; e3el | 06NTARGON AMMONI A RAPI D THERVMAL ANNEALI NG FOR Sl LI CON WAFERS, SI LI CON
WAFERS FABRI CATED THEREBY AND CZOCHRALSH PULLERS FOR MANUFACTURI NG
MONOCRYSTALLI NE SI LI CON | NGOTS Cross- Reference to Rel ated Applications This
application is a continuation-in-part of Application Serial No. 09/702, 503,
filed Cctober 31, 2000, which is itself la continuation-in-part of
Application Serial No. 09/454,675, filed Decenber 3, 1999, which itself is
a 5 divisional application of Application Serial No. 08/ 989,591, filed
Decenber 12, 1997 (now U.S. Patent No. 6,045,610) and clainms the benefit of
provi sional Application Serial No. 60/063,086 filed Cctober 24, 1997.
Application Serial No. 09/702,503 also is a continuation-in-part of

Appl i cati on SeARZGONAMMONA RAPIDTHERMAL ANNEAIING BEOR SH/IEIN 210,

filed May 26, 19 ' i.n ions-in-part _of 10 the
above-ci ted Appl ?@’émg@iﬁ@mﬁ@mﬁmﬁ i et @ﬁeﬁpal No.

09/ 702, 503 al so cl ai @’ZMRNHSI@PQLE‘E?@' 'p@ﬂemj' eaemeag/ 172, 352, filed
Decenber 16, 1999. All of the above-reference appflgcati ons are assigned to
t he assignee of the presMONQGRYSTALGINESHLICON INEGOBSures of all of

t hese applications are hereby incorporated herein by reference in their
entirety. 15 Field of the |nvepntion Thisg i ntigon relates to

mi croel ectroni c manuf act UFRFRG-REEREES .‘"—":-~3-ie!‘-"-':" nore particularly to
silicon ingot MamHAGhHARE i ELAETaRAdinYdd GHpriRaRs ARl er s

manuf act ured t hereby. 20 Background of the Invention Mnocrystalline
silicon, whDP2/02,§03,HdedOatobéniy, 3BOG% vita¢h isntséléb contanuptign-geparteinduct or

i ch 15 1 ofgPheiondeRuyrobarR e B La R Sirien 68 Rgor o 35

nonocr ysg al Hivikgoral h?pﬁﬁﬁtiérﬁof%ﬁﬂ&ﬁﬁ&ﬂsﬁml NoNB$/oBS 591, & Dedenfer ¥5, MBfering
processes such as slicing, etching, cleaning, polishing and the |ike.
Accor di ng t ovhl.ScPatenpNe 0. o and cloasithe byrafi|of pfovisenat Applieationne

siliconis ; ednj t I i,GO dy byl ] ed S ol t en
11 con i s RN S8 RO RAM aBher A o uitrch B SR ulE s el e
mol t en si | i Barcdntingnivhahpad of ApplicitidvhtSerial N6 (08/320, ddfiled Mon2@monat ed with
a variety of jnpurities, one of which is oxygen. At the nelting
t enper at ur edtst 6@3?@%’(9@ filadd

5
ap 29.gldq9 phigh atethemprdvescpsiimatippg-in-past ¢fnt i | it
reaches; @ piEdheLBdeA,ARAGGTSERH NAN0HORE BoHCRBRLY: 58l Reer m ned by the
solubility of oxygen inm'silTicon at the nelfing nperature of silicon and
by the act ub9/762603kgat claimClatfii of ppotisiohal@ppliedtion 60402342 ffiled Detdmisen. The
concentrati f _oxygen, ich perneates the silicon jngot during. crystal
growth, is 8&&&9& Aliatahe %Vs-é?fgm? 3ppgpatioys a%@ﬁnwogbq asgigeeaf e i con
at typical j l 1L e. As the
crystal gro%\%%%%ﬁ]ﬁl%&ﬁgénﬁogﬁggﬁ @??%%@%ﬂ%%ﬁ%%“ﬁ?@%%ﬁﬁty of oxygen
t her ei n r apindbrporitest easio by refeenebin theiy gativetys sat urated in the cool ed i ngot.
The ing is sliced into wafers. The remaining interstitial oxygen in the
wafers 1's grown to oxygen precipitates during subsequent thermal processes.
The presence 15 of oxygen preci priedd 66tHe InvERiGEVI Ce active regi on may
degrade the gate oxide integrity and/or nay cause undesirable substrate
| eakage current . Thigursestion telatesfoymigroglegtrenic manufacsiring mdteodsenil deviaet i ve
region (i.e, 4 ul k; reqgion they can gette tall.i.c inpurities that
arise from @gvlgglteerbglftgc@heasﬂ i"ﬂgl.hc‘f%?%g"gg%*f‘? ApEng H}?@{Olqgﬁn gh?%ﬂ‘ lgg?téd‘ngo as
gettering. wlfeld @ndfackuded tlerstgct i onal view of a conventional Mtal Oxide
Sem conductor (MOS) transistor. Referring to Figure 1, when the oxygen
pr eci piQ(Oat es at the wafer surface exist in a channel region, which is
| ocated in an active region Ofgg%ﬂﬁr;@ﬁ@ﬁﬂgﬂf%ﬁf'oﬂew ce between a source
region 12 and a drain region ear the surface of a
sil'i con substr at ®lohOcrystaidiat silicows widsh Bnhd siyeing hiaterfabin Rbricdtimgt ri cal |y
insulating a gate el egtrode, 18 and the si)jcon sybstrate 10, nay break

down. In a ipQgitucton devieas, ls grovih Byt 8 colindsicaliageliby - GresiahgFoWtyi ce that uses
the MOSFET BhiS\G0\As8: is AlSPed aeC 4k ' bul k region
10a of the waf eg‘,?fgv\hi chlsare e|brtg>§l¥t]ced fggdtlj sgg%)g%t: %‘%FGHEHFE% dr?rg)ﬁt can act
as a | edkagmosauystdliansilicanis podcessed 3o iwafers mizi acserjes ofewafiarng ptoesssesvhi ch are

capabl e of trapping unfavorabl e netal .contapm nants durjn ubsequent

seni conduct%‘lpﬁag@]i‘%%g’ glfﬂ?lflgré’.o lﬁlﬂﬂ%?n‘?g’]etlﬁ% &WQW@&% Sor‘of oxygen in
the ingot is high, the concentration of oxygen precipitates which act as
the intrinsic gettering sites can increase, so that the gettering
capability increases. However, if the concentration of oxygen is not
sufficient, oxygen precipitates my not



3 be produced in the bulk region, so that the gettering capability may be
reduced or may not be present at all. Thus, it may be desirable to properly
control the anmount of oxygen precipitates distributed in the bulk region of
the wafer. In a wafer which is obtained 2y a conventional crystal growth
and wafering 5 process, oxygen precipitates distribute through the wafer,
from the tofechhigupita %ﬁ@@ystgﬂ@ﬁla@@cwstqlh@ pheandminpmarsrd te epoltsy pifligere. | n

general, a ( i.ded. f 5 ace to
a predeter mB?l&e]ﬁ'ﬂ geglp@ ﬁ‘g?%fgﬁﬂ]%%?oégggﬁgg%?%%g%g&lgw(a{/%%nc Stéalg’g lglgér ates),
di sl ocat i ondy skiwaeitiaogod. dlid moRdidsiliconde bomaiaed i 4 qiaes.cridibleaid is waf er s
fabricated by conventional nethods nay produce. 10 oxygen precipitates near
the surf aceCoftanpatedayigh a vapgty Bt kupyriies, ong of whinlhyis exygen) &dkhegeelingr ent .
Thus, ingor i AL r4 0S1 | J D : ion of the
wafor wiih SeruetiiRh hISLRATehatnoby A tatick ARG heh B

cont ai ni ng arddelghmined cemtentiticarwhith ganegaly, is teterminadpy ¢he salubalityiofii t i al

trat.i ol f 1 ts 15 il L. t t )
e Ther mal | §ysencn Shisth e BefnkgeeRabet vhsilqetghant Bl Sberga © ™
L enper at ur e chitiuRArbRYe AN sBiidiicl Sifebi, TRYEhebRkioRtY B8fkoR! Bfichi Lat es may

be generated in the bu region of the wafer. However, it nay be difficult

to obtain spérieafesthe diifcdndogetshiring erydal geoyvtb,tis gregtey thiaphasblahilitylod

outdiffusion of i.nterstiti.al oxygen. ln a sem conductor fer.thermally
orocessbll byrarndt sodifivd deartibiivl oSl pigl i Rsmiiem it donis, o
concentrat i ganifaéfukd. EA$ teQugl iohevd\RbMrihe MHREA dili€or 44 dUls! @6 Solubilithef bot t om
surface of the wafer, may be as illustrated in Figure 2. Particularly,

convent i onaPxyasaithareinaspirly doereasesawherdbl oxygenis satwpted énthecaelad égoher mal
process is perf Oﬁ“gg ﬂlgfoP {s sﬁfécpfﬁ&} &Efe%s?dfh%freﬁlhigﬁlgmrs(?ﬁgf c@%‘geﬁ Hﬁhg%&'&? 25
characteristics. For “exanple, slippage or Wwarpage may occar i n the wafer.

Mor eover, t hprowné acfidenipheigitsds diEig sulse@apethehslprodessesUThe presare, net al
contam nants, and particularly iron (Fe), which are trapped hy the oxygen
preci pi +at e&f P¥YeenErasinitates dythsilevics potive Tegion sy dleerades ther@tw%@mépgmy

subsequent - BtpGessy AR WRILAE RARTEMEORLA: NESVGAR (Gl arE Brellr cakagE

source. 30 Figure 3 i1s a diagram rating a redrawn’ oxyden precipitate
concent r at i outside tlid devicefacivensegem (1.alin itlesthudkl rdgyordthehean gattewmietallenal et hod,

which is disclosed in Figure I|A of US, Patent No. 5 40],669 |
particul ar, TRPYiies thet pds ﬁgn&%gﬁrofgpgg}gp% %SHBW&Z&WI&WSO#%?GBF? e of a
wafer with paspget to the depth of the wafer, resulting froma rapid

thermal annealing process on a wafer carried out in a nitrogen 4
at nosphd® e, and Figyjeetis angctivral wisfeof a conserivogiidatal Osite Semderindeetbr However ,

as can be s rom.Fi 3 ei.t her the near the.surfa of the wafer
nor suffici @ﬁpsg;t(r%%ﬁozgﬁg{fﬁﬁngg? nggur%l,txﬂéengﬁ? nyrgﬁ_aipfﬁ‘?“?’r%;[ﬁs_ gﬁlﬁB’YaiFrned by
thi s convenkirfRdkxRBinh0chanel RepTHRWhicH islodd i an ki@ epRAGEERNt S of the
present invention provide a silicon wafer having a controlled verti cal

di stri buti ofericonsiugios deyice betpiceme seprohiegionddrand@tdrais region L hsvhichpse t er i ng
ites. | i . i pi at i file f th
Cop-surt acerret fefine SRS oSheBl SEIRAE 30 EAPTRIRIRO IR Tt Ty Be

forned, 25 o theritdlljomtiletasa pitaeRcwddd 18arglithé siitonafbetrate ¢0/Msy besk f i rst and
second peaks at first.and second_predeterm ned depths fromthe top and

bot t om sur f 428 Byaddgionytheaeireshchareteristiqsyof a mempry deviep thabtsesdhfe (Dz) i s
i ncl uded bemfgﬁ tdggraayrface of the wafer and the first peak and
0 Ur '

bet ween the bottom s ce of the wafer and the second peak. The oxygen
preci pi tate concatsor etygen ppeciffitated fadnsd ihalse tulk eopt@vHa efghowafegtwisieln 15 t he

first and second. peaks, which can correspond to ul k region of the wafer.
Mbr eover, i e GRusIr o P Gvh B Hegmeno AN 39 @S A SAARSSOIHITANB SEMBES t he
30 intrinsic gettering sites, which are capable of trapping unfavorable metal contaminants
during subsequent semiconductor device manufacturing. Thus, if the concentration of
oxygen in the ingot is high, the concentration of oxygen precipitates which act as the
intrinsic gettering sites can increase, so that the gettering capability increases.

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




bottom surface of the wafer and the second peak includes therein at |east
one region of slip dislocation, whereas the denuded zone between the top
surface of the wafer and the first peak is free of slip dislocation
therein. In other enbodinents, the sili@n 20 wafer also includes a
plurality of Shallow Trench Isolation (STl) regions in the denuded zone,

bet ween t hebe pipducadiadie Blk regionas diat thezetthiing ¢apsbilipemry berrduedtar magve free
of STI slip r i . e centration
prof i1 e i norouetflentd 8 BIBICHAT B Spalebfe RIREN BORRRS AAQEBRETT

regi on bet wegypehheedipitatds disidbsted tindle pekkkisgionsf esvadascri bed above. A
plurality of STl _regions are 25 included in the denuded zone, hetween the

top surface of t Hea Wakeswhighds ohinedbyta geaxatinnal iy stal ggpwiband yvafernesT
regions,cgth Y . gl j -3y regions
in the 55| 1i € ﬁgﬁb&ﬁ% t ﬁ%gtmpg{%/gg?\ﬂgéuet%:%{;@tqggg%feg’r%%?Eeént{oﬁf(%@{;s\l/\d/a% fromthe
STl regi on burfdee @fitle Bdttohnbacknsd® shcfakterdnigsnerél, 4 DenudeddfinedDZ) 10k oxygen

precipitate co ntratj 30 profile is s tri.cal .with respect to.a
Central - sur PRI BY DrNedont R top.susface frut gﬁ%&%ﬁflﬁ%ﬁm}hﬂ‘ﬂeﬁi bdlekeittgen e
top and bot pogarsds {vaekry a?%l'dﬁlereft%), A¥8ERIoRs, stddRin s 2@ dxyamond
predeterm ned depths arée e sane.” However, 1 n ofther enbodinents, the
profil e neegreaipitatee. Blpwawtry wefers fabricdted byacqnveuntiongkmethlods mdy pfauent dept hs
may be ovi ded for .t. first and secgnd aks. Al so, in sone embodi nents
ot he Thvehtyasn precisiffssaetdhe fipee o dicuRiel sl ac & forket Iakae of
about S~mt gyahput 40m from each surface of the silicon wafer, such that

the active region of the seniconductor device is formed to a sufficient
depth. In other &htwin endat o form iriensie gefirringwites indhokulleegion elcthe watar e
concentrati QF ' 0 t 1 x 109 cm
3, 5 and OX%@#%%F%CE?H&H%?%&T g%gsc?gf%% gﬁﬁ%ﬁgﬁ’ ﬁgfegéﬁggﬁ%giagﬁ et ween t he

first and seawesitrgiaks okggel fdreasmprbaih idtialdkygsh Sonckitrationl df 18tpags
enbodi nents, a | owest oxygen precipitate concentration in the concave
regi on 1% aPeniaBlien aams(Rrana) of megg Ay badhareally prosested fasiadpeg perivdyfen
preci pitateg; 1 i | stelelo i fers
accordi ng tgﬁlg'?J %ga?&fer%%%%?lﬁé%{léé}g?}ét %@B&g@‘eﬁé?ﬁi elﬁtsfflg’ﬁsuilgtqa%c g}gaa
control | ed piesipitates riagrbe @generatgd éntherbatik epioatof theuedfent Howewee,it miag bef or

exanpl e vac i es, i.ch gcan uce o e reci pitate concentration
profiles dgagﬁ?‘ﬁbﬁ_%éufﬁﬁfﬁﬁéz 5%%%3?12“{;%@%&13’2?@5@ ! e o4the vacancy
concent r at i gafR{oAldfhiReSRIFRI0kS S, fIhra%m%qd&&&%ﬁepﬁ@ﬁﬁalgprws%d @r\ﬂjssecond
predeterm ned depths fromthe top and bottom surfaces of 'the wafér,

r espect20/el gonvahienal teabnigue; drecgxygem preaipitatei concehfratiempriofite thatoughphedet er nmi ned
concentratign ich is |ower tha critical .concentration to ke. t he DZ,
between « heWaH St gt 8p rtidhed ditefoRl arfSor FE SRR LR hed HReiERn no
bottom surf pp@reof. the wafer and the second peak. The vacancy concentration

profile has a concave region between the first and second peaks. In sone
enbodi nent s, t hePaéiauady copventionzhiedmiquee ihwhich an eddifianal high-tehpereairer and

the 20 seco i.ncl ud therein at |.east..one regio f sli.p, whereas

t he denuded&%gﬁaglapo% e\%selgr?ef\fﬁ%n?dg%rgg (?logip%flﬂlgrg\%'f%lgmgiﬁghﬁiv“% rst peak is
free of23l i phalacidrideiad.i Fut eikh@pRl slipphge Ot WabagHOHbERN irSthe vafdrl Mdrebverof ST
regions are included in the denuded zone between the top surface of the
waf er and t e npanuiactipmgcostipyy WeteRsty AJFP, insugh & ¢ase. mefalcontasinants #dr ed t o
same STl regi s [ . xygen
preci pitat egénrﬁg']ﬁ%% frgﬂai:eg’n‘%’%l?fs?gr esc???%égmaeb%gg& @%’%@% @gﬁe %?&arséf)rl?fet rical
profil es nmamapée peleased ado theddd byliangbdequent prurdssesdibdi thendlsased t he present

i nvention, Rapid Thermal Ann?%ki ng (RTA) is perforned on a silicon wafer in

an at nosphef@UYRINgnty gan gt as 8 i@ ng a gas which has a vacancy

i njecti ef fect : i i Ifdoal sl L pntection
ef f ect ﬁ t he tog%g%dﬁlg%tac? %%Sﬁ%%gg&gf é?%@éﬁ%%%g#%?g é,dngﬂgxﬁlg? ween
about 1100Cpmfite efowefen fabtiGited by gantheravavaentioha andtood, sdhidheis djsclosedin act as

oxygen precipit h sji.es i ubsequent. heat, treatnent, such that
t h)ég nuc Feat F %Wegﬁpgp%ﬁ@ﬁtﬁpa%?@bﬁ ﬁi%@ﬁ&%‘%‘ﬁs %tlﬁ) HeQiedte to the
bot t om sur f geeipRthtelcbconBhidn FOAR dfeSfatki With r@pétt 3C AR WpieHHEe whfef,] rst and

second predeterm ned depths )
resulting from a rapid thermal annealing process on a wafer carried out in a nitrogen




6 fromthe top and bottom surfaces of the wafer, respectively. A so, the
nucl eation center concentration remains at a predeterm ned concentration,
which is lower than a critical concentration to make the DZ, between the
top surface of the wafer and the first pgak and between the bottom surfaces
of the wafer and the second peak. Finally, 5 the nucleation center profile
has a concawinesphérenandeubjseting the Waiferde sahsdquent bent trpataiest. Hgwelsr.asicaesponds
to a bulk region of the fer rical or.as trical pref.iles may be
provi ded. 1 Heyen B R e HE D7 fref e fat U TRE M Bor MBS on v e
in an at mospkefed @écipitd@sinThodbulk eegidimphy bé BBtaReUBY itlis cHBhtigRImat@dn (Ar),
to generate 10 nucl eation centers, which act as oxygen precipitate growh
sites during subsequent heat treatnent, such that the nucleation center
concentration profile fromthe bottom surface of the

waf er matflI be as descri bed above.‘—ﬁl iy b6 thlere dinments, the RTAis

per f or med bet weekEnddodithents O0fe predert Ilx@Gtion provideld siliddnevafertwitignent s, t he

RTA is performa(g t ate e,%ature of about. 1 |120C, In other 15 enbodi nents,
the RTA i s F&Hf lefheatlicat AsFibGoof OyBEH DIFIPEAISE BEIISN A 28 gRIIRSiB her

enbodi nment s i Wel53V2 i

conpri si ng gﬁgrttfégﬁllggﬁ gsridﬁ1 rgon?ﬂglge gﬁ%%eg?ﬁi%%ég %%f@&sdggl%ﬁ%gﬁ@%rgglﬁﬁgﬂhg (t)OPS“ N
ot her met hodurfavepidi wikich an adtivelregipn eS@ stmicondeator dayicamsy be @medgatodhe i s

manuf act ur e performng .RTA on. a sili.co fer having a top 20 surface
ond o ooy o oSt P o AR Sne eBtmbt S il sesbtwodinae AR o for at
l'east about sddou@ pReeRntmed Aeptas HBAIHERTp MdVdttorh G tROPaer, 1200C. I'n

ot her embodinents, the RTA is perfornmed at between about 1 |00 and about 1

| 50C. I n st idspecsivhlyr AdstadPenaded Zope(IRDASs inslysied betvween thettop arface pf48C. | n

yet ot her enbadi ts rior erform t he. RTA,..oxygen ks purged from
t he at m)sphcg,vla o nggﬁaﬁrgg%eggﬁﬁé ﬁ%@’eﬁ%gﬁergpagﬂﬁé‘ﬁfaf%éo%? 3%%‘ ﬁgcll ﬁ"r?ﬁ?cq%glss t han
a predet er npagd IHEYHXZE&I{ pretiphatelcomoeyigeativ Srofile@s® Hasialtohtiye dIBIS BiReen
Moreover, in other enbodi ments, prior to perform ng the RTA heating of the

at mosphé? e the firgicand sseqndaneaks, ikichspe cprespord énabulk segian afihe avaferom about
800C to between : 0 . r rmng the
RTA, the heati ngﬁpnoggévgg’%gggrb gg‘%g@gbdﬁ%%&gg‘?%m ez*%}éﬁéedf%{ié géet}’vggl{e%lgnd and
about 70C pbottanaewiste dfdie wafanmdthe eecdhd ptakBiboiided theiei atdédiesneaspiodi nent s,

after decreasing,the heating, ammoni a may be purged fromthe at ngsphere.
Accordi ng tefﬁtﬂﬂéﬁloﬁ%%}ffil%r FWdEPn%IPFéWﬁ?@gEFRP surhresef the Waterp| ural ity

of silicon &@J&%%r?:?p%al??srﬁ@eﬂfﬁsﬂg%l HOEHURA, Bg%r%ﬁ{bfggﬁﬁgn?@ tHELIRbR
process on a serires of silicon wafers in an chanber 1'n an at nosphere
conpri s2hg watpoalsandcledasamlaraligrod Shilldve [Toeuch Itdatpar(@Tlrregibhain thauses

sublimation,of silicon dioxide fromthe series of silicon wafers onto the
RTA chanber 9BR{Ed ADe Eﬁ?veﬁ%ﬂﬁép? 5‘#%8 ogﬂ@éyafarrgn%&he hﬁépﬁ"’&nﬂ‘i“{ &‘6 ®that were

described abeyefsTrsipt N8N efsthaUmMBAlRents ithd %ﬁj"tgelgf)ﬂé@fp?tﬁé JdORYenRGtiseauential |y

processed for up to Six fmonths or nore with eani ng the RTA chanber of
si | i con di oriodide inodes Hishand secondhpgaksat deoudesiiond and acencakie regian tetvernt i s
performed aft t he RTA to produce.an.oxygen precipj.tat oncentration
brofile frofeaie Pseatidels FoVer ahrbeloter faTuwalib TRITIEHES 25 ch
conpri sgs f idchideadnsiths @epidbdROAK Detitech 'ﬂ'iestb? andackbrIRCRAR:r EUs Rt Heaed
depths fromthe top and bottom surfaces of the wafer, respectively, a DZ

bet ween t heWhish is ghosatodhe ST ragiongethatrhage an SREslp thet is pedicechermprsediden t he
bottom surf [ K. -an ncave regi on

bet ween t he |?§I %Eg’né@:%ﬁ53%%5@%@%%?%%@2?&%1?&assagﬁﬁmets ernl%\é%{lav% ofiles
may be proviidacthe $31 tegid indfigesodi ments of the invention, a silicon wafer
that is subject to an RTA process accordi ng{ to enbodi ments of the present

i nvention may belhioms ¢pb ts pH e Anventen thewr s PEecHilafeePnEPISIRtiAB| t en
silicondn . : : r.di yletos [ profile
wher e t?}% pﬁﬁ"??‘%‘é%?%?"eef“légaﬁ%@ r?%g%ttg |asr& g‘Fﬁ}% ﬁalg%dgugh esgﬂ%dﬁla‘?&rg I(r)tr?ltr‘%g i on of

i nterstitiatersigly dovatedtteswien the wpeant edttorhstirfhaey Thoy) ddr example, thedirstf or mat i on
of interstitial agglonerat.es.is prevented, d the, formation, of vacancy
aggl oner at e%mf%e%&gwg‘%@@m%d%% 3re BierTame e oSV fe Ht %ﬁ’@?e@wlmmﬁ%ﬁﬁ? on, a
si licon vaf ghfildiddedndt B'Yrfmbiricq, JhRIA, RF BeSI5e AACH APtHsmBRedi nent s of
t he presentﬁi nvention mafly be rrrlanuf actured from S{n i ngeotd%ni ch’is pulled
from a nol t previlefliferthe ifinst andh excond peaks’5 Aflagy, inssomesanetmndainenys vHtha inventjon,
pulling rate profile, where the pulling rate of the ingot is high enough so
t hat vacancy aggl onerates are forned through the dianeter of the ingot

wi thout formng interstitial agglonmerates. According to other enbodi nents
of the invention, a Czochral ski puller for growi ng a nonocrystalline
silicon ingot includes a chamber enclosure, a crucible in 30 the chanber

o g, I o o T o




8 housi ng bottom whi ch connect the inner and outer heat shield housing

wal | s, the heat shield housing top sloping upwards fromthe inner heat
shield housing wall to the outer heat shield housing wall, and the heat

shi el d housi ng bottom sl opi ng downwards Sromthe inner heat shield housing
wall to the outer heat shield housing wall. The 5 ring-shaped heat shield
housi ng al séheidsothiafdke denuded poneh éxipithe rngeof dboukdisn do Aot 40umiwnpeachr sheet

h i | d ield j b .
1201 1,21 kBB Rl SRR o R TR coPPOT

enbodi nment s forhke td& siffisikhedehth Omsdthet datotimentd ¢ thel RSedidd, Hetox§géd | on
adj acent the inner heat shield housing wall that slopes downward fyom 10

the inner hBECIDERlCELBCTIALEPRIRL ke first adesegondineals are at leasiabewi 116 wdlsi ng

wall. The h ' i . ' . rij

adj acent set h gl?%%@greﬁ hgegp)%é% %ﬁaaﬁ%hgﬂ@h\%% Hk”r{% %lgﬁ %gﬁ“geﬁé ?%%\g\%ﬁv\grsg&?lrﬁ omthe
outer heat phikelightheissibogt tvel0® chro\wdn dtill bthet anBsdiieats, £ lbivekstodygusi ng wal | .
Czochral ski pu] | ers accordi n%o enmbodi nents of the invention al ?o pull the
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According to method embodiments of the present invention, Rapid Thermal
Annealing (RTA) is performed on a silicoﬁ wafer in an atmosphere of a gas mixture
comprising a gas which has a vacancy injection effect and a gas which has an
30 interstitial silicon injection effect on the top and bottom surfaces of the silicon wafer,
and between about 1100°C and about 1200°C, to generate nucleation centers, which
act as oxygen precipitate growth sites during subsequent heat treatment, such that the
nucleation center concentration profile from the top surface to the bottom surface of

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




15 Figure 5 with respect to a variation of the mxing ratio of a gas

m xture containing NZ gas and Ar gas. Figure 10 shows an oxygen precipitate
concentration profiles obtained through subsequent heat treatnent after an
RTA process according to enbodi nents of @ he present invention, with respect
to the kinds of gas used during the RTA. 20 Figure 11 is_a diagram
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and Ar S ere. Figure 16 is a.photogranh show ng oxygen
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the N2 gas and H2 81,%5 at nosphere, Figure 17 is a photograph show ng the
depth of Dzsyrérchdithedeftomsuriacs offhe wafer may heas describpd AbAYEs Inwetathne a

subsequent . t t r.dj H‘g&g ts of
the i nventi gﬁg{)cﬁh{eﬁg’@%Tégisﬁh%)gg%@@wﬁ%@?zlWlesaggﬁ'g%dgtebgrap bs QV\A' ng
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subseq u%‘u t Ql?lg})digr{egt%f trlrlg rf{LTAa Istpee;fo?nr{e o'?\ aP fegsct%?)gut five seconds. In still other
embodiments, the RTA is preceded by rapidly heating the atmosphere comprising
ammonia and argon, at about 50°C per second.
According to still other method embodiments of the present invention, a
silicon wafer is manufactured by performing RTA on a silicon wafer having a top
20  surface and a bottom surface in an atmosphere comprising argon and ammonia, for at
least about five seconds and at between about 1100°C and about 1200°C. In other
embodiments, the RTA is performed at between about 1100° and about 1150°C. In
still other embodiments the RTA is performed at about 1120°C. In yet other
embodiments, prior to performing the RTA, oxygen is purged from the atmosphere
25  and sensing may be performed to determine that less than a predetermined
concentration of oxygen is present in the atmosphere. Moreover, in other
embodiments, prior to performing the RTA, heating of the atmosphere is increased at
about 50°C per second, for example from about 800°C to between about 1100°C and
about 1150°C. Moreover, after performing the RTA, the heating may be decreased by
30  between about 10°C per second and about 70°C per second, for example to about
800°C. In yet other embodiments, after decreasing the heating, ammonia may be
purged from the atmosphere.
According to other method embodiments of the present invention, a plurality

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




according to enbodi nents of the invention in the Ar gas atnosphere. 10
Figure 19 is a photograph show ng the depth of DZ fornmed near the surface
of a wafer which has undergone a subsequent heat treatnent after an RTA
process according to enbodi nents of the 7nvention in the H2 gas atnosphere.
Figure 20 is a phot ograph show nIQ the depth of DZ formed near the surface
of a wafer wriesiof Risonmaérsiran R4 ¢bhamberénen heeasphere somprising fitgen andh RTA
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anot her conygyvideanal CZ puller according to
15 In other embodiments of the invention, a silicon wafer that is subject to an
RTA process according to embodiments of the present invention may be
manufactured from an ingot which is pulled from molten silicon in a hot zone furnace
according to an ingot pulling rate profile where the pulling rate of the ingot is high
enough so that formation of interstitial agglomerates is prevented, but low enough so
20  that formation of interstitial agglomerates is prevented, and the formation of vacancy
agglomerates is prevented.
In still other embodiments of the invention, a silicon wafer that is subject to an
RTA process according to embodiments of the present invention may be
manufactured from an ingot which is pulled from a molten silicon in a hot zone
25  furnace according to an ingot pulling rate profile, where the pulling rate of the ingot is
high enough so that vacancy agglomerates are formed through the diameter of the
ingot without forming interstitial agglomerates.
According to other embodiments of the invention, a Czochralski puller for
growing a monocrystalline silicon ingot includes a chamber enclosure, a crucible in
30  the chamber enclosure that holds molten silicon, a seed holder in the chamber
enclosure adjacent the crucible to hold a seed crystal, and a heater in the chamber
enclosure surrounding the crucible. A ring-shaped heat shield housing also is
provided in the chamber enclosure including inner and outer heat shield housing walls

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




Application Serial Nos. 09/989,591 and 09/ 320, 210. Figure 29 is a schematic
view illustrating CZ pullers according to enbodi nents of the present
invention. 5 Figure 30 is a diagram showi ng najor parts of CZ pullers of
Figure 29. Figure 31 is a graph show ng &ariation of oxygen precipitate
concentration at the peaks after the RTA of Figure 5 with respect to a
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concentration at A20,88KS oftet 8 B(Iﬁﬁieg{?@f‘thgfheﬁ! sﬂ}élﬁ(fh(ﬁls}’ﬂgt%t%ﬁﬁﬂglﬁﬁesté)

b
variation of ranp-down rate. Figure graphically 11T ustrates a
ti me-t enper &t pertionafljacent ftioy innerphiedt shield iabisisgwelh than glopesodevdiwegd from

enbodi ts,of. th res i nvent.i on. Fl.qur 8 .graphi cally il lustrates
Fenper atr o Udpist deHcEeGt hesscrelh Raier bl Al o Shef b ettt heisRear  ng
of Figure 3Zhi@l@%hﬁh?Bo&&n@[ﬁb%lﬁ@@ta%eéﬁnd?p%rﬁd]ﬁacﬁ%{c%ﬁﬁﬁ& olifeY Bt kBld Fi gure
39 graphically illustrates anneallngptlne dependence of oxygen

preci pi t at i beusirgcwaldithagslopesalormmand from the outaehgat slyeldthopsing malldewardithgur e 40
graphically.]| ndgnce of oxygen precipitation on a ratio of
argon-to- am%ﬁ%gesa#}g\%@% grglﬁgg‘fgﬁapi d thermal annealing according to
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dependence of oxygen precipitation on ra
P 15  seed ho¥ er fror% the crelcible to grow the mrcﬁ)ten silicon into the cylindrical

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

the ingot.

Brief Description of the Drawings
Figure 1 is a sectional view showing a structure of a conventional Metal Oxide

30  Semiconductor (MOS) transistor formed near the surface of a silicon wafer.
Figure 2 is a diagram illustrating an oxygen precipitate concentration profile
of a conventional wafer.
Figure 3 is a diagram illustrating an oxygen precipitate concentration profile

of another conventional wafer.




down rate according to enbodi ments of the present invention. 12 Figure 42

graphically illustrates peak bul k mcro-defect (BMD) density as a function
of initial oxygen concentration according to enbodi nents of the present
invention. Figure 43 graphically illustrates slip length at the bottom

surface of a wafer 5 versus tenperature for rapid thermal annealing
accordi ng to enbdidgurentsbows art dreygen pewititaiensoantntation piodile ef aisiligomawlecal | y

illustrates slip | engt Ler SUS .argon-to-a nia gas ratio according to
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slip length as aFgnpe5iPntiAk chaifor id The&mkD ARREAIGI(RTAY prpiodi nent s of
the present invention. Figures 46A and 46B are X-ray topography photographs

of wafer botterdingdeembodiments of thequeseshingentfont he present invention. Figure
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transi stor dewvifegaftératR TADrdess illasttaal @d igwe Siib tated valiganitegea®ing to
enbodi ments of the invention. Figure 48B graphically illustrates a profile
of oxygen pEat#pIosERE: in a wafer of Figure 48A according to enbodi ments of
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waf er chaBPIeSt have an M shaped oxygen precipitate concentration
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concentration profile 25 according to enbodi nents of the present i nvention.

Fi gure 51 i wafercaftes snddA poeeds illnstatedfin Figioa§ entaroetbdut imp hydioper (k)

anneal i ng gas atmosphere.

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

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

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

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

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

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

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

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

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

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

embodiments of the invention in the N, and Ar gas atmosphere.




system Figure 52 is a schematic view of a nodified CZ puller according to
enbodi nents of the present invention. 30 Figure 53 illustrates details of
nodi fied parts of the CZ puller of Figure 52. Detail ed Description of
Preferred Enbodi nents The present inventpon now wi || be described nore
fully hereinafter with reference to the acconpanyi ng draw ngs, in which
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the surface of the wafer, and a gas which provides an interstitial silicon
inj ection effect, is used as a gas for the RTA according to enbodi nents of
the present 20 invention. In some enbodi nents, nitrogen (NZ) gas is used as
t he gas which has the vacancy injectionigeffect, and argon (Ar) and/or
hydrogen (H2) gas is used as the gas which has the interstitial silicon

i nj ection effect Figurgl ssa Shehatoughwdfiahdthert coaventionel @b pnllerdeé@ding to

concentratign profiles of v V. def interstitial silicon defects
wth respectipbedtion SBatos SRS ERF 93288 b er the RTA 1T ustrated i n
Figure 5 is carripghrd29 isidschBmatty vieWdili¥radhsCIRRBeRScco@RRAT I vel y. In

Figures 6 throug.h , the plot (a) representS the vacancy point defect
concent r at i embpdipfentsefalia preseRTmventiem i nert gas at nosphere, and plots (b)
and (c) pepresent..the,vacancy and interstitial i nt.. defect copcentration
prof i ess respectidrt 3 RabrafiondhRor M ot st i bwe S5 os pher 6.
30 As shown in t FRuedDDR A Eaplsstfwilp JariAion 6f bkyH Pheddpitatd onéailion apoi nt
defect concentration (convex curve indicated by (a)) after. the RTA in the
inert gas atheepkesfer TAwiEigureé withyesnegt todt vasiptianef the dovwgrtetNovaf er
and was high_i u region of the wafer. When the tenperature of the
RTA furnaceg?asgfgg?tﬁ%yé%éhcreased to the tenperature at the point (a) of
Figure 5 in the Fipud3PBa @ghpiosihangyariatibh of beygef prddifitateiconcantegivh aat i on of
vacanci es, which exjst as point defects in the wafer, |[ncreases., Since the
mobi | i t 0 of theReakatts theRT8 0 s s Wit IRSREE YO Grvapetioel g MuxIng 1o Qfacancy
concentrati W}aﬁ&%‘hﬂﬁu!r@ r than the equilibriumconcentration in the bulk
regi on. However, the venment of vacancies is active near the surface of
the wafer, 5 so Figare 3hs agraplesitomang variatibn v cxypen gseciptate ¢dneerdratibnae of t he
waf er reaches th uil ibriumconcentration,, rapi.dl.y. t he ot her hand, as
et enper athasgr At R FRAEES Silibraret er Buetd of Be elBb Fif um
concentration of piduge 3 1@ Srhp siRbwisd Varfafion b8 oky DR pRGipifald comvaihien By
Frenkel reconbinatlon between vacancy and interstitial silicon, with the

i ncr eas®S i ntheimeaksaften the RBAEiguae b ovith 1esnsot togi vavietiemef the bimdaliyg timet he 10
interstitials present é'n t he .bul k.region of .the wafer .js low, |i.ke the
vacanci es ¢ her 6i RIEHHE PRSP TIOPIRE kLR Of Grvesh proviniiale saltotlig s

remai ns hi gigrpehkddtter iR RONIOf FRiuré! Fva e sHRte 1olal vaHatisiPYEHE bandalifg
interstitial concentration near the surface of the wafer reaches the

equi | i bri unfeRnsedmer ati on, as does the vacancy concentration near the

surface of the . . i ure for
a period of ti rrg? {ﬁgk? %égﬁ\g}%g} %@%@W%@hhﬁgﬁ&é&gﬁ%ﬁcﬁ tﬁ‘%’: Cg%c%@{cmﬁ?éaéuch
that bo2h vpessafiesthaRI A of Eigsie 3 with sespeaedvirligios @@tdmpdobwmrgtencent rat i ons.

After the wafer is rapidly cooled down to the tenperature of . the point (c)
of Figure 5, thellgyiessgraphispllybiusirateses wae-dempgsature nratile far rapidyibermalt usi on
coefficient e i qar ' t the reduced 20

t enper at ur eM%%%%%?mgﬁﬁeﬁ)\%%@g%éﬁgﬁﬁggg#%%?é%&\%?ch have a snal |

di ffusi on coef fi Cigard 38 praphivelysilipstraes tampemtire defehdenvafofoxyden parti cul ar,

t he degree of supersaturation of vacancies is_high i.n the bu] k region of

t he waf er. P!E?\ﬁ)é’\'ftg??n % Lapid thepmal angeling of Figurg %IéaQFQEAdﬂ%F%%m‘? "P?F‘&ﬁghear t he
surfacexof {gr¥Rheihvedifd®. concentration of vacancy point defects

i medi ately reaches a new equilibrium 25 concentration at the dropped

t enper at ure. Thu¥iguten¥ grapbinaly idlosteates anacaling timeoddperdaice of oxgenRTA in t he

i nert atnosphere can have the convex shape as shown.in Figures 6 through 8.
Al so, as shg gty %‘iﬁ?‘gﬁ%ﬁg %iemcqoﬁgn?ﬁ§%ﬁaﬁBFe§erﬁﬂéVW'of Figure 5 is
perfornmed in an Nugas) glapRisaReiifstrdes dpendebbCsr @@@E&?ﬁk@@iﬁﬁ&@oﬁ hgatiul K
region of 30 the wafer conbines with vacancy silicon to produce

snal | er - si zebargpricammenia flayes duingapid thesmehamnealing acqerdingtocorhodimanis i on i n
the bul k,regien.i Qwer Meanwhi | e, the vacancy concentration increases
near thjjtg0 surg#glgg%%?&ttlﬁen\?\lg?‘er due to the vacancy injection effect by the N2
gas. As a resul t Figuked vaapliicyllyciinstenés depeizngyd Of dxlygen pretip@tatiéh on daénp-

at nosphere has the oppgsite shape (plot indicated by "b") to that of the
waf er fabri EQVRERE ACCOFHng We?mb%glﬁﬁ%tﬁﬁﬁ?héprqsﬁmd@%ﬁlﬁm@-n, when the RTA process
of Figure 5 is perforned in the Ar and H2 gas at nospheres as shown in
Figures 7 and 8, respectively, the vacancy concentration 5 is | owered

t hroughout the wafer due to the interstitial silicon injection effect. In
particular, since a reconbination of vacancy silicon and interstitial
silicon rapidly occurs near the surface of the wafer due to the
interstitial silicon injection effect of the gases used, the vacancy
concentration can be maintained at a critical concentration, which is the
equi libriumconcentration at a particular tenperature. 10 In enbodi nents of

- . A Y




bottom surfaces of the silicon wafer. Also, it can be noted that the
vacancy concentration fromthe top and bottom surfaces to the first and
second peaks is |ower than the equilibriumconcentration at a particular
tenperature. Also, in the bulk region bgpween the first and second peaks,
t he vacancy concentration profiles have a 20 concave shape. The vacancy
concentration pr biguredgraphigaltyeillastcaes frak dbbkaniteddefectd BMIDpdansiteatodi nent s

f the i ti t he RTA pr. f Fi .5 i f dinth
s M xt Uy TSEDA pHEH B! B ANREH GRoEerg ool GRORAEY and -

interstitialpvwehidrcon i njection effects. Conparing, using a |logarithmc
scal e, the vacancy silicon 25 concentration profile obtained fromthe
vacancy silicon Figuecdd grapkitdliscillustratessdipNengyia st the hottqyh surgacetod atvyader

i nterst igi aIV Si Iti con concent rii&ﬁeona r of ill es cobrt al r][edm rﬁimetngseofjtﬂé erstitial
silicon inj Eers SHPERHER 1O P o 8%1%““%% ﬁ%gﬂﬁe?& PHES cancy silicon
concentr at i pfes@itdhventon.S | ess steep than the interstitial silicon

concentration profile in the re?1 on fromthe top and bottom surfaces of the
g

wafer to a predeFigus 4earaplipally illggratesdipdength Mersysargeit{p-anmopig gas ratio

concentrati 0f | 0 . fhe interstitial silicon
concentrati gér;bog({rlg% Hegn oﬁ%ﬁq@@%g?@??@%@ﬁ%@%& H'dept h toward the bul k region.
Thus, in the dentipaee 20g@phiealty illnstrdteyslipriehgiohd o fonstiord atrampedovirtatanaf er s,

t he vacancy siljcon concentration is ngintained at or below a critical
val ue, 10 ¢ acqopling for%b%]ﬂm@%fﬁlﬁf%?@r‘?sﬁ@ IB¥RICNDr i um concentration val ue at a

particul ar tenpe %,hg t U 5&{?; j 1 i itial
silicones. Beyong eselgéﬁ%l edg%zagﬁz(, ra:yﬁe a%ﬂglgtc‘glefsbigﬂ ggﬂfggtﬁgg%ﬁrﬁi on

shar pl y i ncaeasdisg tooensodirgersh of the pnadettiighmtionhan t he equi l i brium
concentration value. Then, .at. a depth of the wafer_ where. the_difference
bet ween t he vacahl',g}“ea‘hﬂgriaﬂlﬁlé?lg"t‘illflﬂ o5y e?%ﬁtﬁﬁﬁﬁéﬁ?fr%’%’ifg ngrgﬂﬁes reaches a
maxi mum val g&nsificalen. > Where the vacancy silicon concentration profile
becones steeper than the interstitial silicon concentration, peaks (first
and secbhd peaksFigareA§loisrreatossTigetionat siswyofdield effect ramsision dexides thageaty eases
beyond t he peaks. toward.the | kK regio SO t.hat. 6 a.concave. vacancy
concentrati g%?%%?tﬁ‘%l §1gco&b\§/§?ﬁélac%g{r\%ggﬁmﬁﬂ@m}eﬂsﬁfﬁgzﬁ&v ©8nd peaks.
According to ot hBjgues BBl paphicallyof lubthged M@ Hld @bxyké]ﬁpfééi?ﬁzﬁt@yinwﬂfer gefects
of 10 the wafer generate oxygen precipitates via thermal process cycles in
subsequent E@W&g‘}m@mo&m@mr@@mwﬁaﬁtherpée.semtnnvﬁmﬁen- words, the vacancy
poi nt defects be i . nreai pi d by
Phe subsequent t Rarre” SrSaxLaR BEALEL bR RERh BRELR LELEsdiatae
concent2@t i devicdstae ahesuhtaif tleheh dixlpgstionpigdng hécdtding eaeidiaénto of thEhus, the
oxygen precipitate concentration profile can be inferred 15 fromthe
vacancy conBEsttaVeBHROBrofile of the wafer. The vacancy concentration and
t he oxygen preci pj at hfé(%g feol 1 i Lp: Si
(silicon substr a?iglﬁéﬁ)x%l?ﬁ]@g{/lf\%@hggﬂis Si i %)?yfglé&r{g\éértggf%ﬁgt %ﬁg?‘pﬁrﬁgi I

(i nterstitifala veafts which deesmot hinvesarr Ml-shpahaty genx preepitaterconeanirati@prodite t he
vacancy silic concentration (Vs;) and the initial oxygen concentration
(O3 hor et o RS bl et Vb hpoSd ot are protipiene g pHEAion RES Sy gan
preci pijsat ea&@ﬁﬁﬁg‘fdéﬁﬁ&lﬂn_&rﬁ%ﬁﬁé%?eseﬁtrin{ré?ﬁo&b_ove rel ational expression, -~
25 is a constant. I n enbodinents of the iInvention, the oxygen precipitate
concentration pr BigutesS Was codssaeetmnabiicwof awhsentiondl rapd thermelamealingon t he
waf er whi ch_had undergone the RTA process of Figure 5. The conditions for
t he subsequ@'r??enheat treatnment were determ ned taking into account the
condi tions of thBigiﬂlﬁSZﬁ@'asQlﬁé?ﬁeﬁféSviéWGf@ﬁldd[ﬁea(tﬁﬁiﬂﬂéigﬂaﬂ&ﬁlgrto devi ce

manuf act ure, during whi ch oxygen precipitates are formed. For conparison
bet ween waf enbodimpentsof theeoresept ipvend®ds of Figure 5, the subsequent processes
were c i ed out 0 rs.a a 1600C for
about 16 hours i ﬁl%grneaﬁz}lﬂgggaq%ﬁ ne,})a{gfsﬁg?g)%ﬁeﬁlpg?t gﬁ Z‘(:)h,ertlgzn8 %l}e le%?ﬂ%ur? gg‘esti gate
the effect of the gas m xture used in the present invention, a flowrate
and mxing ratio of the gas mxture used during the RTA process of Figure 5
were varied. Figure 9 sBefated Dgscription.of Preferped Embodiment

of Figure 5 w thTﬁ@%@?&{t iv@nBorYASW &fill Bgd&fcriﬁ&g Bt full§ hél%ﬁf.a?teﬁ&itflhe gas 5
m xture containing N2 gas and Ar gas. Figure To1%Ma graph show ng the
vari ati on i reforygdn theracoppinmg drewioes) inathidnpaferted enmbedinsentd 6fithe espect to
a variation of the flowrate of Ar/N2 m xture gas. In Figure 9, (a)
represents the vacancy concentration profile when the mxing ratio of N2
and Ar is 70:30, (b) represents when the mxing ratio of N2 and Ar is 10
50: 50, and (c) represents when the mxing ratio of NZ and Ar is 30:70. It
shoul d be noted that as the NZ concentration increases, the peaks shift

e Y 1 Y o o o o o




20 of about 10 seconds and a ranp-down rate of about 33C/sec. The flow
rates of the Ar/N2 gases in the Ar/N2 m xture were varied to be 1/1, 2/2,
3/3, 4/4 and 5/5 liters/mn. The result of Figure 31 shows that the oxygen
preci pitate concentration increases wtigthe increase in flow rate of the
m xture gas. The oxygen precipitate concentration of Figure 32 at the peaks
was neasur ethvaitioaf dreshdvire Hiidinvastigremby hoedvem bé bimbsdiakinanadi differeat as f or

the data of _Figure 31 except that the Ar/NZ gases |n the gas m xture were
suppl i ed at _fogmg ABdshowt nefibespusirusd s fmst,ed_é? e ebogiymapts Sgt i REEFIGY m n wi ¢ b
various m Xi g IfibdeQenbodihélis &%%%&T&d% tﬁétQHiQ%is'élogéxefvlrﬁltb@%orbﬁgﬁg ér1ﬁ|16 Hour

treatnent was perforned at 800 or 4 hours and then at |600C
in a NZ at nosppletecandTivgl fully ebhveyfthésogpe of 812 isventien tdthoseadkilled3n theaamst ant

fl h i.xt t it / m. th i pi t
Tovoent v Ve fefatel e dickdth of e S8 el ke SrBir gRl g La° .
m xture. ThgyRk&LS /TS t0Jike @M&i&ﬁﬁ)u@ﬁo&hﬁ WilAbe ﬂnﬂ@ﬂsﬂﬂﬁ'ﬂlﬂaﬁﬂﬁn%m ng ratio

and flow rate of gas m xture, the ranp-up rate, the ann‘eal,l ng tenperature
and time, télemenirsudoana lareer regioh etrrabstratels referredhéo sebding ‘e’ apethelous | evel s

to vary the_positions,of. ks .at 19 the vacancy. concentrati ofile,
he vacancy Rt HEPLEF SHETRI Tels ptrerelepefid TEREN PR TR A B By o
val ue at t hgrebank KId @giras, whérearstléRettiis edaueltd a3 0smgadiéaly dnftfenbihke. Fi gure
33 shows the variation of oxygen preci ?i tate concentration at_ the peaks 5
after tHb Ratpment, thegrare ng injeivening slsaents pyesent; JMorpovern cash e dpBgRY- up rat e.
For conpari . r i it g{;/ﬁ?, kept

const ant, i&%&lbéﬁdﬁlgsﬁ%é&r}%ﬁﬁgﬁ%p%ﬁgRgg{)fh @H%gs swm}l/gg Se V{?%'ieSO: 50, the
anneal i ng tenpatimenrs wels set to | 250C, the annealing tinme was set to 10

seconds and the ranp-do r at s set to 33C/ sec. A subsequent. thernal
treat nent was caﬁgf’{fd‘g%m%?a%é(ls OVF an Ry SRR PEGeLpILgfe %C%@@gPBFOfﬁeH drs and

then at 160&&5@%&%&%%&&@ {&@dﬂ%na{tyeﬁ&bﬁfﬁer%%@ﬁ%m@oﬁl GriSfiRs as in the

previ ous neasurenents. The result 1s shown'in .. TABLE 1" Ranp-up rate
( T sec) Ixy gpwfifr techpoxyger poesim@te conténbratian ppebésof(tbagiboB) waRrs0 x 101" 302.5

x 10"' 502. 1x10"! 702. 10 "' 902.0 x, 10 15 Figure .33 and.Table 1 jndicate
Fhat the. oxPBBHEgpPEEYy bapeneBRTiak bt whifhee Sonean 1Rt i Lenced
greatly by {#be &@ADeHBddPLshes IDBHIE aPtedehtPMnel MR phahhdl @A befh B KGN
preci pitate concentration at the peaks after the RTA of Fiqure 5 with

respect to andtntioa swfaces ofithe wafenemidithgyoxyiger precipitaterconeeniaior fasmpar i son,

i xi ng rat | e RARARRAPO @RS bl DGl G TR LA B AR (o0

to 500 HecC, repltn Roneal the@oil atdlagewafoustdf &9 2dr pRcipitates sretpigsen@anp- down
rate was set to 33C/sec. A subsequent thermal treatnent was carried out for
all of the Waichuse eroughtrrioghces griigring affertonanetaliconBod@ntsr 16 hours in a

N2 at mospher e, V‘Mo?@péﬁ@éulaﬂy, with a conventional oxygen precipitate profile, metal

contaminants gettered by a single peak positioned in the central area of the wafer may
be released with subsequent thermal treatment processes. In contrast to the

25  conventional profile, embodiments of the invention which include double peaks in the
oxygen precipitate concentration profile, metal contaminants may be released in the
direction of both the surfaces and the bulk region of the wafer, so that the amount of
metal contaminants released to the surfaces can be reduced.

Figure 5 is a time chart for a Rapid Thermal Annealing (RTA) process

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

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



the sane as in the previous neasurenents. The result is shown in Table 2.
25 20 TABLE 2 Anneal ing Ti meOxygen precipitate concentration at peaks
(ealcnB8)11.0 x 1055.0 x 10'102.0 x 10"'302.5 x 10"'603.0 x 101" Figure 34
and Table 2 indicate that the oxygen pregipitate concentration at the peaks
Is influenced by the annealing tinme, and the annealing should be continued
f](c)r 5 i’it IeaiSztbolﬁt X000 d9). oThempthe r‘:éxﬁperbﬂﬂﬁa ioxyadrethinpd eci35i0t@ta aconcent rati on
of at least 1Q9/cnB or npore at the peaks ure 3 hows .t he vari ati on of
oxygen pr ecPiSAeSHIBe BEIRGATIIR (o PxamPiona cwé Q§e°&r1§%aﬂﬁ,r?@dﬁ1% of Figure 5

wi th respec{enfcpgra@mge{t@ &Pt R f@haddy sﬁf}gﬁg_?bﬂegseﬁ Fi@bF At E?’C/éé@'iﬂ?%' son,

t he ot her processing con I ons o wer e ept constant, i.e., the
m Xi ng rat i memémp&atartcbfﬁthe sfasdty pweiod {BY). thndly; 6O waféres ualnpdadrfrmﬂ@ was set

to 50C s . tot h -d
Fat o vas seRTAGuESes Dok BcnlBuRRint hafF ARroeroieniHe (HEEs s B out 1 or
al | of the M‘ﬁfrfb’hﬁoﬁlbf 1%@%9{% [préciPiRats Aud@edtiohRemeRicah 80 Q6nttdled 14hdRRiIsS 1N a

NZ at nospher e, e sanke as in the previous neasurements. The

result is shD@USiahOmabiaEd?rCQBltatﬁﬁﬁLC@Eii) /wlnelaane peesTrimser tegnd@ey ) dlie
1 Or. 120
Poci1801 0 ¥ERDErbY R5sad o BERSE obhbet st SrileRentadS HAREIE Dot cat e

that the oxygen Wﬁ@p‘ﬂo@ésts ngIﬁﬁaﬁ@l% faabé 6fFighretshie makzsuus&awé |Menerd by the
anneal i ng tenperature, t he anneal Ing tenperature 21 shoul d be high

(at at leastn M@FCOIQ@Q(EO émbﬂ@iff@}ltsf(lfﬁhﬁtmese@k%éﬁl% theikgndspfambisnéent rat i on
of at |east / ure and
time are cl 88 ?}ﬁ)ggrsageél a le%}' iﬁﬁsgghe 0 Sraté% preci paét a%gg agxgﬂﬂéﬁﬁ ’at i on.

Consi der i ngannealing temperature, anneahng time and/or ramp-down rate (i.e., cooling rate) all

may contribute to attaining a profile according to Figure 4, as will be described below.
The RTA is carried out at at least about 1150°C for at least about 5 seconds. For

15  example, the RTA is performed at 1150°C for at least 30 seconds, or at 1250°C for at

least 5 to 10 seconds. Also, the wafer is cooled rapidly at a rate of at least 30°C/sec.

A gas mixture containing a gas which provides a vacancy injection effect to
the surface of the wafer, and a gas which provides an interstitial silicon injection
effect, is used as a gas for the RTA according to embodiments of the present

20  invention. In some embodiments, nitrogen (N>) 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.

Figures 6 through 8 illustrate the point defect concentration profiles of
vacancy defects and interstitial silicon defects with respect to the depth of the wafer,

25  after the RTA illustrated in Figure 5 is carried out in Nj, Ar and H; atmospheres,
respectively. In Figures 6 through 8, the plot (a) represents the vacancy point defect
concentration profile after RTA in an inert gas atmosphere, and plots (b) and (c)
represent the vacancy and interstitial point defect concentration profiles, respectively,
after the RTA in the corresponding gas atmosphere.

30 As shown in the embodiments of Figures 6 through 8, the vacancy point defect
concentration (convex curve indicated by (a)) after the RTA in the inert gas
atmosphere was low at the top and bottom surfaces of the wafer, and was high in the
bulk region of the wafer. When the temperature of the RTA furnace is rapidly

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




the result of Figure 34, it can be noted that for a certain concentration
of oxygen precipitate, the annealing tinme can be reduced at a higher
anneal i ng tenperature, whereas the annealing tine can be | engthened at a

| ower anneal ing tenperature for a certaif concentration. Figure 36 shows
the variation of oxygen precipitate concentration at the peaks after the
RTA of Fi guthe eguilibrivmy econpendration of vacantias,ivdnchoéxistlae peiahgefeesin thamaferFor 10
conpari son, .t he ot her 0 .na.condi.tions_ of .t he,,RTA wer.g ke onst ant ,
e he nieroas Ao P RB R A Aot 8T 1 we B g o HRDC L
rate was sewada@cpOiceeationtemaing &aldr tithnt thePQIiAbriire ch@ne&iontia tH2HAKE and t he
annealing tinme was set to 10 seconds. A subsequent thermal treatnent was
carried out rqenn. gaweyer.ithempsenaeny ofvagmeies fsoictine pe ithe sinfgce plethe aafer600C f or

16 hoursgin t : i.ch.: ' evi ous
reasur enpnt & HHF R e ORERIAG of LakitHhal HE st AT e b IS Y P

( ¢ sec) Oxygedquilibiarh poticehtration) espidly AOnahe athepkaldsad thateimdrak(hid.of the RDA302. 0 X
10"' 502.2 x_.10703, 0 x 10"' 903, 5x10Q": .Figure 36 _and Table 4. indicate that
the oxygen PRBMEShERbnersA e b sapbhriun Copengationafithe ntersigial sthepynced
greatly by -égﬁqg ind38 bOXWd L 4

concentrati E)dr?ﬁeéélgclﬁg tly I %i@é%gg{@ﬁ%ﬁ%ﬂ%ﬁﬁkcr eagg@%@fg@p@ﬁ%a}tg% e. Figure
10 shows t heilioory yath the exiquis¢ it the vacaney tormentoatiopr @¥lsd, smcoteanolshitytdfitisugh t he

b t heat .treatnent after the A process acgordi ng ta enbodi nents of
he. pr eLhnt TSHLHAT GReenhin e PRLIEERN ob TR RIShafkeghs iebestiehy e 25
RTA. I n Fi giHeqntbRititibPoont &858 M the b @gﬁbﬁ%}nﬂhéfﬁﬂgﬁéﬂtﬁ&r?theQa&‘iﬁﬁﬁﬁﬁt I on

profile of a wafer fabricated in a NZ gas atnosphéere, (b) represents that
of a wafer ¢ensenteattond Haweyer, tiepinigpstijiabcaneentratiog asardherew fiiee 10€ the(veafer

represents that a wafer fabricated in a.N2 gas and H2 gas_atnpsphere,
(@) £ opr eaelhss s Eaffiriim paeb EioR of dord ol wlBly Wl MR RRL I Pona (o
represents tilvédce of thie wegbrer fabricated in a H2 gas atnosphere. For

conpari son, the RTA and the_ subsequent heat treatnment were carried out
15 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
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
20  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,
because the mobility of the vacancies is high near the surface of the wafer, the
concentration of vacancy point defects immediately reaches a new equilibrium
25  concentration at the dropped temperature.
Thus, the vacancy concentration profile after the RTA in the inert atmosphere
can have the convex shape as shown in Figures 6 through 8.
Also, as shown in Figure 6, in the case where the RTA of Figure 5 is
performed in an N, gas atmosphere, N, gas which permeates into the bulk region of
30  the wafer combines with vacancy silicon to produce smaller-sized silicon nitride
(Si3Ny), so that the vacancy concentration in the bulk region is lowered. Meanwhile,
the vacancy concentration increases near the surface of the wafer due to the vacancy

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




5 on all the wafers under the sane processing conditions. That is, the RTA
was perfornmed at |250C for 10 seconds, and the subsequent heat treatnent
were 10 perfornmed tw ce, as described above, at 800C for 4 hours and at
1600C for 16 hours. The results are shows in Table 5. TABLE 5 Gas usedpeak

oxygenOxygenDept hs of
DZsCOPpr eci pineespbese des thieoapesitgyphynti (556 indi¢atecon de htortheti o teoviafent r at i onabi | i

ty(cm3)in I ( 10y8 x 10y50Medi umH26 x 10'6 x
| Oy60Hi ghNZ??%%iléfaL%&%iﬁl)% ﬁ%@%ﬁ@n@ﬁ%t ectionlimt)N2 + Ar2 x 101"5 x
10y10Medi umN2 + HRddditidd) whSnxhd RYAPrbass &f Bigire 51id pefortnediindicas add Hist r at i ng

di ssolution of the COPs near the surface of the silicon wafer as the RTA of
Figure 5 isgasdtmogphessasishownin guies fad Berespectivelyethe vagancy pencenteatioph ch
are forned %!HM br oken
oct ahedrngl \%ﬁ%%ﬁ%%@u&%&h&%ﬁﬁ@%eﬁ%&%ﬁ te%gffgglﬂg ge ?iorrre olﬁ\hthe i nner
si de of a veadic@lag sindk a@ecmﬁtemati‘oh@f Ra'a%npy sitiesssandsinfeestitial siicbn rapidlyAr or H2
gas atnosphere, wherein S_.provi the interstitial. sil

e

injection ePfREsngas theur fﬁ? %Wa»fertdﬂst%@?éwmf%l strees lnlﬁ\ﬂ}oé‘f?f%f’teor}ﬁ}l‘%sent
near the SUPEQQ s, tHeBic g%n atrgis ﬁa’?ﬁle‘iﬁ&lntaﬁf?:d@? Eﬁﬁé’a!l BShRn@ip0! uti on
mechani sm of the COPS in talﬁ:, as the ingot h oxygen is

i ncor por at esvhath is He dquilibriaim comeedrationat mpax@puldutlempgratltre crystal grow h,

2 e Morng EHSPIEeR RRL ER, B oLk SRR e
warf er for meehifthRMtindsp HeP%%rdxﬁn@esﬂz%ﬂ@ﬁ'irgﬁk’dbﬁmgn@ﬂz%%stﬁﬁtﬂiﬁﬂ@term ned
n

solubility of oxygen (indicated "S" in Figure 11 ). However, the initial
oxygen conc&asaney cwemamntm@bmmth@eamlmmh@nmh@nes ban kaehitinedbor | ess

t han the prede erm.n u FOML [ of 0

thoough t heeSTbPIE B Qs & pa 7 ana e bP Ffithesth bnght?) RDuBLd ¥R,

waf er, the gupernsaingy abmen@atigiofies 6£HBP Waeets ifabriRatcl én theigds ﬁﬁ)ﬁuﬁnd is used
to formthe silicon oxide |ayer 22 on the inside of the void 20a. Al so,

s. nce thd | ﬁmqsaher%(Wé‘hﬁ@bﬁ@e?%?%H’e@hS Heenredsiermingd depth Bomihetopapdr (t hat
a regi OE tl?(ﬁﬁ kel Qiethﬁgﬂgcgﬁgf%a?e}?? f%gl),gacagﬁg nb{eﬁ‘?hat-{he \(}Rccall;:éygur e 11 ) is

Iess t han the prede term ne oxygen, oxygen-is di ssol ved
out of the smﬂaemmnomxfrdn tlieetyspland baitors burfacks foothediest iand tdvend pedks 20lbwend

S|nultaneou silicqgn rovi ded on the S|de of t VOI due to the
interstiti aF iths ?,‘B‘hlol? ‘?I}CSWr%’I‘OPé‘EF paticy te&é&er%‘ﬁec:}ﬁ?% “b&‘ﬁéi‘ d during

the RTA pr Oﬁe%iﬁﬁw belved th8 it tand s&8nd bgﬂcsftﬁe W%&Db&c@ﬁ@% | oﬁ; @@??ﬁav%rhd the

void 22b fi l'y 15 di sappears. di sso ect, the RTA
pr ocess2@ccormangshape.enmbodi ment s of t he pr esent invention can be extended

to many ki nds of fers di ssol u |on ef f ect
may be enhanced Egaﬁ@cap%cwe@%m?%?ﬁ E@“feh hb“%al AGEPEIREY 12
through 16 gmBodiiRhBWTARNGVENRY BEabRehORY A oS 6f Pighat LisPefibihddini ons of
the wafers which have undergone the subsequent heat treatment after the

RTA, and haths gapmisiyeasmopphses gintainiag dhergases praviding the vddahessarst inRrsjitiab 10.

In partlcula or onds t.0 the case of Figure 13
corr esponds® !18"‘%%1 @838%8(1% @PIH argje gatue aﬁ%ﬁﬁ@“‘fic?:l‘a’rtb%g?)c@ﬂ@g ﬁ%ont he case
of usi ngs HZc@@%ntrﬁioﬁ%@ﬁlb%b?a%daQ’fdrﬁﬂm@&ldy%ﬂtdaﬁ 1@@&%ncbfffebl§1hrtﬂe N2gand Ar
gases, and Figure 16 corresponds to the case of using N2 and H2 gases.

Al so, the | @nospheredethe intpastitiabsilicen qoneentigpion prafdlescotssinedgomdher, and the
right ther eﬂlfter%%\i\@ﬂltcgﬁ 1@9&1%8 %H%&rnfl AG%r 9{2 gta?&ﬁ’b’%f)ﬁére, the vacancy silicon

concentration profile is less steep than the interstitial silicon concentration profile in

the region from the top and bottom surfaces of the wafer to a predetermined depth.

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

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



Figures 17 through 21 are photographs showi ng the depth of DZ fornmed near
the surface of the wafers, where no oxygen precipitates exist, which have
under gone 30 the subsequent heat treatnent after the RTA, and have the
oxygen precipitate concentration profil &% of Figure 10. In particular,

Figure 17 represents th ase of .using N2 gas,, K Fiqure 18 represents the
case of usi ﬁ‘%o 1‘{?&9?“1*&‘(} ‘?glt?fgtltiaiﬁﬁhé%‘&ﬁt @%W@@ﬁg@m@d&@?%&"wcw, Fi gure
20 represents; @ﬁ?‘a RO 3 I QU8B
represents %ﬁg&ggosﬂeé 0 t@i’isﬁé‘l"&%nané&@ﬁ“ g%%‘g‘s%?ﬁ’?é“d?g%‘eéé}%ﬁétﬁée lfo(glryinﬂnrabl e 5,
the DZ i s beomeytritommathe. MTheheatdepthndsdheafer wheguhediff2fohce hetweghth24B ar e

phot ogr aphs show ng, t he sh s of as-grown COPS, and those of COPs that
have been cRaTEHARLteEstiiah liparacoppeniigh dalies Fyclies g P REMAANE] ur oo 224

and 22B § epidgRithe VAAnERSASon\RcEntF3Tidn pPoflE bE IR dickperlthin MK iéSMspher e,
Fi gures 23A and 23B represent the caseS where RTA is perfornmed in the NZ

and Ar at nosiiner eoncarfthtongpgals (fstrandrsdcaipenks) aessfonmed. hBheeasarcyvdilinog t he N2
and HZ at nosphere... As. shown.in Tabl e t he s are.not substantially

i ssol ved | RORRREN TSR bpLordifs Besksi i SRR FEIHEH PHETERREY s Lot n
in a gas N xhdahey déhcahtfmpBlRsfle MEHtEntdBetNeDfks firS afll XesdnipkiksAr or HZ gas,
and in particularly, the S can_be conpl etely dissolved in the H2

at nosphere. Fr oncgrdingde gfher empodiggnts|of heyaveniioay the ya¢angy peiatidefesigof he
sizes o ' : 3 ' ' LSsol ving the
aPS du? ng U el bW ptiiel OB ARt brdclesilR: B fibkecbit),

i nvention casmicomiuctlr deviee thaatifactaty. i Iatied wonds, e vaxyge poptt defepistbatase f or med

vi a subsequent thernmal process cycles ich are usually performed in
seni conduct BRCIERISRCENEIHPT Es1EeD ﬁrecwtat?é%]w%bagh@ FHDSREBET PIYESSFi gure 5

on a silico f | ane; Lan; i ng which
the RTA pro%éggs' ?;hgﬂ?gg{e{%e%lﬁéﬁgp%\sﬁgﬁﬁé’nven?ﬁ%ﬁﬁf@%@g& :plfgé}l ofjc!t, and

pr epar at i oncafcemadtens Thios,dhe axyzen pieiifateeconneraapiby profile ban BeTAferredw wi | | be
described. 20 Figure 25 is a flow diagramill ustrating preparation of

waf er s ggco%&f“rfhgf’ﬁcaﬁc%ﬁ%ﬁamﬁaé}ﬂ’é’r%{ék?’Iﬁg’ep‘?’ €ent invention, and

particul arly, ilirys{i@héyebetteRhahd 08 &ybAPpREBRES ToRldnihticd Nakdhe gr oW h
(S10). An overview of the general wafering technique is provided in Chapter
1 of the tefallowdng reBitionghdp: Processing for the VLSl Era, Volume 1, Process
Technol ogy", by S.WIlf and R N. Tauber, 1986, pp. 1-35, the disclosure of
25 which is hereby incorporated herein by reference. Referring to Figure
25, the general SpsBicbnguitacysxo;rchugdes the crystal growth step (S10) of
growi ng an ingot using a CZ puller, a slicing step (S12) of slicing the
ingot i#o wafers, an et chi Bidprygepdrepjpitate) roindntarstititad siider® o each slice
or etching the surfaces of slices. Then, after a first cleaning step (S16)
of cleaning the surfaces of slices, a donor killing step (S18) is 30
carried out Thidhélafidifil bgRessithf agethatds thd@acsbdyeéiBeon bRt EntHB6h ?Vglﬂz!dﬁittﬁé

devices are formed, are polished (S20), and the polished wafers are cl eaned
in a secondindiad axRygey conegniration(0:) Meegase, therepetion pregeedsierfthe sights o thatkaged

(26 A B LSRRl PR TR R AR 1S

enbodi nEnt sisGfconstdl. t he present invention can be carried out in a separate
step. However, it may be preferable to performthe RTA in the donor killing
step (S18) in vi buwemodiments of the igentiomithe okyigon phacififategconedndration prodilor ocess

of convertip 0 nent .contained.in.the silic i,ngot ich are
oresent 1 n PRCYERET sf SRR RN uBi pl e SorB b B Rt 0 reontbe o

fabri cati onRAAGracdss aBFiguft0s) dhe @bnditiewt foPhe stibselyiidit ABt@fbainid ket 1 ONS,
into oxygen precipitates via heat treatnent during the wafering process in

order to redtiemingktakingdntgiacequpt the cppditionsofitheythsemalgresess qysles ineat

t t i : i . 7 . d i

R i o e E6s Beio@naRiRhnel fting hicABden e ARFANR gl Fol " 21
whi ch the ceorspaisor BetgreeniviaferShbipr the RIBY process df FAsrshahasibieddegtir e 27, the

CZ puller 100 includes a. furnace, rystal pulling nechani sm an
envi r onment PIOGEEFOVFIE catticd oft E‘d’ﬁ’ﬁﬁ‘?@%bég‘t!d‘bew hoyyrs andsatapputlio80%Aor yr nace
is general | }odupi€h6®e ir £h RS g diRbsgieRe furnace. The hot zone furnace

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

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



25 The environnent control system may include a chanmber enclosure 130, the
cooling j acket 132, and other flow controllers and vacuum exhaust systens
that are not shown. The conputer-based control system nay be used to
control the heating elenents, the pulled8and other electrical and

mechani cal elenents. .In order tQ row nonocrystalline sjlicon ingot, the
seed crystal 124 A, wrésmoae‘(eéag%ﬂm&feﬁb@fio b, P8 TR U SBPIRSEY adual | y
pulled in theetbila v B4 4 ﬁe%hhe OhlikareARdq aRihSinkiReg4 | on of the

molten silicon |26 into m)nocrystal I ne si |con occurs at the interface 131
bet ween t he pmwgsstof]l?iglraﬁdvvdmeamndl tlagurs 9 shawn thed@canky cehaentration Profler e 27,

the interfacg 1 cav atlv toth en silicon 6. 26A
cont ol | ed- G05gBRRITL! DRt v ED RORSHE o8 YTRISRaF FeanBLRBRAT TS 285 gur e 4
can be obt aififrd éoxMifihg N6aaS addALBad YHiig&lel i$4 bial ?Hﬂhd/ﬁhgﬂﬁa varRGYEN

enbodi nents of RTA according to the present invéntion. Specifically, RTA
accor di ng t@xmﬂmmmmg carfcentvationrag therneaknwith réspect taa vireatigpif thedflave a
"perfect” vvafer no def ects such as 5 interstitial aggl onerates and
vacancy agglr%?rg n@& $ &%y "senm - perfect” wafer in which vacancy

aggl oner at es ar e [PFRYRSY, (h)repriebshtathe &@@Hﬁ@% chc@htratREl R6fidiviHenAhémixing
predeterm ned radius fromthe center of the wafer, and no vacancy

aggl omer at esatieref NorandrAnip 70:30, Goy gapsesents v hcampyingsiabio obDe SndIAT tthe
t
Ve ough'f he SHEPRRIE) Apfksfhul Thes i SGH0 BEAF aRIAY S RFRLIY R BT 20 oo

present i nvaotet chmt iasthedl, dontértadoi mctéaee@ﬂre\pealwashﬁt towaddsurfaces ofths aI |
types of wafers to ich the princjple of the present mveg‘:el on c

appl i ed. As @&k VaaIBRECoNSAIERIOROh the Repks Merepiess dhtt f.d ﬁ%ntwafgh%
directed todﬂewﬁ%\t% )h/g 0 BEY AR ﬁﬁ&t&&%@&&e@%ﬂ‘eﬁg&&@ég aﬁ%;@trﬁhh&? as

shown in Figure 4 i eved by pe ng an A process of

Fi gure 5 anchdrply cbud@awqurethtthhwtea&élmthehbnemxtentra’mcm silicon wafer to which
the presgnt invention can be ied. Also, f t he s, enbodi ments of
the brelont | nverhr SRYSduraetle serpeidtion ok F Birobal A neals s eamednl y t he
bul k regi Onaﬂér éﬁﬁh&ﬁh@ﬁnﬁﬂ@atﬁﬁht RBSRNY00PE B0t Mhouk Harl HER afl dbolf €vent
the defects of silicon wafers, many practical investigations have focused

on a cryst all6@Q° G\ﬁphahwbb@b@ursmaraNha‘rg‘mSphnrcaﬁtentthTAﬁ@gmémpase it is 20

wi dely known th te of ed cr rature
or adi ant s | FOPRBtAocesh e R e BRed P fipEinkohiv, FRantien sl BRI o
the pul | ratse 6Mboat 5090%et NBHQINnSdlTha!tBAPERMPES Bibe ] 08T infedl i) tde t he
ingot-nplten silicon interface are descrl bed in detail in "The Mechani sm of

Swirl D& eceEatmwt ﬂr%sfrcands #dg namoderbsatmﬁabnkto&?%w r'Reel flow ratesefithe Growt h,
Vol . 59, 19 t Th
0 %%‘NﬁpéseSQé e Al 6n i \ﬁ&e%gﬁed 1%abe' 19Pe29% }/AP cﬂ%(@v S eory

may be foun € present 1nv ntitled

"Ef fect of Greyginal. D&a‘legjlﬁoﬁﬂiglﬁie\lill(sﬁoﬁl&faaﬁlb%&ygéd p}801p1td?é eceefdiritgm of the
Second I nternational éyrrpom um gn Advanced Sci ence and Technol ogy of
Silicon Mat Bireases Wil easg ipHowrelgef the mixtwe g3%i s publ i cation di scl oses

that when th '
cr ?t [ calenr at ieor ?%%?ggegﬁ&%ﬁa% (g'jrng%ll{tfd {1% r% '{lt%é ? ésak% g‘@%@&?‘% | e when
VI G rat 25)5 hﬁera*b@Ré“At Was pzarfdrMechin thatarne céﬂdﬁ})dfns as forahada:ty of Figlre 2igi on i s

f or med. artl gure .26 is a conceptual viewillustra g the
B’w&e{ rEeTA Do FrecﬁugPlﬂqd@a@.flw & il ¥

rel ati onshl | i con
i ngot and thsyjV4, Ci/z qts/gs ﬁelﬁ&@mnwthﬁ»a%ﬁ@m%ﬁn ok NAfPGRRIKL Bt h, for a
VIGratio above a critical VIGratio 7 (VI ) , a vacancy-rich region is

f ormed. Al sbigufab, adfuithé thermiabtredtment Wmerﬁmand:yt 811@?@ éqrrték urpand thembove a

itical trat C~ f d, whil

For a vic r Ao RERERT 4o giononetf Thr el e Yohabbdet B v 11 cal

i nterstigi abofsRme Rty AéW NtHelgas Iﬂlﬂhﬁraiulﬁtélgflmlg‘%é eﬁﬁeﬁtﬁ&@a@e formed. Also,
* represen

in Figure 26, 5 the width from (V/GI* to ( s a B-band,
which is m%}ognﬁrauoaumreasas with dlast ineregse(ig kg naugpféunuﬂlglg@mlxtgm) and t he

width from (V/ G a; ndwhch' ring
(large size oxyggneérgésl\g A dllh?&r@snt‘ﬁog‘%p‘ 6?gEhﬁé“%F’§§%tﬁ?an v%‘l’%tl on can
be applied tae of gemiitire, WS @mpaip ﬁm,lthmheain‘g tetpératird @l tamd//the Fadip-O

bet ween the B- band and P-band during the 10 ingot growh, a sem -perfect
waf er whi chdpwa raje gndshe dike.san be |Valai=q9.@t verigurleraln tp vain thepogisions OQP@EeaR/acancy
aggl onerates are formed through the wafer due to the VG ratio above the
critical VIGratio (VGQ,,* corresponding to the critical vacancy
concentration C ,*. Perfect wafers and sem -perfect wafers, which are
applicable to the present 15 invention, are described in detail in U S

Appl | catl on No 08/ 989, 591 and contl nuat i on- |n -parts ther eof u. S

NN NN N A PN o NN NN IN A NP N T Y T T




The environnment control system may include a chanber enclosure 230, the
cooling j acket 232 and other flow controllers and vacuum exhaust systens
that are not 28 shown. The conputer-based control system nmay be used to
control the heating elenents, the pulleyg9and other electrical and

mechani cal elenents. In order to grow a nonocrystalline silicon ingot, the
seed cryst afth@etaiey won¢metien ptaile, ke vashngneapictritatinn 22]Be aribie psakgy thdual | y

I | ed th | t 5 | idifj ' f
Phe. ol ten SRAPeb A0SR T A DS R P, Tyt RBeenEend b 1 o7 ace

231 betweenijkbhe ingot 228 and the nolten silicon 226. In contrast to the CZ
pul ley of Figure 27, the CZ pulley 200 of Figure 28 further includes a heat
shi el d hou5| ng 2§4gur¢. 33 h}eOWBe%t? vgmtetnd)f@mgemm@mtqiecmopstratwneat theqeals e
control 10. Figure LS. a sch vi ew. Of nodi fied CZ
pul | ey a Eert ? Ciats Sn‘fvg 5?51)?%2 %réaeuotn r?%'p'lﬂ'irate cfo igure 30

il lustrat es combardidon, the dﬂlmﬂ?fdceﬁblrig%(ﬁﬁltibhs bh&teGZrAMet@kepoéoxﬁtaguﬁe ag In
Figures 29 and 30, like reference nunerals used in Figure 28 are used to

refer to |i FEXERAAMOEN: abAbEISHS PRBSHTY %%rt%émteﬁb%teﬁ@eewwaﬁé%}%f
Fi 28 15
FLOure, 28 Wbbebe iSRRI B AR ARty 5 GlROCS 10

300 and addBB?CUml Asuiisedldeat thermal ftreatniena vas bareikd opi fat ell 36Me whlfiers hieat
shielding h i 0, whic S O-r ted.tr e20|d sha like a ring,
i ncl ude%gan%mgﬁg’% ﬁg’ﬁiﬂsﬂ‘n‘ﬂé ‘?:P‘ﬁdé@‘i)%qf t'/vgt% Oufs i1 3 a%o%h?rér‘eﬁ‘@]é %l d
housi ng Wal kari3s inif BRevRSR TR atkinets CTHERIE & shoRfidn FaPigal shi eld housi ng
top 340 and a heat s e d housing bottom 320 20 which connect the inner and
outer heat shield housing walls 310 and 330. Fbre, t he heat shield housing
top 340 sl opes upwards at an angle of i omthe horizontal fromthe inner
heat shield housing wall 310 to the Tﬁ‘*@ at shield housing wall 330,
while the Heat shi ghfiphipUsteteC/AYt om 3201 § r%ﬁ%ﬁt@&&ﬁeﬁt}a‘tﬁsﬂ agpédkg |of d
fromthe horizontal fromthe inner heat sh| el d "housi ng 310 to the
outer heat |shield hou5| ng 25 waII 330 form i ng the tf@tﬂe‘szl d shape as
shown. The ||||g allapcu kR sti—etd—hotst 19) 366 ey f lot:u wHth—a—heat
absorbing material (not ;@o and may pe forned of rlpon ferrite. Al so,
t he heat smbel d housing 30 |s fixed to fhe top of tzhexh@b)t pack 202 by a
support nemher 350. The heat shield plate 360 is disposed between t he |heat
shield 30 housi ng top 3400cf the heat shj el d housi ng’l B@OOand the cool iing

D

jaCket 232 (—arountd—the—tngot—bei 6 PUIIC —Fhe—cont (1 oot of—t-he—C4
pul | ey shofn in Fi gur es and 30 can al]ow the coolﬂ’té pate of the |ngot
to increas¢. The size of ggoi ds, which arg present 1mpRgoPuUll ed 29 1jngot,
is general lly proportional to the square root of the initial vacancy
concentration at the i ngot nol ten si I i con interface, but inversely
proportipnal to hes oI|n rate of the ingot.

described with r f?é’rf% @F(ﬁgﬂﬁ‘%" el°5h Ib%re?lﬂgatgF%‘eceB‘F‘%tPé‘ia&?“sepr esent
in the mgobealémké:ﬁb@ﬁﬂué‘n@éd@@aﬂi}uﬁyﬂgrgmg wetal growth, is 5 snaller than
a predeterm ned size, although t'he pulled ingot contains voids, the voids
can be di ssol vedFiguser34 seovpthe watdatigh Otfhéymmrmlm@éesommmt@mgthemeaks

enbodi nent s _gf [ tion. . Thus r.der t duc the si ze of
Vords it nanrri R SR TR oo e of e ab BT R e
present i nvegdurd compParisoaihk deher piReingt dAJitIdELS tHB R TIOWER kepeécﬁeeﬁﬂ As
the cooling rate of the ingot increases, a tengerature gradient Gc at the
center &0 t ke, hegnixingptip of Ne aBbAr gasss sp et to pP:5P ke vAnm-uaLate Was sedast ant
for a prede e I t got (\/)
shoul d be i Egid&t%eg{egﬁé%g#%?‘%t%‘g‘{rét%r%%&he t {Oms olat’ ab@lgleprrgtte1 ecﬁ)sml r%%e"h% on,

order to ins¢teass’d/bee. Wsuseduenpthemiat trefitnichewasngurtied outdbr dleafthe Wwafdfs M n or
nore based on_the tenperature of the ingot at the center thereof, to cool

the ingot fAbME GRS and;then gt 16002C fTgdthawsy inaNsatmosrhiers, Wi wee to a

predet erm n &ﬁﬁgﬁ t. ength a of the
i nner heat g%i e éﬁgﬁérﬁeﬁ&fstrﬁ%fgl%%he ﬁtehﬁé ﬁls %?b%ﬁfeﬂf)gfeeir heat shield
housi ng2%val I 330, the angle ~ of the heat shleld housi ng top 340, the angle
“d of the 20 heat shield housing bottom 320, the distance d between the

i ngot 228 and the inner heat shield housing wall 310, the distance f

bet ween the crucible 206 and the outer heat shield housing wall 330, the

di stance a between the inner and outer heat shield housing walls 310 and
330, the distance b between the inner heat shield housing wall 310 and the
nolten silicon 226, and the position of the heat shield plate 360 can be 25
varied. In the CZ puller of Figure 29, due to the high cooling rate of the
pul I ed ingot, the pulllng rate of the |ngot can be |ncreased for exanpl e,

~ r~~N a2 ~ o~ 1




30 puller

Enmbodi ments of the invention that were descri bed above,
wafers that are well
performance integrated circuits therei n2g0 However,

a mass pro

of Figure 28, can be provided

suited for fabricat
sili

ducti on 30 envi ronnent,

for the growth of the ingot.

can produce s
ion of high density and/or
it has been found t
con wafers that are produced

ilicon

hi gh

hat in

according to enbodi ments that were deégeBiBad above, may have undesirably

hi gh | evel
regi ons nma
support pi
STl -densi f
and/ or yie
waf ers. M
fabricated
sublinmatio
silicon di
process, a
RTA chanbe
the RTA pr
of the RTA
realizatio
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d of integratéd circuit devid

qlilnq nay irrpar'r ghp reliabil
es that are lfndPactured fron
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tenperature that causes sublimation of silicon dioxide fromthe series of
silicon wafers onto the RTA chanber. Tenperatures bel ow about | 200C or

bel ow about 1 |50C or at or bel ow about 1120C nmay be used. Accordingly, the
need to clean and/or replace the chanbepican be reduced and may be
elimnated. In one particular 32 exanpl e, when perform ng RTA using

hydr ogen anehaudrbehighdat at deasicabenul 259°G bomerafotithe VNGB précipitaés been f ound

months. 1 n SRR SRS bR SEmPLoBR naRly See hERPRERERR RS '
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nvent | on. . PeCprE Be'snfe e GhepRRR ARt al 2 BRRRL IR o B

Fi gure 37 cahereasdi¢cmnédlingsmnecaitisiangietngd af 4 loavek anincalingfeatpetdtat forsa 10
illustrated in Figure 4, but can allow reduced slip stress and/or reduced
silicon di oKFHBRSMPETon. Moreover, enbodi nents of the invention as
described in Fig 4150V & Q};%@n ?ﬁg‘paq j «h slacesses
that were descri gfeggmgg%ve |Sﬁﬁ%g%2%18?i%g§ thﬂ I ur%&@%%lerﬁ%pgow to

Fi gure 37, pfterdhe RGA ofitiggm)S, with wapest ta & vartside df thetremprloRhAate5 Fohanmber or

furnace, .such as.a conventional . quartz RT. u ce, the tenperature of
whi o 1 10 SapotpaiisPey e R PRCCiIONB006s OF bF R Maidsy! SEFRBH -F Meuch as
about ten S%ﬁﬂﬂ@%atid%{m%d?&'@aséd%s_e@fb %:Qﬂ%éﬁa%-ﬁpgraw&%howml n the

RTA chanber. Moreover, during this tinme period |, between tines (a) and
(b), an oxy§ei/sees the anesaling kempsraturs was sptiiogle 5030 aretthe hanealimg timegtwadisétf use
fromthe wafer,and/ or js.otherw,se esent in.the A at ppsphere.. The
oxygen pur gl 1b5FPade 4 RulkdBht lnd iRt s irkd Burtiendp [RE AR ot

st andby t engegeat far & hbars aad Bicadel 600YCTeH16 he®s R Nodtmospdts widsh vasttgeconds,
and/or by providing a sensor in the RTA chanber than can sense that an
oxygen &Ednce&ane atindhe pevious mepsiremeniheFhawgsultiisshews &t Talde dw a predet er mi ned
anmount, such as less than | ppma. 25 Continuing with the description of
Figure 37, at the end of the oxygen purge period |, the tenperature in the
RTA furnace is rapidly increased, forTABBR@ e at a rate of about 50C per
second, duping—a-time interval - Shmltaneous—wth the ranpup,—anponi a
(NH3) is flowed themergawppaie icdsmser . |t (WXYSCB@IesiRitafseansentiatan at praks{ ar t
of amoni a|fl ow may occur prior to the begi nning of (te?)%np)’;mp-up, priof to
time 30 (b), at any stage during the ranp-up between tines (b) and (c), or
once the RJA tenperaturelbas been attained after tingogap? As shown ihp
Figure 37, -NEB—+lowmay—col-ncide—w-th tRe beginningof rapp-up at tine (b).
Still conti{nuing with thé0description of| Figure 37, 2Z0&1®TA i s maint al ned
during ting Intervatr it zgetween tTTTE pgints (C) d[l(éjl)((il of or—betweerr] about
five 33 seconds and about thirty seconds. As shown“in Figure 37, the RTA
during ting interval |11l 7preferably is hetween abou3 (190 and about |200C,
or betweenl1100C -and 1 1 50C— | n other enbodi pents, the DTI% s maintained
bet ween abput 1100C and &Bout 1120C. In |yet other edbo¥ll®ents, RTA is
per f or med ; These RTAprocesses may be contrasted—wth
Figure 5 above, which perforns RTA processing at about 1250C, and with

ot her convent i onBiguRT36 MOTASS4 indicucthatihe akgeﬁwecﬁlbimacdﬂaeﬁﬂrﬁonlaaﬂﬁnt S

6, 204, 152 and 5,994, 76l descri bed above. Still referring to Figure 37, at
time i nd®r vagakp s nat iaflyeapsdograatly; by the ramer-dpwn ratgy ﬁ@@@Vﬁfsg@rﬁb’&fy decr eased

Cranped do . ?éﬂﬁja : § ec and about
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end of the rar’q)g-ll]g}}cl)%m Seriod VvV, at tine However, amponia flow may be
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earl i er2or ROA. dn Fagure 10y (o) repesisénts thomaggtnprecipitataicandeasativmegrofilerafad, t he
waf er can be_pnl.caded .from the RTA furnace at ti . 1t _has been found,
hocordi ng + B GuAAEH S B erh e eaiert Bl pdions R thd e ORPURT o of
Figure 37 may be used to produce the same desirable M shaped 20 oxygen
preci pitate concentration curve of Figure 4, while allowing slip and/or
oxygen sublimation to be reduced significantly and/or elimnated. The
processing tenperature ranges of Figure 37 are nerely illustrative.
Moreover, in RTA according to enbodi nents of the present invention, the
flowrates of the anbient gases, the mxing ratio of the anbi ent gases, the
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the silicon wafer as the RTA of Figure 5 is carried out in the Ar atmosphere. In

general, the COPs which are formed during the ingot growth by the CZ technique

have a broken octahedral void shape, and a silicon oxide layer 22 is formed on the

inner side of a void 20a. Also, when the RTA process is performed in a Ar or H; gas

atmosphere, wherein the gases provide the interstitial silicon injection effect to the

surface of the wafer, the COPs, which are present near the surface of the wafer, are

dissolved.

Describing a dissolution mechanism of the COPs in detail, as the ingot, in

which oxygen is incorporated at the initial concentration O; during the crystal growth,




density, and the |lower (dashed) |ine indicates bul k BVMD density. As shown,
al though 5 the peak BMD appears to be relatively independent of the initial
oxygen concentration during crystal growth, the bulk BVD appears to be
heavily dependent on initial oxygen conggntration. Accordingly, the initial
oxygen concentration can be used to control the ratio of the peak-to-bulk
BVD, from ass dooled, theaxyadoeoncéntgtionof theiingatbecomyesenpersaturmatedrag themoolbifig about

| 3ppma to about 10 at_.abqut.9ppma. In particular, th injtial, oxygen
concent r at | GHeEg 50 TR abt wdfPh PyecnbeRprbtetioy Sh e st ompH R a2 to
provi de at [Rasis A¥supedeiratid BEERd tHeéGredethRitiedisBibllitBE dxydieh (iDORBCE
bet ween the peak BMD and the bulk BVMD. To summarize, Figures 38-42 indicate
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vel | known 0, dnqs 8isfiavdd st Dk itelsiliddnoRRlcaher (Iﬁi{rsh&gn)%ﬁne@in"tﬁé fdigey be
supported in an RTA 25 furnace using three support pins, or an edge ring.

By only par andimpligugapslytsiliegn tisyerowatd on e inkide sfithp ooid Z0bnduedo thet t he edge,
the self weight .of the wafer c i ce str.ess in.the. waf ich itself

can cause sPTRstdHatepn §ehn e REr AT Gt s vl tiRedfs BIA ace of ¢ he
waf er that ?&cégpwm&ﬂ@mm 1 thS veIt 20D Rlebreids ard the SoIETXBSTinkilyt O the top
surface of the wafer, where devices are fornmed. In order to reduce and

preferab?y dBapnears nate the inpact of slip on active devices, it may be

desirable to proy hpf reglon. i Dz between the f.irst peak and
a slip-freeo Ipeddetitdnention ext t 8o OPAS ia "Tol e
waf er. Thusg slli%p fré),m tlhte bo%tom sgrface a\;ll[/lill I n@t H(;nt e{m 36 }d;legAgevi ce
regi on. Unf orugh & QY dissolytiongitegtbmay be prligneed wsing o i @aythap using ree
regi on using,conventional RTA processes. Figure 43 graphically illustrates

: g
slip length“at the bottom surface of a wafer versus tenperature for RTA
enbodi n2ht s of t Rguprse2ethtoughn é atd photdgiaphs sbewinp glenoxggen preaipimtei a
at nospheres.,. | F.igur 43, .slip.length |s neasured at three positions in a
waf er i ndi CQ{SEQ’“PH Wlfgthﬁﬁ’ﬁ SWB _ %Eger _rgopﬁglgees%&quppgﬁgt %W%%Iﬁ@ﬁﬂ to the
POSI 1 01NV URRAS kPOl e 165 o Pl [ 1z0upPOr
in1is adjac i : , W
posi tions 2patidulgr, digire é2roonzespouds to the epas of wiing N> gdss Bigutwldhcatespdralsto ght  of

Figure 43 i thetcgg"e gfl dspngl grnge;[s,hF irgrﬁr%slwc%gr%gpgonfdg fo fhe case of using H; gas, Figure 15
25  corresponds to the case of using N and Ar gases, and Figure 16 corresponds to the
case of using N and H; gases. Also, the left of each figure shows the top surface of
the wafer, and the right thereof shows the bottom surface of the wafer.
Figures 17 through 21 are photographs showing the depth of DZ formed near
the surface of the wafers, where no oxygen precipitates exist, which have undergone
30  the subsequent heat treatment after the RTA, and have the oxygen precipitate
concentration profiles of Figure 10. In particular, Figure 17 represents the case of
using N gas, Figure 18 represents the case of using Ar gas, Figure 19 represents the

case of using Hj gas, Figure 20 represents the case of using N, and Ar gases, and




10 at nosphere of argon and nitrogen. Referring to Figure 43, at 1220C in an
at nosphere of argon and nitrogen, a slip length of 3. StTm may be produced at
position 1 on the wafer, which nay be unacceptable. In sharp contrast, at
reduced tenperatures of 1120C, a slip leagth less than |.Smm may be
produced using argon and ammoni a at nospheres according to 15 enbodi nents of
t he present Figwehl represents ghe qas¢ efgpting Nf andedsgashanAs carbbamaied from Tabtet om of

the wafer can, produce |ip-free.reqgion.at the top of the wafer, to a
dept h of 4031 thgg%}sgjlaﬁe&'?f’,m%déﬁ‘ﬁ‘ﬁﬁzrag’é’o%‘[efe\'/e region of a wafer may be
produced. Fi gur e Fghr&2phiheaighy24B drbl phétai@phsSdhoRingihe khapés bEaSgrown

argon-to-ammoni a gas rati o, according to enbodi nents of the present

i nvention. AOBshawthoserpidc@Rythabhave bp¢mpchahgal aftershe RAAnof Figem$ day be
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t he present N,auesspherd, Fidares 20 Ahad 98BN eprchart trRr@asdaviiers RTA i€ parforpddh sl ip
length. In order to provide a slip length of |ess than about | .5 a
ramp- down r HeeNpandAr atmgsphess gud Fagyee uARrepresent dhdeaseraybrathsde. 25

Fi gures 46A Xar Y, ?‘6@ fy; . bot t ons
which ill usfraﬁ‘@agéégﬁsg?&g'né S\%?‘%ﬁﬂgg{}@gg’p%% £6 a@%t%ﬁﬁ%%ﬁga}lgghs‘é@%% i t rogen
at nospher e #ie N2&OGslere. t Ao sthe disdsluaordoRRACOPsdnsmoghiin apgak mirwomi a gas

at nosphere at 1 | 20C for t seconds, respectijively. As sho i n. Fi gure 46A,
si gni fi ién; atgmqsak?,rsm'sg ek eat ISR PitG iAo PRy the
correspondi gHHsQaRBs b&hﬁl&_te?@di%‘éol@éd iﬁ'tHéJH? ﬁtnf’o% Kere 2Rn? BV3s@, it AR alsBP Of
Figure 46A. In contrast, 1n Figure 46B, e ohly defect Is the pin maxk
itself at t beirfemrekthpi edposg theoires 0NCORe imthe @s-grodacstatdicag bssist waf er s havi ng

slip-free activ egi ons. roduced not her ect _of slip reduction
accor di ng tSOIEHEE?&%é???%‘ngWetﬁépgfl‘ér% eN?bﬁﬁ“F?ﬁ"ﬁE\%“&ﬁ P be described. In
particul ar, by pPEmodinthtor the PRIAR nRUNEELan codiroPihe diskitidiof of gRcent rati on
profile with sufficiently high density of oxygen precipitates beneath the

Dz, sli pSi nosreen|pseeipitasesdhrmerbyiasubsaqesiherma\nrecess esodes, whightaee yswaliced and

preferably may be -elimnated iS 1l .known to t.hose I ng skid!l in the
re CoTr e adh bR i ol e G BY BB BRI e RN one
anot her in &fpudcs on @ sBicof Gratdt. Fmtditheteef dletdl Wafef pleparatiBis duirdigewhils 1S
wel | known to those having skill in the art, in STlI, a trench is forned in
the face of the REAipEsgerrcconding i9dhe pregenh Hyyentiayis carrief jopk @ndyprepamation akul at i ng

material, sycRa3hiRdPPERCEVE WE ARy BRRFASOw ANFbObesthiBt.

20 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

25  which is hereby incorporated herein by reference. Referring to Figure 25, the general
wafering process includes the crystal growth step (S10) of growing an ingot using a
CZ puller, a slicing step (S12) of slicing the ingot into wafers, an etching step (S14) of
rounding the edge of each slice or etching the surfaces of slices. Then, after a first
cleaning step (S16) of cleaning the surfaces of slices, a donor killing step (S18) is

30  carried out, and the top surfaces of the wafers, where semiconductor devices are
formed, are polished (S20), and the polished wafers are cleaned in a second cleaning
step (S22). Then, the resultant wafers are packaged (S24).

RTA of Figure 5 according to embodiments of the present invention is

performed in the donor killing step (S18). RTA according to other embodiments of




Density Plasma (HDP). The trench also may be lined with a different

i nsul ator, such as silicon nitride. Due to thermal expansion differences
bet ween the silicon wafer and 10 the insulating materials) in the trench,
conpressive and/or tensile stress may bgsintroduced at the interface
between the trench and the substrate. The ampbunt of stress in the trench

i sol ation r&gipmesemaiywémioa camhe tardrd ofit inhesepapestepr dlovever, ittrhay be ench and/ or
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Table 6, thé stress is hi est |n waf er | owest in wafer D 17.
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(m n) 555555~ a- 4. tre 2,96 Xx
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after gap fil r%fl mZOygenng??atlon for the wafers of Tﬁga I n

Figure 47, ¢retﬁg@dv09ﬁhetmé81biheé0f Bnglionieg a5 donar. Ths heas tieawient 1Sof stress.
Wt hout w 5@&@%&%%&3%9@% Juttsbg%&ﬁg%r%%ﬁﬁtah%Ahiméc% theori zed
ev uce

that slip in i'cCe can usi ng an oxygen precipitate
concentration pr Efglufﬁ%@@bhhmmt\de\eﬁﬁadbmntlsnabtﬂﬁmer iy @hidhahe ciystahuse an

oxygen pi nni ng 25 pheno take place. In p icular, ap oxygen

pr eci pi {) Gt egO3tR éScIPeg%nﬁF‘éf s ghowmm %ger@r%tbﬁ%}op@i%é% Hgé?ﬁ’td§ f the
present inv n [ e of
xygen pr ool oy g TR PR REcnt ol endt inkéhy L HRLIR: P pordpee

pr eci pi t at ebased cotteol wpstemn. Ak EZaﬁiyrmceMgmbmllmd:fmed toeegladm)t zd\rmriiamaec, t he

TRt [‘%ei’? SR Ren-2e B e et 104 SituriBe G Weiifapesos ootifel b

region, &ﬁhﬂﬂa%ﬁc@p@@ﬁ%ﬁ&ﬁ rﬁH&V&WEEHe gnéiih%la afdh k@BSorAdhattnaotikfNCh, so
t hat the di sl ocations are noved away fromthe device active regions and are

pi nned bn tmatwmhalpwe@mﬂﬁatéEe.ctllﬁngMeS8118)&6’11 s a cross-sectional view of
field effect transist.or dV|ces t ca brlcat din silicon fer
according to errbg(ﬂ H\Eéﬂ%%ac ft of Rart; Egésn Oogq‘ilbb eﬁ%’ °8?| Wﬁ%éuﬁle%‘”%%eal ed
at 800C f or cddhn. PORYaEshisldd 13 nis@q&i&naé additi B ffermhIdiSABSorO XA 864t pack
precipitates to form As shown, the device active area, correspondl ng to

the top Dz, 1¢fisdilledwith ahqat @l@odjmg)m)aga@ml bHecloinspide additional thermalgh density of
oxygen prechgﬁ{bﬁlﬁ is found in the bul k regi on adjacent the device,
correspondi ng e first peak in the Mshaped profile. Figure 48B
graphiczl |y ill ushe afysal pullid sbatp@ibnpinefudesa 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.

25 The environment control system may include a chamber enclosure 130, the
cooling jacket 132, and other flow controllers and vacuum exhaust systems that are
not shown. The computer-based control system may be used to control the heating
elements, the puller and other electrical and mechanical elements.

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

30  contacted to the molten silicon 126 and is gradually pulled in the axial direction
(upwards). Cooling and solidification of the molten silicon 126 into monocrystalline
silicon occurs at the interface 131 between the ingot 128 and the molten silicon 126.

As shown in Figure 27, the interface 131 is concave relative to the molten silicon 126.




15 of oxygen precipitates in a wafer of Figure 48A, according to

enbodi nents of the present invention. Figure 49 conceptually illustrates
potential nmovenent of slip in STl devices as a result of trench dislocation
pi nni ng, according to enbodi nents of theepresent invention. Wthout w shing
to be bound by any theory of operation, in Figure 49, FA 20 is a

process-i nduced étm@gllcmaxygmprqgim@mmerﬂmﬁoepmﬁ.}ﬂ as shafvndn Figuge 4 can

densificati f|| n Lal in.th tre A may a

o rum at - PhabeiseREetoR 1bask RE R o suRon SR bgR Mo BRRIRA AT esul ¢ s
of Figures é@oﬁrcﬁﬂ%to pﬁle?)ﬁbsemtrinﬁxﬁuﬁesﬁ&lﬁdans}tmﬁ dcb&diﬂ@&@éﬁfbbdﬁfénfs%fce

bet ween the trench dislocation and oxygen pr eci itates, and nmay be given

by: 25 Eat thepresegiDnvergisircgy beapplieddeiar perfetidvater @ weick ngdefects sachags wher e
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cates VO ocation nove , as |1 ustrated

i n Figure 49hidmychieypiggidutestedde phowt 1ii)§6nlyax%&1cy fidh efibn Athin LT - L 30
where FLT is the |ine tensjon vector, is a function of a nmateri al

const ant a Predeteringe sadivsdizens thecenteq of ﬂpé waé?rg@mfl 10 FReApBEEEnnasTienindbn
centers. pﬁ?rﬁmﬂ? Hﬁgﬁﬁle%ésta%‘gﬁ&%ggﬁ@ XY gpﬁ%fegiotna&lﬁfa dafreases, the

magni t ude o tensi on I'NCcrease can cause
di sl ocat i onwhivhesvatainsionly vecadeysigpbahérates throughtbe mfui; Mthxmt\nfaemmd%A <_ FLT +
Fi nt ~ sggt hat at an equilibriumcondjtion, FLT -

, wh L
decr eas pggfomenaies, er, fhe Rrgieat pyeniion lm%ﬁlﬁewghﬁ #&V‘F avagf‘gs 588nd by

any theory ﬁfclﬁ@@élﬂyp%‘ofwhfe?s%%ﬁ& fh@%hnél ¥ A psdnk nvehtiG @l beoXygen
preci pitates causes 'L to decrease and o |ncrease so that FA < FLT +

F,"t, to thepmisd. dausscribiedlaboe, emhoqhmwntsm@ thel preseayinyentifinfdré dineated to thbser ve

di sl ocat di rect Ho di t
Cdont 1 11 ed. BYPURD AT 475 HHEb IS SO HHiol FioRa® EyReh PO RN doABER s Menory
(DRAM devi pgacHidd g paiforling ahRIA Hf&esstdifﬁ%tﬁ‘é § and tHeRbicgaémbesto i ncl ude

the profile of Figure 4. Figure 50 graphical illustrates a nunber of
failed bftstreaimensofradiiiconhwalenie wiieh mmsgnwmvmon&e@bmpm@hé\éwamygen

prect pi tat ecGACERHL Ak RLAL bt G BRSO TRIAGS pENBRT IEAL ) Ofich bylnvent i on

(I ower cur v rgurr ers € 'a cons oXygen

preci pi t at eaegiesent ihanlyothe bulkf rebidn Of fHeavafetdndenod brebé@ i thed®)s. As shown in
Figure 50, for a given refresh tine, 15 the nunber of failed bits is |ower

usi ng waf ers whi Ehoqqﬁli/fé’ paevent di slstegts of yidisan pinfers. phanyirasticalriayestigationg or di ng
to enbodi .”eﬁgn% BuskdBn a2 }‘%‘rfﬁl g?M PY&Ss fb&’ﬁ%fggt %urﬁ&%o‘? PR esRpRafed to

waf ers whi ch have a cons oXyg &n preci pi
20 widely known that the pull rate of the seed crystal and the temperature gradients in the

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

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

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

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

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

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



concentration profile (upper curve of Figure 50). Wthout wi shing to be
bound by any theory of operation, it is theorized that the Mshaped profile
according to 20 enbodi nents of the invention provides dislocation pinning
in the active device area. As is well kpgwn to those having skill in the
art, dislocations in the active device area can trap el ectrons therein,

whi ch can r €U(@)¢, 2 hecaney-riels regiamis farinedh lsts YorceV dhitiorwherethegacangy eat er
nunber of bit faj refresh ti s, Fi 50 pears to
v de_evi enreBiifas apiyek it hvsFhd Snoruon furaacde? deeiorerliit o5
profiles of feredewhilé f5ziabVARdatio WwHeR Ghe mté@ﬁumoﬁ&ﬁﬁa@bm abovea@@balrent s of
the invention. As was al so descri bed above, silicon wafers that are

fabri cat ed a@@r@ﬁml irgneentratieyodi*miserstiti aggiémﬁmr@m ormedinAtsedinddgusdo,
R Y A

Cross- SECtI Ing a quartz

chanber 512 daii’edts@ﬁn@ll sigad difsloEEE&nb)eaﬁd ﬂﬁumd&sfrcﬁhﬂwaavw &V/Dfbrepesattoan i n
t he chanber 512, and is sugporte by supporting feet 518. The wafer
general |y i RrandadiehispgdhSd ﬁagﬂageoskzed@yg%ry@ms%es) 40 1t has been found

that, when perfo“ﬁ%ﬂ%ﬁrﬁ%ﬁ% EfBgé‘r{t \%ﬁ?n@ﬁ}?ﬂee hQ&'Ioalé&PthwEﬂ? native

oxi de and/ or ot her fieon res vaporate fromthe
waf er and de\pﬂmutdmnts IvdliqumstaZV/Gmtrbéet\&bﬁ theTB-lbandahmhb-ﬂmmhdmmlgrthé erred to

Tay 5 dERr odEe BB 1B RN Oa eI BAbb N G RICGPERE 6 P BB Bt ¢ he
process, wh f fers. In
e, kit i S N
anneal i ng i sbperthecnec! ¥/Glrass(\M/Mt @oespondi@acthedriticalsecairyn about 1150C,

at between about 1.100G and about 1 |20C or at about 1 120C, Ilittle or no
Si 02 10 subFPMEPIEPYEY t ake place. In fact, it has been found that wafers

nmay be processedpbfbctWaféd afd YenOprfest ﬂﬁfef@%dh&r@ﬁpﬂeoléycsﬁ@rpr&éa wi t hout
the need to clean or replace the chanber 512, Fi gure 52 is a schematic view

of a nodlffi énveaiopard dsperibasdondetay ind/. %MICMNO&S/QWeS%ra@éent i nventi on,
and Figure 28 1 LUSIEALSER HELSE Fs UpplReidd §Ss. 09/320,210 and 09/320,102, that

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
20  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
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 in a
25  first direction 212 as shown. A cooling jacket 232 and a heat shield 214 may provide
additional thermal distribution, and a heat pack 202 contains a heat absorbing material
216 to provide additional thermal distribution.
The crystal pulling mechanism includes a crystal pulling shaft 220 which may
rotate about the axis in a second direction 222, opposite to the first direction 212, as
30 shown. The crystal pulling shaft 220 includes a seed holder 220a at the end thereof.
The seed holder 220a holds a seed crystal 224 which is pulled from molten silicon in
the crucible 206 to form an ingot 228.
The environment control system may include a chamber enclosure 230, the

cooling jacket 232 and other flow controllers and vacuum exhaust systems that are not



15 parts of the CZ pulley of Figure 52. In Figures 52 and 53, I|ike
reference nunerals used in Figures 28-30 refer to like elenents, and only
the differences fromthe CZ pulley of Figures 28-30 will be descri bed

bel ow. As shown in Figures 52 and 53, tpg heat shield housing bottom

i ncludes a first portion 320a adjacent the inner heat shield housing wall
310 t hat sl sipse. dﬂwnmqmt@ma‘swcbamtrhbsyiswnemahbauseslhb ebutrdl dhsheaatingal | 310

towards the outer heat. shiel 30. A Seco nd portion 320b al so
i s incl udedelgﬁﬁearéetﬂf’ ppiigr aﬂgtog?erﬁg’ﬁér % calelFmoen § 330 that slopes
downward from t hg, gdbelo heRta rﬁdiﬁ&b@ta'llﬁ%l’i&n\‘iﬁ%dt B8 Qedd¥ppifl 224 e 1 nner heat
shi el d housing wall 320,” for exanple at an an that 1s illustrated in

Figure 53. onsewsell ithe molteam kijicon 226 andde guldp@ibt pld]rﬁ:dimdb axial divectipgat shi el d

housi ng 25 botto ed a notc & shield h 1 ng at
an inter E cg%)n?ﬁg ?@Sohgg %flr}g ﬂ}%tgﬁl i c%?f %mﬁlﬁ%?q%%yﬁeat

shi el d hOUSlsﬂ[leb@cIcthﬁt%l?@inte%c@%i Eétﬁzeéﬁ thEhﬁgd)It 238 b BB ehdi@n RBoPLDE/i de one
or nore of the followqﬂgbeneﬂts according to enbodi nents of the

i nventi on. IIW@ttfaStttﬁéh palerolFigse dbdhe CRoullagA0 offrigee 28 fogheind t he
! o f
| nner heat n*&; Qaﬂ%ﬁhﬁﬁ} ngo{ng%éolﬁﬁ{%&% %‘5 AFOCI%ﬂér%WFglgo gore uniform

heat distri 6n it reover e ve argon gas at
t he area of aédﬁ@t@@drﬁfblBﬂﬂhW@raﬁe reduced, which can i ncrease tenperature

uniformty of the surface of the ingot 228, Flgi , the notch can reduce
turbulelte in Hig %@ﬁ@@&ﬂ“ﬁ%&cwﬁgo PBHRE a6FOTABIEdO of t hese

and/ or - ot NembGRRRAR of (IANEYAFinIUAdnl dndFightcl J0RANstAABIeRBY rdfisfkiOVT ded.

In the draw ngs and specitication, ere ave been sed typi cal
preferred epirtdhfitenCg podlet éﬁ1gm@9t iImE1gam§,29aintH30ulg;lte sfeeickinomesdns ar e
enpl oyed, they .are us in a descriptive.s e only a not for
pur poses of ¥ ?qdrﬁl% éﬁ"ir%ﬁgaﬁeﬁl@e‘é m?%‘gemﬁ‘?}érﬁ“ﬁé’ﬂyyb@la ﬁ!}’?%%‘l"e*f ﬁf’?‘ﬁﬂ? n the

fol I owi ng cloai filler of M@k 285w1@b'é|d§§‘é}ﬂde§ A@%héwnﬁ«l PFRLRY29Qhd B@ﬁﬁé@lﬁ"& éd ng a

silicon wafer,” conprisSing: performn

pid Thermal Annealin
processlon fomi the €&rpullsf of Fllgaml 2r$gndu3®‘$he sharfead @ heatshield bousing ﬂg‘r@dc e in an
atmosphere sddiB ona? 1ns%l GhidP0r Heat shield plate 360. The heat shielding housing 300,
which has a 90°-rotated trapezoid shape, like a ring, includes an inner heat shield
housing wall 310 and an outer heat shield housing wall 330, which preferably are
vertical, and a heat shield housing top 340 and a heat shield housing bottom 320
20  which connect the inner and outer heat shield housing walls 310 and 330. Here, the
heat shield housing top 340 slopes upwards at an angle of 3 from the horizontal from
the inner heat shield housing wall 310 to the outer heat shield housing wall 330, while
the heat shield housing bottom 320 slopes downwards at an angle of V from the
horizontal from the inner heat shield housing wall 310 to the outer heat shield housing
25  wall 330, forming the trapezoid shape as shown.
The ring-shaped heat shield housing 300 may be filled with a heat absorbing
material (not shown), and may be formed of carbon ferrite.
Also, the heat shield housing 300 is fixed to the top of the heat pack 202 by a
support member 350. The heat shield plate 360 is disposed between the heat shield
30  housing top 340 of the heat shield housing 300 and the cooling jacket 232, around the
ingot being pulled.
The configuration of the CZ puller shown in Figures 29 and 30 can allow the

cooling rate of the ingot to increase. The size of voids, which are present in the pulled




ammoni a for at |east about 5 seconds and at between about 1 | 00C and about
| 200C. 2. A nethod according to Caim1 wherein the performng conprises
perform ng a Rapid Thermal Annealing (RTA) process on a silicon wafer
having a top surface and a bottom surfage in an atnosphere conprising argon
and anmoni a for at |east about 5 seconds and at between about 1100C and
about 1150Cing8t, igenetahlyramoetioml tcgthb(sqlﬁra'rcmt of ﬂdaémiﬁalrvabmymenéamtmﬁmrg i's

preceded by rgi ng oxygen fromthe atm)s re conprisi argon an

Drmont o, 4 2t heqBamLEs SHaPhE R it s e apTTal b B R 8 so 1 s
preceded by peRsiingratd\@ttht 83dt.t R8BeRriBERHRA %feaeﬁ@edtoqqg\ﬁe 1 I &tib@asahe 0Xygen
is present in the atnosphere. 5. A nethod according to Claimil Wwherein the

perform ng bige pf%@léﬁmsﬁwlnTﬂ:@ﬂmlwigchelatfongedcﬁurmﬁéhta@rﬁﬁskmew@ &onpri si ng

argon and a en about 5

500 second. Rt BALEREPAT TS lnoden i RGIRET eO0RES xR R RS o
preceded by cinsd @issolvid featheTYZ erotigleths RS placéss a6EUFBing 36 Bibadigentsafd
ammoni a from about 800C to between about 1100C and about 1150C at about

50C/ second. thP.Pfféﬁ_eﬁ’émﬁ@mloaccor ding to Claim6 wherein the increasing is
preceded by pur gid, UGS oA hEA IPBRISESCRIRY LAICA: ALganand
i m

ammoni a. 8. A nethod according to er el ormng also is

preceded byacerding® édilsddihests of theprascpyiavaition  the e@blmgrrmemiﬂtl&t mgast méy oxygen
is present in the at rms%here COfTPI‘I sj ng argon and anmoni a. § met hod
accor di Hy t Be ticERassd Avhibe spolingfatenf theingphigcreases .oy leHpedtusg gﬁé&n& €ihg

heat i ng of 1S cALIDSRDS S GOV SISO TALIRA. e VTR d ARSI en_about

1100C and about bet en a ’second an about 70C/ second. 10.
A net hod acpmdeluengnbd)déﬂeeu distdibutiver; &1erpuﬂlhg peerdf theninpgf (V9 shaild beed by
decreasing heatin dg of the atnosphere conprising argon and anmonia from
bet ween mereasc

According to embodiments of the present invention, in order to increase the
15  cooling rate of the ingot to at least 1.4°K/min or more based on the temperature of the
ingot at the center thereof, to cool the ingot from the temperature at the ingot-molten
silicon interface to a predetermined temperature of the ingot, at least one of the length
a of the inner heat shield housing wall 310, the length ¢ of the outer heat shield
housing wall 330, the angle 3 of the heat shield housing top 340, the angle V of the
20  heat shield housing bottom 320, the distance d between the ingot 228 and the inner
heat shield housing wall 310, the distance f between the crucible 206 and the outer
heat shield housing wall 330, the distance e between the inner and outer heat shield
housing walls 310 and 330, the distance b between the inner heat shield housing wall
310 and the molten silicon 226, and the position of the heat shield plate 360 can be
25  varied.
In the CZ puller of Figure 29, due to the high cooling rate of the pulled ingot,
the pulling rate of the ingot can be increased, for example, in the range of 0.50 to 1.00
mm/min, so that the productivity of the ingot can increase. In addition, a processing
margin for perfect wafers or semi-perfect wafers, which are manufactured by the CZ
30  puller of Figure 28, can be provided for the growth of the ingot.
Embodiments of the invention that were described above, can produce silicon
wafers that are well suited for fabrication of high density and/or high performance

integrated circuits therein. However, it has been found that in a mass production




about 1 |100C and about 1 |50C to about 800C at between about 10C/ second and
about 70C/ second. 11. A nethod according to Claim 10 wherein the decreasing
is foll owed by purgi ng anmoni a fromthe atnosphere conprising argon and
ammoni a. 12. A nethod according to Caingpl wherein the perform ng conprises
perform ng a Rapid Thermal Annealing (RTA) process on a silicon wafer

havi ng a t opnéumieng sdivdn avaias thatasprédred accoadingtomsipiienents tapwersi ng ar gon
and amoni a for..at | east apout se ds. and, a ﬁboué] 1.20C. . 13. A net hod
according tGRrBRkARONGrarb R e EERORE feisisfP Brbe fevFORENS  Rapi d
Ther mal  Annggkd 079 TOETHY inPthe 888 8e RBioAs flaly e @Audvd b9 sclawdig-iAdiuced stsdss bace and
a bottom surface in an atnosphere conprising argon and amoni a for between

about 5 secthedzafanen #bepposd Pinsendiod supportyatgbwing apid thermalOnealhg0s byt

1150C. 14. t ho ccording to i mBH wherein e foll.ow ng is. rforned
betosen §he STIEbBRGRBE dHerS st S, ThteTflny L bt R rhObURY Rg ok fiefE L

at nospher e eppigraed Gir&li0RViRE thabARBRdrAfRturad A BORafdor about 10 seconds.
15. A nethod of manufacturii ng@a plurality of silicon wafers, caonprising:

sequential |y per Mareeves ihalrepaschern &pupdithatsitican waders feppgre fatsicated apivag seri es
of silicon }ﬁ@sfgﬁgéq élgbv@ﬂ%m%lﬁpme%{r?wg Fﬁ@oﬁh@ﬁ%ﬁgpﬁn&@?&d rﬁ? Rg 2" gon and
e a I nmatl Si

44 ammoni a an ow a erature causes su on o i con
di oxi de fr oohdhisers 8fore paviculatly | raoine vRide bs othot sili¢dredibNide (SiOgpeom tHd. A
met hod according to Caim 15 wherein the sequentially perform ng conprises
per for nithg PRETRIBK SVaPorate &%@gﬁhea%%tpr@e%eaig@%ﬁPné'af‘cw%f Aat between

about 1 | Ooglﬁ'é}ra ?S@%Ql@ﬁmaﬁgn o HEBE TR ghﬁﬁﬁ& rchil E%lu&@thge?ﬁdﬁn’@ wherein

t he sequentia performng conprises perform ng RTA for at 1east about
5 seconds f caliabdith andidenepertatiblity \of ¢he RIBA procksd, a0Cmay decdssitate fidpfReat 18. A

met hod according to.Claim15 wherei h rform ng an RTA process for each
of the wafef al?@g BP‘B%’E&’BQCW“BG?&P@%@@“E&% rom t he atnosphere
Embodiments of the invention may arise from a realization that the RTA
15  process that is used to produce the oxygen precipitate concentration profile including
first and second peaks, a denuded zone and a concave region between the first and
second peaks, can be performed in an atmosphere of a gas mixture comprising
ammonia (NH3) and argon (Ar), rather than a gas mixture of nitrogen (N) and argon
(Ar), as was described above. By using ammonia as a vacancy injection gas rather
20  than hydrogen, the RTA process may take place at a lower temperature, such as
between about 1100°C and about 1200°C, or between about 1100°C and about 1150°C
or between about 1100°C and about 1120°C, or at about 1120°C, in contrast with
higher temperatures such as 1220°C, which were heretofore used with the nitrogen
and argon atmosphere. By allowing lower temperature RTA processes to be used, the
25  amount of slip and/or the amount of silicon dioxide sublimation can be reduced
dramatically. Accordingly, the yield and reliability of integrated circuits that are
produced from the wafers can be increased and/or the mass production cost of
producing the wafers can be decreased.
More particularly, according to embodiments of the invention, silicon wafers
30  having an oxygen precipitation concentration profile that includes first and second
peaks, a denuded zone between the top surface of the wafer and the first peak, and
between the bottom surface of the wafer and the second peak, and a concave region
between the first and second peaks, may be produced as was described above.

However, according to embodiments of the invention, the denuded zone between the




conprising argon and ammoni a. 19. A nethod according to C aim 18 wherein
the perform ng an RTA process for each of the wafers also is preceded by
sensing that |less than a predeterm ned concentration of oxygen is present
in the atnosphere conprising argon and amoni a. 20. A method according to
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or between about 1100°C and about 1120°C or at about 1120°C, to generate the

nucleation center concentration profile that was described above. However, because
15 lower temperatures may be used, slip may be reduced as described above, and silicon
dioxide sublimation may be reduced or eliminated.

In particular, embodiments of the invention perform an RTA process on the
silicon wafer having a top surface and a bottom surface, in an atmosphere comprising
argon and ammonia for at least about five seconds, and between about 1100°C and

20  about 1200°C or between about 1100°C and about 1150°C or between about 1100°C
and 1120°C or at about 1120°C. In some embodiments, prior to performing the RTA,
oxygen is purged from the argon atmosphere, to reduce or prevent interaction between
the oxygen and the ammonia. A sensor may be used to sense that less than a
predetermined concentration of oxygen is present in the atmosphere. Alternatively,

25  the temperature may be maintained at a predetermined temperature, for example at
about 800°C for a predetermined time, for example ten seconds, to allow the oxygen
to be purged. After the RTA is performed, ammonia also may be purged from the
atmosphere.

RTA processes according to embodiments of the present invention may be

30  performed sequentially on a series of silicon wafers in an RTA chamber below a
temperature that causes sublimation of silicon dioxide from the series of silicon
wafers onto the RTA chamber. Temperatures below about 1200°C or below about
1150°C or at or below about 1120°C may be used. Accordingly, the need to clean

and/or replace the chamber can be reduced and may be eliminated. In one particular
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purgi ng ammoni a fromthe atnosphere conprising argon and ammoni a. 27. A
nmet hod according to Caim 15 wherein the sequentially performng conprises
sequentially perform ng RTA on silicon gafers in the RTA chanber for at

| east six nmonths, w thout cleaning the RTA chanber of silicon dioxide.
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5 beginning at time (¢). However, the ammonia purge may take place earlier or not at

all. Preferably, once the ammonia has been purged, the wafer can be unloaded from
the RTA furnace at time (f).

It has been found, according to embodiments of the present invention, that

RTA profiles of Figure 37 may be used to produce the same desirable M-shaped
20  oxygen precipitate concentration curve of Figure 4, while allowing slip and/or oxygen
sublimation to be reduced significantly and/or eliminated.

The processing temperature ranges of Figure 37 are merely illustrative.
Moreover, in RTA according to embodiments of the present invention, the flow rates
of the ambient gases, the mixing ratio of the ambient gases, the ramp-up rate, the

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

Figure 38 graphically illustrates temperature dependence of oxygen
precipitation for a rapid thermal annealing process of Figure 37, according to
embodiments of the present invention, for various rapid annealing temperatures

30  (interval III of Figure 37). In all instances, an annealing time for interval III of ten
seconds was used, with a ramp-down rate in interval IV of 33.3°C per second, and an
equal flow of argon and ammonia. Figure 38 graphically shows Bulk Micro-Defect
(BMD) densities (i.e. vacancy defects and interstitial defects) for the first and second

peaks that are illustrated in Figure 4 (peak BMD), and for the lowest portion in the
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argon and ammonia, at about 1120°C. Accordingly, a similar BMD profile may be

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

15  about 1120°C and about 1170°C, the depth of the DZ, the peak BMD and the bulk
BMD appear to the relatively unaffected by temperature, whereas between about
1100°C and about 1120°C, the depth of the DZ decreases with increasing temperature
and the BMD peak concentration and BMD bulk concentration increase with
increasing temperature.

20 Figure 39 graphically illustrates annealing time dependence of oxygen
precipitation according to embodiments of the present invention. As shown in Figure
39, at an annealing temperature of 1120°C using equal flows of argon and ammonia,
neither the BMD peak, BMD bulk or DZ depth appear to be strongly dependent upon
annealing time between ten seconds to thirty seconds. Accordingly, to increase

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

Figure 40 graphically illustrates dependence of oxygen precipitation on the
ratio of argon to ammonia flows, according to embodiments of the present invention.
As shown, the DZ depth, peak BMD and bulk BMD do not appear to be highly
dependent on the ratio of argon to ammonia over a wide range of ratios.

30 Figure 41 graphically illustrates dependence of oxygen precipitation on the
ramp-down rate in interval IV of Figure 37. As shown, there appears to be little
dependency of DZ depth, peak BMD or bulk BMD on ramp-down rate over a wide
range of rates from about 10°C to about 70°C per second. Accordingly, 33.3°C/sec

may be used, for reasons that will be described in detail below.
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pdEbC 10% during crystal growth, the bulk BMD appears to be heavily dependent on initial
oxygen concentration. Accordingly, the initial oxygen concentration can be used to
control the ratio of the peak-to-bulk BMD, from as little as about 5 at an initial
oxygen concentration of about 13ppma to about 10 at about 9ppma. In particular, the

10  initial oxygen concentration may be selected, for example, to be about 9ppma, so as to

provide at least one order of magnitude (about ten times) difference between the peak
BMD and the bulk BMD.

To summarize, Figures 38-42 indicate that, using an atmosphere comprising

ammonia and argon, an M-shaped oxygen precipitate concentration profile of Figure 4

15  can be obtained at temperatures of less than 1200°C, less than 1150°C, between
1100°C and 1120°C, and/or at about 1120°C, that is comparable to the oxygen
precipitate concentration profile that may be obtained in argon and nitrogen at
temperatures that are greater than about 1200°C, such as at 1220°C. It now will be
shown how slip generation and SiO, sublimation may be reduced and preferably may

20  be eliminated by using embodiments of the present invention, including the
temperature ranges that were described above.

Prior to describing reduction in slip generation, according to embodiments of
the invention, a discussion of origins of slip will be provided. As is well known to
those having skill in the art, during RTA, a wafer may be supported in an RTA

25  furnace using three support pins, or an edge ring. By only partially supporting the
wafer at the support pins or at the edge, the self-weight of the wafer can induce stress
in the wafer, which itself can cause slip. The slip generally originates at the bottom
surface of the wafer that is supported by the pins or the ring, and extends up to the top
surface of the wafer, where devices are formed. In order to reduce and preferably

30  eliminate the impact of slip on active devices, it may be desirable to provide a slip-
free region in the DZ between the first peak and the first (top) surface. Stated
differently, it may be desirable to provide a slip-free region to a depth of about 40pum

from the top surface of the wafer. Thus, slip from the bottom surface will not enter
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" 10%MY& ()- ! @ 1@%¥kerfing to Figure 43, at 1220°C in an atmosphere of argon and nitrogen, a
slip length of 3.5mm may be produced at position 1 on the wafer, which may be
unacceptable. In sharp contrast, at reduced temperatures of 1120°C, a slip length less
than 1.5mm may be produced using argon and ammonia atmospheres according to

15  embodiments of the present invention. A slip length of less than 1.5mm at the bottom
of the wafer can produce a slip-free region at the top of the wafer, to a depth of 40um.
Accordingly, a slip-free active region of a wafer may be produced.

Figure 44 graphically illustrates slip length versus argon-to-ammonia gas ratio,
according to embodiments of the present invention. As shown, an acceptable slip of

20  less than 1.5mm may be produced over a wide range of gas ratios.

Figure 45 graphically illustrates slip length as a function of ramp-down rate,
according to embodiments of the present invention. As can be seen, the ramp-down
rate can impact slip length. In order to provide a slip length of less than about 1.5mm,
a ramp-down rate of at least about 30°C per second should be maintained.

25 Figures 46A and 46B are X-ray topography (XRT) photographs of wafer
bottoms which illustrate slip, and which correspond to RTA in an argon and nitrogen
atmosphere at 1250°C for ten seconds and RTA in an argon and ammonia gas
atmosphere at 1120°C for ten seconds, respectively. As shown in Figure 46A,
significant slip can be seen at the first position of the wafer, corresponding to position

30  #1 of Figures 43-45 and shown at the top of Figure 46A. In contrast, in Figure 46B,
the only defect is the pin mark itself at the three-pin positions on the wafer.
Accordingly, wafers having slip-free active regions may be produced.

Another aspect of slip reduction according to embodiments of the present

invention now will be described. In particular, by providing an M-shaped oxygen
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Figure 47 graphically illustrates stress in the trench after gap filling film
20  densification, for the wafers of Table 6. In Figure 47, the length of the line is
proportional to the amount of stress.
Without wishing to be bound by any theory of operation, it is theorized that
slip in the STI device can be reduced using an oxygen precipitate concentration
profile according to embodiments of the invention, because an oxygen pinning
25  phenomena may take place. In particular, an oxygen precipitate concentration profile
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where the quantities are indicated in Figure 49, where Yo and yp indicate strains, and

where v indicates volume. Dislocation movement, as illustrated in Figure 49, may be

produced as shown by:
Gb* . _Gb
2R ML

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

Fr=

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

distance between oxygen precipitates decreases, the magnitude of the line tension Fyt
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LIN110% & ( })rempltate concentration profile according to embodiments of the invention (
curve of Figure 50), and wafers that have a constant oxygen precipitate concentration
profile (upper curve of Figure 50). As shown in Figure 50, for a given refresh time,
15  the number of failed bits is lower using wafers which have an M-shaped oxygen
precipitation profile according to embodiments of the invention (lower curve of
Figure 50) compared to wafers which have a constant oxygen precipitate
concentration profile (upper curve of Figure 50). Without wishing to be bound by any
theory of operation, it is theorized that the M-shaped profile according to
20  embodiments of the invention provides dislocation pinning in the active device area.
As is well known to those having skill in the art, dislocations in the active device area
can trap electrons therein, which can reduce the refresh time of the device and/or
create a greater number of bit failures at a given refresh time. Thus, Figure 50
appears to provide evidence that dislocation pinning is produced using M-shaped
25  profiles of oxygen precipitation concentration according to embodiments of the
invention.

As was also described above, silicon wafers that are fabricated according to
embodiments of the invention can reduce and preferably eliminate SiO, sublimation
on the RTA chamber. Figure 51 is a cross-sectional view of a conventional RTA

30  system 510 including a quartz chamber 512 and an array of RTA heat sources 514. A
wafer 516 is shown in the chamber 512, and is supported by supporting feet 518. The

wafer generally includes thereon a native oxide layer 520.
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from the wafer and deposit on the quartz chamber 512. This phenomena is referred to
as "Si0; sublimation". When the SiO; is deposited on the chamber walls, it may

5  decrease the efficiency of the chamber and/or the reliability of the process, which can
decrease the yields and/or performance of the wafers.

In sharp contrast, according to embodiments of the invention, when RTA
annealing is performed at less than about 1200°C, at less than about 1150°C, at
between about 1100°C and about 1120°C or at about 1120°C, little or no SiO,

10  sublimation may take place. In fact, it has been found that wafers may be processed
for up to six months or more in an RTA system 512 without the need to clean or
replace the chamber 512.

Figure 52 is a schematic view of a modified CZ puller according to
embodiments of the present invention, and Figure 53 illustrates details of modified

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

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

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

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

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

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

uniformity of the surface of the ingot 228. Finally, the notch can reduce turbulence in
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quality of silicon ingots may be provided.
In the drawings and specification, there have been disclosed typical preferred
embodiments of the invention and, although specific terms are employed, they are
5 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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What is Claimed is:

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

ammonia for at least about 5 seconds and at between about 1100°C and about 1200°C.

2. A method according to Claim 1 wherein the performing comprises
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer having a
top surface and a bottom surface in an atmosphere comprising argon and ammonia for

at least about 5 seconds and at between about 1100°C and about 1150°C.

3. A method according to Claim 1 wherein the performing is preceded by

purging oxygen from the atmosphere comprising argon and ammonia.

4. A method according to Claim 2 wherein the performing also is
preceded by sensing that less than a predetermined concentration of oxygen is present

in the atmosphere.

5. A method according to Claim 1 wherein the performing is preceded by
increasing heating of the atmosphere comprising argon and ammonia to between

about 1100°C and about 1150°C at about 50°C/second.

6. A method according to Claim 1 wherein the performing is preceded by
increasing heating of the atmosphere comprising argon and ammonia from about

800°C to between about 1100°C and about 1150°C at about 50°C/second.

7. A method according to Claim 6 wherein the increasing is preceded by

purging oxygen from the atmosphere comprising argon and ammonia.

8. A method according to Claim 7 wherein the performing also is
preceded by sensing that less than a predetermined concentration of oxygen is present

in the atmosphere comprising argon and ammonia.
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decreasing heating of the atmosphere comprising argon and ammonia from between
about 1100°C and about 1150°C to about 800°C at between about 10°C/second and
about 70°C/second.

11. A method according to Claim 10 wherein the decreasing is followed by

purging ammonia from the atmosphere comprising argon and ammonia.

12. A method according to Claim 1 wherein the performing comprises
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer having a
top surface and a bottom surface in an atmosphere comprising argon and ammonia for

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

13. A method according to Claim 1 wherein the performing comprises
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer having a
top surface and a bottom surface in an atmosphere comprising argon and ammonia for
between about 5 seconds and about 30 seconds at between about 1100°C and about
1150°C.

14. A method according to Claim 6 wherein the following is performed
between the increasing and the performing:

maintaining heating of the atmosphere comprising argon and ammonia at
about 800°C for about 10 seconds.

15. A method of manufacturing a plurality of silicon wafers, comprising:
sequentially performing a Rapid Thermal Annealing (RTA) process on a series

of silicon wafers in an RTA chamber in an atmosphere comprising argon and
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19. A method according to Claim 18 wherein the performing an RTA
process for each of the wafers also is preceded by sensing that less than a
predetermined concentration of oxygen is present in the atmosphere comprising argon

and ammonia.

20. A method according to Claim 17 wherein the performing an RTA
process for each of the wafers is preceded by increasing heating of the atmosphere
comprising argon and ammonia to between about 1100°C and about 1150°C at about

50°C/second.

21. A method according to Claim 17 wherein the performing an RTA
process for each of the wafers is preceded by increasing heating of the atmosphere
comprising argon and ammonia from about 800°C to between about 1100°C and about
1150°C at about 50°C/second.

22. A method according to Claim 21 wherein the increasing is preceded by

purging oxygen from the atmosphere comprising argon and ammonia.
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23. A method according to Claim 22 wherein the performing an RTA
process for each of the wafers also is preceded by sensing that less than a
predetermined concentration of oxygen is present in the atmosphere comprising argon

and ammonia.

24. A method according to Claim 17 wherein the performing an RTA
process for each of the wafers is followed by decreasing heating of the atmosphere
comprising argon and ammonia from between about 1100°C and about 1150°C at

between about 10°C/second and about 70°C/second.

25. A method according to Claim 17 wherein the performing an RTA
process for each of the wafers is followed by decreasing heating of the atmosphere
comprising argon and ammonia from between about 1100°C and about 1150°C to

about 800°C at between about 10°C/second and about 70°C/second.

26. A method according to Claim 25 wherein the decreasing is followed by

purging ammonia from the atmosphere comprising argon and ammonia.

27. A method according to Claim 15 wherein the sequentially performing
comprises sequentially performing RTA on silicon wafers in the RTA chamber for at

least six months, without cleaning the RTA chamber of silicon dioxide.




