relational expression says that as the vacancy silicon concentration (Vsi) and the

initial oxygen concentration (Q;) increase, the reaction proceeds to the right, so that



the NZ at nosphere. Al so, the dissolution of the COPs is snooth in a gas
m xture 20 at nosphere where the NZ gas is mxed with Ar or HA) aph ?nﬁ‘in
particularly, the COPs can be conpletely dissolved in the H2 a m)sr\é) dre.
Fromthis result, it can also be inferped that reducing the sizes of COPS
in the as-grown state can assist in CE) | etely dissolving the COPS during

t he RTA proc Ei .e. 5 | ts of .the present. i npventi on can
control 'Ito he gllg?%( CBS% Elg ﬁt%f)%‘cot“ﬁgﬂ ]%gbg%(}ﬁegﬁesp Pé@'le Sﬁ?vﬁrggh??ﬁl FERYeS51oR: ©

subsequent tie@rcopdtagpr ocess cycles, which are usually perforned in
sem conduct or devj ce _fabrication, by perform ng the RTA process of Figure 5
on a silicon waf dPenbrimenisafihe Brensior, the pxygan precipitelsaontentiatiohprofilg whi ch

the RTA pro > il t invention is.carried out, and

pr epar at i oncggom%%%%ﬁfﬁ?%%g%éegﬁé% grg?q:&}\%t M %BB@{/W??&]]&’&@ “P§6,5§°I}’?6W will be
descri bed. 3RTAipgatess AFigge 8. Thovsrditvas fmthd dubsendit hbst tRagRE ¥ebon Of

waf ers according.tq a _enbodi nents of the present invention, and

parti cul ar | ydetsrmingd taking intp accountdhesondiions pfthe theonal proces eyclesiyst al  gr owt h

(S10). An ov i gener. fering technique.is provided in Chapter
1 of the t'exst%gl\édgﬁ&ﬁ%% ée?g:ﬁ Y'Pr%f%é%%%&@%?’ﬁ’ég"xﬁf% reepytateygre frme(. rI%F ocess
Technol ogy" , comypafisonWetwecarveufErs Mftef HIETA ptd28& of F&mé%,etﬁes& wdhScl osure of
05 ~~~ ~~0~ 22 which is hereby incobgorat ed herein by reference. Referring
to Figure 25PTOfasEes Jeresaricdpytat abapt 8PP Elos aliomt # baess and et ahops1600°Qfawt h st ep

S10) of{qor amg I si.ng,.a llet, a slicing ste S12). of
gl i ci) ng %ﬁe%ﬁ%%@brﬁ%ﬁ%&r@?%gﬂosﬁ%ﬁ?ng step (SI14I) gf rogn((:li ng) t he edge

of each slice or Alss; i oglet teintdstifas @ clectSdfi nﬂ&ﬁfbu&%ﬁﬁxﬁﬂmg@siﬂts" >
cleaning step (S16) of cleaning the surfaces of slices, a donor killing
step (S18) ilaveatienjadlpvorate andgixinggatiopf the gasavistrobsetiduring flerRTA wher e

sem conduct ¥ 7 , e _Rolished (S20 and the i shed
wafers are I%%éelb i aSng%gﬁ{%’?e%r efgéﬁrﬁgsé(f%sgtﬁfé?ﬁ))éﬂ?ﬁ?ﬂm‘ﬂgpogﬁ%ltant
waf ers are pliektg®TA &PFigureSTWitofespdcyty & virial6 of W Rixih® rABRAGIRRAL S Of the
present J.nvention is 10 perforned in the donor killing step (S18). RTA

accor di g t JUSPRRFONLANBE Nagat andAT gase Figugasins aigraphishpwingdbmvasiationinr | ed out
in a separatg ,lgg,yg%e nekdi; .8rable to perf.or he RTA in the
donor Killi ngy%%“g‘g“( 18 %%#%@H%{ﬂ}ggbg SS%1 nrgpd)é:‘gtetpaal‘?an& %&%Fﬁ??vng -
.refers to aatgofdefl miktugogaserti ng oxygen conponent contained in the ‘
silicon ingot, V\@ﬁllg.h arasg @resent in the formof ions during subsequent 15
seni conduct or  devi EB e (AIEPresTHtSNg Va@RCycongenisation profilewhen the mixing

i mpl ant ed | FREY bR, 4@y is 7030, @ ¥ eGPl ; ' t nd, during
t he wafering pr ocezss in lgr der % ‘?)g%ﬁ%g%ﬁ%gmggﬁsgﬁlgﬁ?? gf}g?aé%ﬁg{sirg@%hg as
donor. #Mi s ard &) repressnisovhenithe mimingadtio of Nasndahds 80700 @ fhouldeqioted30 seconds

& ol ter i ey AREGlipBeSald b pivks SR o et bt wTanown |-
Figure 27, tahéteZapikcy eénckRRationdf deiesaRs ﬁ%%&%ﬁiﬁé'&ﬂé@h%‘ﬁﬂéﬂ&
r

mechani sm an environment controller and a conputerbased control system
The CZ f ur n3ers the gxygen pracipitates dne togthe subsequantprocessaserd notrfannaed, dlizeplinot zone

furnace include e " uci bl e 106 which may be made of quartz,
a succept or 6k ﬁﬁl gﬁ%r?aycr%%ér%glg COBYRBA™® and a rotation shaft 110 t hat
25 rot al®s about Th@ogyges pieti afd@ﬁ&n@aﬁ&?éﬂﬁ%luég?aﬁﬁle as'in&8@el NI

j acket or port 132 is cooled by external cooling neans such as water

cool i ng. A REgka Wrthen thermpktreatmentyas abens 8807 for dheaik 4 thoersramt] thtinsdt mbdout i on. A

addi }onal - (RG0! o8N hbte B T BRI A RESTEA gt el < i nch udes

a crystal pubinple@ds Biefd, tHeOT M 8 HefBiindd Wy FHoi .k S al glrfﬁ,gﬁ,g‘pond_
direction 122, opposite to the first diréction 112, 7as shown. rystal
pul | i ng shafate eb@ont30°G{ree, aa anpending tingheratire Ofiatmmt 1 DF0°Enan srvealingftimeThe seed

hol der Oa Cryst Z4, whi.ch | | 1ed froma nolten silicon
126 1n The o eptds SRR B3RP gk oot St 330hes e T Sregir e
' Ar/N, gases in the Ar/N, mixture were varied to be 1/1, 2/2, 3/3, 4/4 and 5/5

=

liters/min. The result of Figure 31 shows that the oxygen precipitate concentration

increases with the increase in flow rate of the mixture gas.
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25 were incorporated herein by reference. Thus, a detailed description
thereof will be onitted. Figure 28 is a schematic view of a nolif J&N 2585
pull ey disclosed in the continuation-in-part applications, in which a heat
shield 214 is nodified conpared to the CZ pulley shown in Figure 27.
Briefly, as shown in Figure 28, the nodifi'ed CZ 30 pulley 200 includes a
furnace, a crystal pullin chanj.s an_environnment controller and a
‘conput er - based ¢ ?ﬁ%‘gg :313' %@?‘gﬁ? Tﬂdécaﬂ‘]()'tha"z@ﬁ OX¥EGR RECP Pl qoneratratiomadber 204,
a cruci bl e ks @e aoCiHMRNGE] B @ra[n%-ﬁf,ma shaft 210 that rotates about
an aids in a first direction 212 as shown.” A cooling jacket 232 and a heat
shiel d 214 may pritaired4 shawsthe parigpion afl dkygen peecipitete wahceniration 41uhd poaks and a
heat pack ZOﬁwﬁg{gt@{{lg%ﬁi he ft]gsorbi ng material 216 tqQ provide additional
thermal di stTibution: 2The' ?\/@ TesPft 19t yaciatien ahthe pneating tme. Horany st al

pul ! 19 shafdecidd ohipfiolPte b bfocahgicohMfotirind A BEROT Hhifig! | O

222, opposite to the first direction 2 own. pul |'i ng
shaft 220 i €l theosixingyatdelohl} adut APgGes was deht 50350, thanaptup rhkewaaetiohol der

220a hol ds d grystal. 224 which is pulled fromnolten silicon in the
cruci bl e 20?0;5@%%&}%%" BEupsgurefias sehiQileofretd the rmmfowy sate masray

[ ncl ude a_chant@s eaal 98 Wiikedidfh mbil HORRyAGKER P fu i eIl
controll ers and vacuum exhaust systens that are not shown. f:'Isfﬁaef
conput er - bafe80EE for dhowry sndthenay 1 6H6°0 frd Gthoumsdnk Ny latrhbphBreaivhidl wak enent s,
t he pul I1 y d_ ot her. tg}lﬁectri cal and nechani cal elenents. In order to grow a
nmonocr yst al I'Tne & T PIAYRE meaptementyy Thezesu is shown ia TabletZict ed to the
nolten silicon 226 and is gradually pulled in the axial direction upwards).
- Cooling and solidification of the nolten s~7icon 226 into nonocrystalline
15 silicon occurs at the interface 230ARIE @een the ingot 228 and the nolten
silicon 22¢—mn \,UlltA]:xsf to-the— A puHey—of-—FHgure 27 the CZ pulley 200
of Figure 28 further PRERGEIE, neat shi| PHERPEF ARt ganqentration 4t peaksd hi el d
214, which|permts nore accurate controll of the V/ G(%g&h’ . Figure 29]is a
schematic Wewof a modified CZ pulley according to enbodi nents of] the
present inyention, and Filgure 30 illustdates detail $.00f 10f0di 1 ed parf]s of
the CZ pul reyof—Frgure29—+n—gures—29—-and-30, e reference nunedal s
used in Fidgure 28 are used to refer to ke el ements-0antOonly the
differences fromthe CZ pglTey of Figurg 28 wit D H :,Mui'ucu'. As—shgwn i n
Figures 29land 30 the changes fromthe|CZ pulley 3%' I%lgure 28 include the
shape of alheat ?5 additionad.sixngral | ati on of ja heat
shield pl afe ; a hsing—300 which _a_90-rot at ed
trapezoi d shape, like a an i nner heal-0&hilel d housing Jal |
310 and an outer heat shreld housing wal 330 whith—preferabty—are
vertical, and a heat shield housing top 340 and a heat shield housing
bot t om 320 whi chFigurerfdomd(Tablei 2indicate ticht chetoaygdpgaécigibitetshcbugionat wal | s 310
and 330 SHef)?ealk ?ﬁhe 30 at.shield housing top 340 sl opes upwards at an
. angl e ot —3Pyks I Wflieneed By o s ged thesanealiags T eonipeedi fay wal | 310
to the out est IbRa5 séddndd 6k HGreTH . it : ' usi ng
bottom 320 sl opes downwar ds atﬂgﬁwg*légelnég%%m\é{t%Cbﬁ%etr%ﬁ'?%&eﬁgfﬁﬁéysgt@lﬁo 26
hori zont al erwgctattheipeaks: heat shield housing wall 310 to the outer heat

shi el d housin | ] 0, for,m ng the trapezoi shape as shown. _
: 9 Vﬁgu:e%% shows the vardation of oxygen prec?pitatiog concentration at the

=K

peaks after the RTA of Figure 5 with respect to a variation of the annealing

20  temperature. For comparison, the other processing conditions of the RTA were kept

' constant, i.e., the mixing ratio of N, and Ar gases was set to 50:50, the ramp-up rate
was set to 50°C/sec, the annealing time was set to 10 seconds, and the ramp-down rate
was set to 33°C/sec. A subsequent thermal treatment was carried out for all of the
wafers at 800°C for 4 hours and then at 1600°C for 16 hours in a N atmosphere,

25  which was the same as in the previous measurements. The result is shown in Table 3.



The ring-shaped heat shield housing 300 may be filled with a heat absorbing
material (not shown), and may be ford of carbon ferrite. S AISﬁ, tg zﬁst
shield housing 300 is fixed to the top of the heat pack 202 by é 4 gp
menber 350. The heat shield plate 3601és di sposed between the heat shield
housi ng top 340 of the heat shield houSing 300 and the cooling jacket 232,

around the ingot being pulled. The corFi tion of the CZ puller shown in
Figures 29 and 30 can allow the 10 cooling Tate of the ingot to increase.
The size of| voi ds, Anhealihg Temparamsent | n { l0kygedl prédpital0QncertintiBh Af y

proportional to the square not of the injtial vacancy concentration a t he
ingot-nolteh silicon interface, but invefsely proporém) to the squpre
| A H

root of the[cooling Tat elé)goihe Tngot—A$—desecH’ beuW
Figure 11, ps long as the 'Size of voids present int Xiﬂgot, which afe

formed duripg the crystalagyowth, i1s 15 $malTer thang g ApEdeter mned pi ze,

.al though the—pulled ingot contains voids] the voids can be dissolved from

the DZ throﬁgh t he RTA plbdkss according|to enbodi meh0x 10f the presenj

i nvention. [fos;—nordet—+to-—reduce—the—pize—ofvoidsinthe ingot which

i s desirablfe according t 1% bodi ment s of | t he present’-@®¥MOnti on, the cpoling

rate of thel ingot may Z0ifg | Ncr eased. Af tte—Toot H#OI teof—the—+ngpt

i ncreases, tenperature gradient Gc at fhe center of f‘ﬁ i ngot may

i ncrease. Therefore, if the V/Gratio is constant tor a predeterm ne
rate of the ingot (~ should be increased.

defect distnbutiaqn, t pulling.ra -

According to enbg[gg‘ﬁﬁggémgﬂ‘a?lﬁg"}!ﬁl@é‘éﬂ@tﬁhﬁ@émeil@fﬁcmltﬂtecﬂode&nmationnﬁhease t he
25 cool i ng rabhes Rfinfhulficel I S Akt n or pore based on the

t enper at ur e of thfg]qungcg?qggﬁ%%%e%fgﬁtteri %ﬁ@ee(g‘}({]&l?gmg%]&g FWRERAESt from t he
t enper at Ur e shbultbe highget atriedst #ous 123020 0r iidke TorE€oky@eR pRIcRitgteer M ned

tenperature of the.i nggg at 49 ast one of the length a of the inner heat
shi el d housi PYFRRIOBIAL leastl g?ﬁg@ﬁﬂ@f%ﬁttbﬁ%m e spagalingiemperatioraidng wal |

330, the angifie are@fostly asde@led W fthgogsfgstﬁ?ﬁ%@ﬁtﬁ@gﬁ?&h&&tﬂﬁhmﬁggfm@;8t QﬁdBO

heat shiel d housing bottom 320, et ween
the inner hehereswi of Highwo 3, igamid hoted that fone celitsit anrentfatatofegyigenhe cruci bl e

206 and the t.er .heat shi.el d. housing wal] 330; the distance a -between the
i nner and oﬁqélplﬁaé%gfks%ns?lﬁgﬁlgﬁﬁaﬂbeaﬁ‘@ & pghRpAmISY et EDIRMaNCe b
bet ween 10he vilitiess tiedine Sl @it daR e Idagth wieatng teth d the

y P68 IAGHARLd at a 10we? aéﬂ?g?%‘eg?pa%gaéﬁ%g

mol ten silicon 226, and _the position of the heat can be
vari ed. |n toggag@zopgentratiorof Fi gure 29, due to the high cooling rate of the

pul |l ed ingot, theg J rate of the_.ingot can.be increased, for exanple,
in the range of 8:‘@8&? %Q%wggh%v%w&fo R RECIPIHE CPRIGBEREGDAtthe Braks he

i ngot can i rfteedw®TA of Pigtlie!S with re8pdet 858 # $&iafion HPh rddug-85wh P4tk b, VWaf ers or
- sem -perfect wafers, which are manufactured by theh{g%I pu‘ﬁ?et o?éﬁ:i gure 28,

can be provicQBRARD, theother prpcessee conditipnsyafithe RFA tvreze kiepswomsgant s, the

speci fi q8t i QRixinbheE v ' ded ¥0ical preferred epbogiaents of
“the i nvggti on a%g?ﬁ(g?{lﬁ%uéﬁgﬁ%gg% ?:&Jcé%f %rﬁyfgﬂgrgtﬁ&ugﬁt&qu%&togﬁtaa »used
in a generi ¢haameglingternpiratues W&y s2Lto01U50° @Ak thE hndeMingRihd @SSt @6 161 M tati on,
. ¥

_the scope of the invention being set forth in the follow ng clains. Q5
J~~ t~~j Ré?ﬁoélg&n‘érﬂ‘ sequgnt thepmad tyeatyarpy was carried out for all of the wafers at

800°C for 4 hours and then at 1600°C for 16 hours in a N atmosphere, which was the

same as in the previous measurements. The result is shown in Table 4.

20
TABLE 4
Ramp-down rate (°C/sec) Oxygen precipitate concentration at peaks
(ea/cm®)
10 8.0x 10’
30 2.0x10°
50 , ' 2.2x 10"




28 What is Clainmed is: 1. Asilicon wafer having a top surfacq]Saéﬁﬁg@ﬁf1
surface and an oxygen precipitate concentration profile therein bj t he
top surface and the bottom surface, the oxygen precipitate concentration
profile conprising; first and second peaks: at first and second
predeterm ned depths fromthe top S a bottom surfaces of the wafer,
respectivel |; and
the first pgak and betweeh the bottom sufface of t heQ&fl8r and the sefond
peak; and aJ concave regi ogg between thée T|rst _and se ’) 2
silicon waf of Caiml _wherein the oxygen precipitaté concentratio
profile is symetrical with respect to a central surface of the silicon
wafer that is ce .rall%-lgaﬁgeg.b tween the top and bottom surfaces. 3. The
silicon wafer of o fO Fé&i 1%%%&6bﬁ5lﬁﬁxmenmlm@mm@qemme@aﬁtbei n the

range of abopdakd Bmbi Rl {éQﬂS} ihe (faces of the -
.silicon wafer. 4. The S%}{Ié?%%n m?%@%#%f%%@?%&%&%E’éygfgpth of the
denuded zonepre¢ipitaibooncemtationfslightlytioecdseswidt the dicfease!inf raguphtet he silicon

wafer. 5.0 The si Il;L.con 1}gﬁa{ler &1‘;‘ Caiml, wherein the oxygen precipitate
concentrations attEHE 1Pshays GXBRER PRy pYatsconeaniration prediles obtsined 1 109 cm 3.

6. The silicgp P &{%E i xygen precipitate
concentration iugﬁztl%resug%ﬁ%@ﬁtérgeﬁon %ﬁe@%ﬁ?ﬁﬁ%efssgwg#&%s@cond peaks is
at | east abowbodinkis afithe3predent fiventivin| with fespétk & (e fkirds dF Pad usediisi) the Cr ySt al
ori gi nat edwggﬁxi ﬁibﬁat es (%PS& only are present in the wafer in the concave
regi on bet 1gpresl0, () dervesents dheeren precipitaie cgncentrativa pRefie afenent page
2 6 APR 2004y 48 @bri i st licon wafer . rising:
-perform ng a Rapi dnc%ﬁégﬁﬁng?gﬁlggag%ﬁ%w eB I%?%(tzse%ét ogr% %X% f?‘f’%‘@ﬁe%ﬁf‘er

havi ng a0 oN=gasfand &r gasiateobeten (o) sepréeas tha ofd wafdrFapiaka P4 Ng gldmdni Xt ur e
5 conpri si nq_ila a thchda S a vacg}g;: injection effect and a gas which has
an intersti t128 SMP9PaHS; f’é"’é’f‘isﬁ‘ﬁs wafier fahdcateshin g Arigss etemsphard, aces of
t he silicon aai®reptt&nBapa" PravLe. X Wele IS Wii.ch serve as oxygen
precipitate grg?vt hp sites dtflta(rn% sublgggiggn%tgﬁgg?{% r?ger'\t, in a nucleation
center concent r atfosporppasispi,ahé REA anH éhet swbsequent heat treatment were carried out

on all the wafers under the same processing conditions. That is, the RTA was

15  performed at 1250°C for 10 seconds, and the subsequent heat treatment were
performed twice, as described above, at 800°C for 4 hours and at 1600°C for 16 hours,

The results are shown in Table 5.
TABLE 5
Gas used peak oxygen Oxygen Depths of DZs COP_
precipitate | precipitate (pm) dissolution
- concentration | concentration ability
(cm’®) in bulk region
(cm®)
Ar 8x10° 8x10° 50 . Medium
H, 6x10° 6x10° 60 “High
N, 3x10° ~1x10° 0 None
(detegtion
limit)
N, + Ar 2x10" 5x10° 10 Medium
N; + H, 1x10" 5x10° 15 High




surface to the bottom surface of the wafer, the nucleation cenﬁgr n
concentration profile 10 conprising: first and second peaks at i JAN 2600
second predeterm ned depths fromthe top and bottom surfaces of the wafer,
~respectively; a region having a pr edeésrrri hed nucl eation center
concentration, which is lower than a itical concentration, between the
top surface of the wafer and the first 1 S peak and between the bottom
surface of the wafer and the second peak; and a concave regi on between the

first and second Bigadest! inndiapend indHaagy dissiRgaBIent cheah Mﬁ‘é%ﬁ@% ©n the
profile T

(&
silicon wafer tﬁiﬁform an oxmen reciprtate concentration omthe

top surface {6 Stien pafer anths igiire SHe camgiédoyt in He Avargesphereedhpi t at es
concentratio fq hsing: 20 .first and secqond peaks at first and
second pr ede&#@n@%&%%&ﬁ% dyrgig the wepLEPEHh R e Sdetscltiquene waf er |
respect i \Gel yhave abeske@dtahiodial voidshape€ tang & RilkcbiS odi I waf er and
‘the first peak and between the bottom surfaceoo?g{aggz\?\g‘gg)frgg%gﬁt e second
peak; and a BBecHeofRagidiabdtlses sihen e RTAprocasis patansd ieals or B3 g  The
net hod of d ajn wherein.the step.of perforning a.rapjd thermal "annealing
process al so pro@ﬁﬁeégv Sre\l}]a@%ﬁwsB@&@gﬁ??&ﬁfﬁﬁmbﬁﬂ@mnyeqmgﬁﬁﬁﬁéoﬂm surface
to the bot t ostirfate bB®e wafer, theCORE Sihicl BE ¥ Hee bRl Ile
conprising: first and second peaks %t fipr%%&an ‘g‘gg‘o&ﬁ%b’?{eﬂ (e%Faef&mgﬁed dept hs
from the toplissolied bottom surfaces of the wafer, respectively; a region

e er a1 he 11 rOtop R SRR BERAS of ek i iahe Pagh it o and
Fogi on DeLWEEN L he T Lot I eg S PERep R Outnf d O e
wher ei nt he 1§§20led, the pryzenerpeintratiomdf the gegot beddimey aspepsachrate@anthé Aodlingas. 11.
The met hod QR ahiN, St it bilsed S nd s ot ndes oot Foadir
ingot is also supersaturated beyond the predetermined solubility of oxygen (indicated
15 by "S" in Figure 11). However, the initial oxygen concentration near the surface of
the wafer is equal to or less than the predetermined solubility "S" due to‘out'-diffusion
of oxygen through the surface of the wafer. Meanwhile, in the bulk region of the
wafer, the supersaturated oxygen is supplied into the void 20a and is used to form the
silicon oxide layer 22 on the inside of the void 20a. Also, since the initial oxygen
20 concentration near the surface of the wafer (that is, a region between the surface and
dashed line "T" of Figure 11) is less than the predetermined solubility "S" of oxygen,
oxygen is dissolved out of the silicon oxide layer (not shown) formed in the void 20b
and simultaneously silicon is provided on the inside of the void 20b due to the
interstitial silicon injection effect of the gas which is provided during the RTA
25 process. As aresult, the size of the void 20b decreases and the void 22b finally
disappears.
Due to the COP dissolution effect, the RTA process according to embodiments
of the present invention can be extended to many kinds of wafers. As shown in Table
5, such COP dissolution effect may be enhanced using the Hj gas than using the Ar
30 gas.
Figures 12 through 16 are photographs showing the oXxygen precipitate
distributions of the wafers which have undergone the subsequent heat treatment after
the RTA, and have the oxygen precipitate concentration profiles of Figure 10. In
particular, Figure 12 corresponds to the case of using N, gas, Figure 13 corresponds to




nd argon (Ar as. 12. The nethod of Claim8, wherein the oxygen
E)rN(ZaZ:i g?tsa?e congentﬁati)ogs in the first and second peaks and |(]r5 tJA@ q@@ﬁgave
region are controlled by adjusting a mxing ratio of the gas m xture. 13.
The nethod of Claim@8, wherein the depths of the denuded zones are |
controlled by adjusting a.mxing rati 6 of the gas m xture. 14. The netho

Im 12, thehased BAOa% recl i 0 rations in the first and
gfecgngl r[;1eaks andgﬁm}tsﬁeg conc’gllf/iglflrieelg{:d(g)ﬁll e%ﬁoﬁﬂtﬁlilgor&g(rgggecogﬁ‘?‘?%ﬁzéas’ §8‘5‘aﬁ S'EI_ Ihng
t he tenper at GPwEcsppRilsttD e cise phasimgaN) dnd Aepased, aBd Fp@kd T®cdHBFERS to theS: e

' . ' he depths of the denuded zones further are
gﬁ%? ?g| ?debgésgé’%ﬁ%’t‘%g ta{?‘?mg[ztﬁéﬁ%ﬁe uhe lefhat Q&hﬁgwlshwsh ﬂamIdsmh]?e ofl
anneal i ng pr gesedfer, &1 (hEBBhBERBH 1w hebdidin mdgle)rel t step of
per form %gpa rapi %Ir t her nal?ll% anneaFl’lS ngvspr ocess&o acglog&g Wagffr dly cooling the

waf er at & rate oFigutes|1gabioughdlitrediGtapeams showify HERpIRSMSE fRfeFhdlM 16,

; L od
wherein the of formng.a rapid thernmal annealing process is carrie
out at a tema)ltg%a %Creed[}gﬁe‘g efsegélf’redﬁdm}’g‘ln PISeIpitates gxiss, which have uRdgrgame ment

2 AP a,mlr. wherein the step of
ngfe ormgng ?%gg?sgégeﬁégﬁaépégtr?@g |én}gtﬂ‘%)lr{?ééé’ga lﬁasvbéléer?’fygﬁﬂ&fflp’ftﬁf; a period of

time of at |eusentedtionpréfilscefdigise 109In ifé]ficmm Fig@reof7 Igbféiséﬂtsltﬁf: g#ég{f?i gt the
form a fapid fhermal annealing process Is carr _
about 1 | soc e Noed PRt ispress SAESTOFng o g st 1 i
7, wh ) N i) ' | el neal, ng process i
ga,rri egrf)out ?{gegﬁout I%%i%%ﬁg?fe{%{ﬁgp%géﬁgglgﬁgég fglg'@%ilgsa?lgﬂ,gg‘?ﬁe%t hod of
G aim 8, wheFigis Alireprsscnts b cperdfasing i ad $HhasguoBical ®8noted SRIATMIe 9N t he

ShobeOn ua" e b7 £ el e el ure of betveen about800C e

: Figures 22A through 24B are photographs showing the shapes of as-grown

COPs, and those of COPs that have been changed, after the RTA of Figure 5. In -
15 .particular, Figures 22A and 22B represent the cases where RTA is performed in the

N, atmosphere, Figures 23A and 23B represent the cases where RTA is performed in
the N, and Ar atmosphere, and Figures 24A and 24B represent the cases where the N,
and Hj atmosphere. As shown in Table 5, the COPs are not substantially dissolved in
the N, atmosphere. Also, the dissolution of the COPs 1s smooth in a gas mixture

20 atmosphere where the N, gas is mixed with Ar or H, gas, and in particularly, the |
‘COPs can be completely dissolved in the H, atmosphere; From this result, it can also
be inferred that reducing the sizes of COPs in the as-grown state can assist in
completely dissolving the COPs during the RTA process of Figure 5.

Embodiments of the present invention can control the distribution of the

25 Oxygen precipitates formed via subsequent thermal process cycles, which are usually
performed in semiconductor device fabrication, by performing the RTA process of
Figure 5 on a silicon wafer. Embodiments of overall. wafer preparation during which
the RTA process according to the present invention is carried out, and preparation of
wafers which are effective in applying the RTA, now will be described.

30 Figure 25 is a flow diagram illustrating preparation of wafers according to a
embodiments of the present invention, and particularly, illustrating a general wafering
process after crystal growth (S10). An overview of the general wafering technique is
provided in Chapter 1 of the textbook “Silicon Processing for the VLSI Era, Volume 1,
Process Technology", by S.Wolf and R.N. Tauber, 1986, pp. 1-35, the disclosure of




22. The nethod of Claim8, wherein the oxygen precipitate cow{:gglt/:\r\gt,i}
profile is controlled to be symetrical with respect to a ce N dptdace
of the silicon wafer that is centrally |ocated between the top and bottom
surfaces. 23. The silicon wafer of Claim8, wherein the depth of the
denuded zones is in the range of abow®210mto about 40m fromthe top and
bottom surfa .Ssi|licon fer. 24. The_sjlicon_wafer_ of C aim 8,
wherein the ep%1 Egltl)e% e °4&t ﬁtg‘%g@rf@n@smfégm&ﬁo& CE i tP Figvra hb theggsngidl bot t om
surfaces of wiafering prozeds itishddes me%ystéffgﬁ‘o@ﬂh's'k%c(?w%ﬂ’g&ovgﬁ] %ﬁfﬁgl&sm erein

the oxygen pgj%ci itate concentrations at the Tirst "and Seco pe§ks are at
| east about tZREeichsiEngep (Bi) ef dlicing therapetrintofwabiraj ameBchinghvespa(Sh4) dfe

and second poupanf e Ot LA & udniaie Rifoces of s Then, afer st
Real acenment ¢legfingZstép (BTH &Q{Mnﬁg .theTgagfag@gg}ggcegfa %@Fmﬁyg s@gsﬁﬂst he rapid

thermal annealing is carried out during a donor I Ng°s a wafering.
process for €aeedoyt; agrihewppenrfas of tieavaferswhere fenfit@idietdr dévides Ber

conpri sing pglishi t t surface of the wafer_ after the performng

rapi d ther mﬁ’%@iggﬁqﬁm&g&&@g@sﬁ %PO Fefors e leaggddp mserondslspring: t he

perforning sitep(S22). ,%Qemwtﬁ#ﬂfé&a&p%3¥gg:%g?§2‘{)rom nolten silicon in a
g ra

hot zone furnace according to an ingot e profile where the
pul ling rate of tRBAofi§igurd Sadeprgtingtocmepodiments wfithd preseat inventidh id nt er sti ti al

aggl onergi es_j vent ed t | ow ugh so that formation 5 of vacancy
aggl omerg esP si:ﬂ%ﬁﬁ%gﬁg?ﬂgr%ﬁf%isﬁepﬁgkgﬁg Aecording &ypiher epbodirgentsef cent r al
‘axis of the thepgdsent aRengdn &hBe chrifd bRORALs dePardte sB! L& HhQhet O Provide
~the silicon wafer. 30. The nethod of C éﬁ nPag,gte\ﬁﬁg'r gorﬁwglgﬁ%aty%rm ng step
i s preceded Igyf_erable to perform the RTA in the donor killing step (S18) in view of costs. In

general, donor killing refers to a process of converting oxygen component contained

in the silicon ingot, which are present in the form of ions during subsequent
15  semiconductor device fabrication and act as a donor of electrons to implanted
impurity jons, into oxygen precipitates via heat treatment during the wafering process
in order to reduce the possibility of functioning as donor. This heat treatment is
carried out at about 700°C for about 30 seconds or more in an RTA furnace.
Figure 27 is a schematic view of a conventional CZ puller, in which the crystal
20 growth (510) is performed. As shown in Figure 27, the CZ puller 100 includes a
furnace, a crystal pulling mechanism, an environment controller and a computer-
based control system. The CZ furnace is generally referred to as a hot zone furnace.
The hot zone furnace includes a heater 104, a crucible 106 which may be made of |
quartz, a succeptor 108 which may be made of graphite and a rotation shaft 110 that
25  rotates about an axis in a first direction 112 as shown. '
A cooling jacket or port 132 is cooled by external cooling means such as water
cooling. A heat shield 114 may provide additional thermal distribution. A heat pack
102 is filled with a heat absorbing material 116 to provide additional thermal
distribution.
30 The crystal pulling mechanism includes a crystal pulling shaft 120 which may
rotate about the axis in a second direction 122, opposite to the first direction 112, as
shown. The crystal pulling shaft 120 includes a seed holder 120a at the end thereof.

The seed holder 120a holds a seed crystal 124, which is pulled from a molten silicon
126 in the crucible 106 to form an ingot 128.




pulling an ingot fromnolten silicon in a hot zone furnace ac;‘oobrdi Q‘ﬁnlor an
i ngot pulling rate profile that produces a vacancy-rich regio R dii@ilg
vacancy aggl onerates at the center thereof, and a pure region outside the
vacancy-rich region, 5 the pure region including interstitial point defects
wi t hout vacancy aggl onerates and int A3titial aggl onerates; and slicing the

I ngot in a radial 1 ide the. silic fer., 31...The nethod of
Claim8, wherein t %Eper orﬁ%%@lﬁrg? B%%m@fgglgg%ﬁg%&bﬁqcﬂqswﬁlgﬁ’&ﬁgot from
mol ten si | i cenoling jackan132; aﬂ@o&ﬂfﬂt&@@oxﬁf&l@f@ﬂnﬂ@a&ﬁn@&hhﬁ@@%ta%&'tﬁét% rate

g

profile where t&gwgul | i ng rate of the ingot is high enou so that
formation of BPhideFa; ke sPmRYET-based serwteolsystern avap be wstd thwontralwhedmwatih so t hat

formati on of ' reyent.ed; d slicing the ingot in a
radial dir ecte}ég%ﬁ%ggtﬁ%?g%r%gﬁ:g)ﬁ}eepglﬁtﬁ%%ﬁ“ﬂy\wcgl%?e%‘ met hod of d aim 8,
wherei n the perf olmordgr @tg&pwi@m@{@ﬁyggﬁﬁegﬂmﬂ)ﬁg@)g’%s@&‘%,?ggtlzﬁrkom nol t en

silicon in a hot zone furnace according to an ingot pullfng rate profile
that produceSOHaTiFt tofbe moltsn sifiepndl’sind d grpdwndly pelladrin éhestxial dindctiaggl oner at es

d : .kCiN e ingot._in adial direction to
o oduco the G Chfne AARER of e olid it Tod B Bepocorsiiien 2004

33. The net hsilicaf ocChrsiatttd, intefaceci3] tefieR ¥hd RESTINE 23l BR tholteR sBE6P5k bY:
pulling an iggot fromnolten silicon in a hot zone furnace according to an

i ngot pul | i n§Ssheven wkigyre 27, fhe ingerfage 13LiisI coneave adlativefto theaméltegailicos 126, gh
enough sgpthat va rates. are forned thrqQugh the dianmeter of the
i ngot wi '? ?mut for%aéég%%ﬁﬁ%%{x&gq ﬁ%%?g’fa%%&a}W’gP&?fﬂ%gﬁbQWP& Higuserfecanngot i n
a radial dirbedbeined fopialasiabichey s bi GROIMAES, thdheh HhSodBERSHr RiraCl a1 m

29, wherein the size of the vacancy aggl omerates which are formed in the
silicon waf ePCQIHHENS theRregent mpvaption: SpesificallyRTAGc@ing %o efibelimaitiiofl of

Claim 30, wh ' i fi t .\ ncy aggl operates which are forned in
the silicon %&g&%{%ﬁg&fﬁ@b&#ﬁyﬁsg &X)rf?cg gﬁ%ﬁ{n ‘ﬂ“%?ﬁ’o ect#ch@gt hod of
Claim 31, vvh'mtw*ﬁliatdglmﬂawhd%maggsm@ﬁwlemﬁam_mh“@f&iI{ ornmed in

the sil ii:bon Wﬁ{gﬁr during.the pulling step is about 0.2m 37. The nethod of
d ai m 29,” wh¥E! {aPASY THGE P PECSERtAR Oply atviaeancy-rich region within a

predetermined radius from the center of the wafer, and no vacancy agglomerates and

interstitial agglomerates are present outside the vacancy-rich region; and a wafer
‘which contains only vacancy agglomerates through the wafer, without interstitial
agglomerates. However, the present invention is not limited to the above wafers, and
20 ) includes all types of wafers to which the principle of the bresent mvenﬁon can be
applied. As described abdve, embodiments of the present invention are directed to the
controlled oxygen precipitate concentration profile as shown in Figure 4, which can
be achieved by performing an RTA prdcess of Figure 5 and the subsequent heat
- treatment of a silicon wafer to which the present invention can be applied. Also, as
25  for the COPs, embodiments of the present invention provide a wafer in which COPs
are present in only the bulk region of the wafer and not present in the DZs. .

In order to prevent the defects of silicon wafers, many practical investigations
have focused on a crystal growth process for a high-purity ingot. For example, it is
widely known that the pull rate of the seed crystal and the temperature gradients in the

30  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,
Jqurnal of Crystal Growth, Vol. 59, 1982, pp. 625-643. Also, an application of
Voronkov's Theory may be found in a publication by the present inventor et al.




conpri ses cooling the ingot being pulled to a predeterm ned tenperature at
a cooling rate of at |east about 1.4K/mn pased on the terr]:)elb<’9¢]§é§j Qif‘st he
ingot at the center. 38. The nethod of C ajm 30, wherein the paldl i ng
step further conprises cooling the |ngot being pulled to a predeternined
tenperature-at a cooling rate of at 4st about 1.4K/ nin based on the

t enperature QﬁtltfeBeEHw%?C?itél@fef&?@&neb%%lg’eg T%g:eé_js eollsifﬂg%f‘ggglf’ 31, wher ei n

the ingot pulling step conpri’s puIIed to

a predet er m Seednd dmpentonal Sy@posiurs 00|Advanded Siete Al 'I‘eélﬁl%l ﬁbﬂﬁhc&n”’w m n
ure of the ingot at the center. e met hod

lélazs% gg t\r/]\/ne e%?ﬁ’é"“”i’“ﬁ%‘(ﬁ 211096, §ﬂ%p%g§ﬂi¢@t§® Cbmldsr:mglat WIZG,ln m‘?‘ﬁte ﬁ;[et ﬁod
b Gl a'm 30 Tk Yo' dfecttlt (FROYHG Par) s i DO D e oot a

a pul | i ngS r ainterstitial-tieh fegionds RirmadctRileGvien VOGRS dbd¥e PHE tHtfdal ratid ° ~——
~~E~ Replgficeﬁ;@ page ?igl 2 6 APR 2004 42. The method of Cam %i wher ei n

'; gﬁgieng]?t aggut Og %Yaéﬁl%’m;brr%‘@%lsﬁmdng the i nogA)O:[ASa:[A g pul |i ng 'rb\gt in 2 t he
A A5.AYE. A[. A A %M&%g ﬁ“ﬁ?@s ?\fo%?PtRalA"f‘FWﬁ’“W 5&‘ A&gj‘%‘%“%ﬂ? A . A3. AU. AF
, _-Aly_. A 3Béwdkn a telative point defect distribution in a silicon i 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
10 (V/G)*, a vacancy-rich region is formed. Also, for a V/G ratio where the vacancy
concentration is above a critical vacancy concentration Cy*, vacancy agglomerates are
formed, while for a V/G ratio where the interstitial concentration is above a critical
interstitial concentration Cr*, interstitial agglomerates are formed. Also, in Figure 26,
(V/IG)p* represcnts a B-band, which is a ring associated with interstitial silicon, and
15  (V/G)e* represents a P-band which is an O.S.F. ring.

Embodiments of the present invention can be applied to a perfect wafer
without defects, which has a V/G ratio between the B;band and P-band during the
ingot growth, a semi-perfect wafer which has a V/G ratio within the B-band, and a
wafer where vacancy agglomerates are formed throug'h the wafer due to the V/G 'rat'io

20 above the critical V/G ratio (V/G)* corresponding to the critical vacancy
concentration Cy*.

Perfect wafers and semi-perfect wafers, which are applicable to the present
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

25  were incorporated herein by reference. Thus, a detailed description thereof will be

' omitted, ]
Figure 28 is a schematic view of a modified CZ puller disclosed in the

“continuation-in-part applications, in which a heat shield 214 is modified compared to

the CZ puller shown in Figure 27. Briefly, as shown in Figure 28, the modified CZ
30  puller 200 includes a furnace, a crystal pulling mechanism, an environment controller
and a computer-based control system. The hot zone furnace includes a heater 204, a
crucible 206, a succeptor 208 and a rotation shaft 210 that rotates about an axis ina

first direction 212 as shown. A cooling jacket 232 and a heat shield 214 may provide




ke cajc
a]_?:a\L/J]pca] E:a/JU] c!a] cal] ca] caU] ca] cal] ca] cal] ca] caU] ca] caU] ca] ca] dbf cHiN 4l8R] ca
]calcalc”a]lcalcalcalcalc"a Jht $l %86 1*>*@,-.[//02_2
4- 4/ 4] 445nb766| w mhc”~Y] c] ca] ca] ca] ca] ca] ca] ca] C
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c a] cdpca] ca] ca] ca]ca]calcalc

| aLCg]_Eii];;gL% A@%ﬁ %%%Ff—? e %ﬁé‘ﬁﬁpé’f‘&é‘]%%qné%*ﬁaal}eeh?‘@ajm rpatgnial 3] caj ca
] ca] ca] ca] callb to provide additional thermal distribution.
ca] ca] ca] ca] ca] ca! QFFFGRGGGGH: | | KPPPWAbX
OV T2 AV 2t | o 16 et bt b bipceqrepind wiog i 20 v
ca al cal
2] cal cal oa] oF 2@%2#%9‘?%%@%%&@“%%&% PR b Hhecton 212, o
a] Xa])iafcaa] ((:*a caj gal] c' gﬁam!igig]ﬁca]oc%hcdg]s 3366351" cdg %20ﬁt the nd t]lcg(] ca] ca] ca]

RPN ca ] ]‘q%m})g]{:]ﬁca] cg])]clg% ?é‘]ogé]]l cajc
aljcalc

g] gg] gg]ﬂcg?ca?%k e@@h%ﬁ%{ﬁ\ﬂ%@&%ﬁ ga] ca] ca] c"a] ca] cal] ca] ca] ca] cal ca] ca]

cal cal ca] cal ¢. a] CRlamlalnak eolfakiala g UG ERHEARE TE b 10T 2D

*T}xsnhc”Y]]]ca] calc' augc a] ca] ca] calca]Calc"a]c al ¢ ca] cal c"a]

~ca] ca] ca] ca] 9igjaekat 23 G@WM@MMM&M&&}MCAY] ]ca

Tk e LA LA G sl

T 2\ Wihodefidnes Hesgs R fabgale” aul c"a] ca) ca) ca) cal c
2] \ég] cg] cal c"a] caU] cal cgle] cal] cal] ca] cal] ca] ca[% QIWZ{/ OK7 | 8

}xsnid Z] ] c] ca] cdperdes topiox @ aroagrysiilied sila:])na]goa]tha]ecd]:qa]atmm ca] ca] ca] ca

] ca] ca] c"a] &@Jﬁgﬂ f{g L3 grppually pufled in the axigldiretion: a1 ca] ca] ca]
(?a])}c$ga&}cf gﬁWMijmﬁﬁmmM&ﬁQm (E:l{o}léé? C?P‘é a] cal ca] ¢

] ca] ca] |
2] ca] ch)loa] CHFEhpETCHBapis Cl%@aéca%a] e RO a bR BeAon 2261 (& CL P
" wr rrhc"Y]]]t]asa cmfca c“ﬂf t]c €4 c‘h‘f%Pé’gffc%{]“c%ﬁ%%%f‘EQf&a] cajcalc"a

I
R st e e
. 2wuU3! @l 168RY &0’&‘3 8 ﬁ%‘ 6“)&*() S !l@mbL' 10%e|le& ()-S !;

@L' 10%GEE ()- S 'Fighks 39U doherSutlc AV § &sﬁ dj
01238} oM @L' 10% Rt Rl 0#10%& ()-4 10 % %‘8 o4 C-pyligh acsording 4y 100 ()- S
| X@sL' 189 &n@)dlgleg@ of the present invention, and Figure 30 ﬂlustrates details of modified

1 s EAUE ek AR oL L L O o
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CZ puller of Figure 28 will be described. As shown in Figures 29 and 30, the changes

from the CZ puller of Figure 28 include the shape of a heat shield housing 300 and
25  additional installation of a heat shield plate 360. The heat shielding housing 300,

which has a 90°-rotated trapezoid shape, like a rmg, includes an inner heat shield
housing wall 310 and an outer heat shield housing wall 330, which preferably are
vertical, and a heat shield housing top 340 and a heat shield housing bottom 320
which connect the inner and outer heat shield housing walls 310 and 330. Here, the

30  heat shield housing top 340 slopes upwards at an angle of f 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 « from the
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e mllag Og%() )The heat shield plate 360 is disposed between the heat shield
housmg 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
10 cooling rate of the ingot to increase. The size of voids, which are present in the pulled
ingot, is generally proportional to the square root of the initial vacancy concentration
at the ingot-molten silicon interface, but inversely proportioﬁal to the square root of
the cooling rate of the ingot. As described with reference to Figure 11, as long as the
| size of voids present in the ingot, which are formed during the crystal growth, is

15  smaller than a predeterinined size, although the pulled ingot contains voids, the voids
can be d1ssolved from the DZ through the RTA process according to embodlments of
the present mvention.

Thus, in order to reduce the size of voids in the ingot, which is desirable
according to embodiments of the present invention, the cooling rate of the ingot may

20 beincreased. As the cooling rate of the ingot increases, a temperature gradient Ge at
the center of the ingot may increase. Therefore, if the V/G ratio is constant for a
predetermined defect distribution, the pulling rate of the ingot (V) should be
increased.

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

25  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 B of the heat shield housing top 340, the anglé o of the

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

In the drawings and specification, there have been disclosed typical preferred
embodiments of the invention énd, although specific terms are employed, they are
10 used in a generic and descriptive sense only and not for purposes of limitation, the
scope of the invention being set forth in the following claims.
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first and second peaks at first and second predetermined depths from the top
and bottom surfaces of the wafer, respectively;

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

a concave region between the first and second peaks.

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

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

3. The silicon wafer of Claim 1, wherein the depth of the denuded zones

is in the range of about 10pm to about 40um from the top and bottom surfaces of the

silicon wafer.

4. Thesilicon wafer of Claim 3, wherein the depth of the denuded zones
is about 30pum from the top of both surfaces of the silicon wafer.

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

concentrations at the first and second peaks are at least about 1_10° cm™.

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

about 1_10% cm™.

7. The silicon wafer of Claim 1, wherein crystal originated precipitates
(COPs) only are present in the wafer in the concave region between the first and

second peaks.

om%v&()'
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interstitial silicon injection effect on the top and bottom surfaces of the silicon wafer,
to generate nucleation centers, which serve as oxygen precipitate growth sites during
subsequent heat treatment, in a nucleation center concentration profile from the top
surface to the bottom surface of the wafer, the nucleation center concentration profile
10 comprising:
first and second peaks at first and second predetermined depths from the top
and bottom surfaces of the wafer, respectively;
a region having a predetermined nucleation center concentration, which is
lower than a critical concentration, between the top surface of the wafer and the first
15  peak and between the bottom surface of the wafer and the second peak; and
a concave region between the first and second peaks; and
performing a subsequent heat treatment on the silicon wafer to form an oxygen
precipitate concentration profile from the top surface to the bottom surface of the
wafer, the oxygen precipitates concentration profile comprising:
20 first and second peaks at first and second predetermined depths from the top
and bottom surfaces of the wafer, respectively;
a Denuded Zone (DZ) between the top surface of the wafer and the first peak
and between the bottom surface of the wafer and the second peak; and
a concave region between the first and second peaks.
25
9. The method of Claim 8, wherein the step of performing a rapid thermal
annealing process also produces-a vacancy concentration profile from the top surface
to the bottom surface of the wafer, the vacancy concentration profile comprising:
first and second peaks at first and second predetermined depths from the top
5  and bottom surfaces of the wafer, respectively;
aregion having a predetermined vacancy concentration between the top
surface of the wafer and the first peak and between the bottom surface of the wafer
and the second peak; and '
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. concentrations in the first and second peaks and in the concave region further are

controlled by adjusting the temperature and time of the rapid thermal annealing

process.

15.  The method of Claim 13, wherein the depths of the denuded zones
further are controlled by adjusting the temperature and time of the rapid thermal

annealing process.

16.  The method of Claim 8, wherein the step of performing a rapid thermal

annealing process comprises rapidly cooling the wafer at a rate of at least about
30°C/second.

17. The method of Claim 16, wherein the step of performing a rapid

thermal annealing process is carried out at a temperature of at least about 1150°C.
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heat treatment on the silicon wafer is carried out at a temperature of between about
800°C and about 1000°C for between about 4 and about 20 hours.

22.  The method of Claim 8, wherein the oxygen precipitate concentration
profile is controlled to be symmetrical with respect to a central surface of the silicon

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

23.  Thesilicon wafer of Claim 8, wherein the depth of the denuded zones

is in the range of about 10pm to about 40pum from the top and bottom surfaces of the

silicon wafer.

24.  Thesilicon wafer of Claim 8, wherein the depth of the denuded zones

is about 30pm from the top and bottom surfaces of the silicon wafer.

25.  Thesilicon wafer of Claim 8, wherein the oxygen precipitate

concentrations at the first and second peaks are at least about 1_10° cm?.

26.  The silicon wafer of Claim 8, wherein the oxygen precipitate
concentration in the concave region between the first and second peaks is at least

about 1_10® cm™.
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the wafer after the performing rapid thermal annealing process.

29.  The method of Claim 8, wherein the performing step is preceded by:
pulling an ihgot 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 that formation
5 of vacancy agglomerates is limited to within a vacancy-rich region around the central
axis of the ingot; and

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

30.  The method of Claim 8, wherein the performing step is preceded by:
pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile that produces a vacancy-rich region including vacancy
agglomerates at the center thereof, and a pure region outside the vacancy-rich region,
5 the pure region including interstitial point defects without vacancy agglomerates and
interstitial agglomerates; and |

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

31.  The method of Claim 8, wherein the performing step is preceded by:
pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile where the pulling rate of the ingot is high enough so that
formation of interstitial agglomerates is prevented, but low enough so that forfnation
5  of vacancy agglomerates is prevented; and

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

32. The method of Claim 8, wherein the performing step is preceded by:

pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile that produces point defects and does not produce interstitial
agglomerates and vacancy agglomerates; and |

5 slicing the ingot in a radial direction to produce the silicon wafer.
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34.  The method of Claim 29, wherein the size of the vacancy agglomerates

which are formed in the silicon wafer during the pulling step is about 0.2um.

35.  The method of Claim 30, wherein the size of the vacancy agglomerates

which are formed in the silicon wafer during the pulling step is about 0.2pm.

36.  The method of Claim 31, wherein the size of the vacancy agglomerates

which are formed in the silicon wafer during the pullihg step is about 0.2pum.

37.  The method of Claim 29, wherein the ingot pulling step further
comprises cooling the ingot being pulled to a predetermined temperature at a cooling

rate of at least about 1.4°K/min based on the temperature of the ingot at the center.

38.  The method of Claim 30, wherein the ingot pulling step further
comprises cooling the ingot being pulled to a predetermined temperature at a cooling

rate of at least about 1.4°K/min based on the temperature of the ingot at the center.

39.  The method of Claim 31, wherein the ingot pulling step further
comprises cooling the ingot being pulled to a predetermined temperature at a cooling

rate of at least about 1.4°K/min based on the temperature of the ingot at the center.

40.  The method of Claim 29, wherein the ingot pulling step comprises
pulling the ingot at a pulling rate in the range of about 0.5 to about 1.0 mm/min.

41.  The method of Claim 30, wherein the ingot pulling step comprises
pulling the ingot at a pulling rate in the range of about 0.5 to about 1.0 mm/min.
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