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to Sandi a Corporation. the entire disclosure of which is hereby

i ncorporated herei n METAOERANT AP AIRARTENEOR THERWERBWEDEESSINGGEST Thi s

i nvention was made with Governnent support under contract No.

DE- ACO4- 94AL85000 awar ded by okRsEMECORDRCTORSUBKSTRIETEY t 0 Sandi a

Cor poration. The Governnment has certain rights in the invention. 15
BACKGROUND OF THE INVENTION 1. Field of the Invention. The field of the
present invention relates in general to sem conductor processing. Mre
particularly, the field of the invention relates to a nmethod and appar at us
for rapid thermalRpr QFEIs APPLIEAFGHONDUCt Or substrates, such as 20
silicon wafers. Z  Background. H gh tenperature processing of silicon
wafers is inpértant fdhisapplitatomnis regntimatomimpat of ked tlaoms meridefromes. Such

processes, includi ilicide forgmtion, .i.oplant.annegal oxl dati on,

di ffusion drive- ﬁ%g'g%%”&‘mq‘&ﬂ“z@@ﬁ& O%g‘@oﬁl‘ttﬁgﬂﬁ ?\%&E?d yPPBE@?‘ﬁefPf or ned
at tenperatures Rap@ TigeriabMoabity FORfIEARIEANOWatads efileBon Maiti 12, wader
batch furnaces or in single-wafer rapid thermal processors. However, both

of these nethods byStewarel. Gribaids and Bohery Hs Nilsesy andraspigaed/erSandider i ous

short com ngs. TINS : it | batch
Furnace. typ cal | PR oiEh Hobedd o RN R fofbo el 07, 200
waf ers by radiat ireferehcem t he hot walls of a cylindrical cavity. The cavity
wal I's may be heated by electrical elements that can be axially segmented,

wherein each segnment is i ngi.x %@#@lﬂf@?ﬂé@dﬂn 'PS&EIL n ;glltﬂai n prescribed

waf er tenperatures al ong t¥He~et ERgtTh——tHeteby—m ni m zi ng

axial variations in prgemyemncothideORih GooaaMeht suPpOR LEIES cofdace
encountered with these furnaces for sone processes, such as inability to

linmt tinme-at-teeEd@4-94dF7908 awatdedyy die. ¥ §- epatmens @pEreigxiice
uniformty, and r@djal t [ ati . 1R c0oling a
stack of wafers. %ggﬁﬁérﬁ%%géﬁdmﬁ?é%@ggﬁﬁgé Srgnpgétﬁ)# g?é%ﬂtﬁ}gl heat i ng
or cooling of wafer edges by radiative exchange with the furnace walls,

such that thd5edge tenperat ur BAKISGROIWND:QE TiHie INVENFION mper at ur e duri ng
thermal transients. Rani I tﬁ erature variations in batch furnaces can
lead to two seridus pr-d-ﬁ@e‘-?%ﬂ%ﬁwc YERUOR. niformity in thermally activated
processes; and ther malTHeSdd bEMS PPeseh ifitentioh r@XESTSIeviBral W dehidoR@udtdr 1 N

pl astic deformations conmmonl . _ '
processing. More particularly. the field of the invention relates to a method and

apparatus for rapid thermal processing of semiconductor substrates. such as
20  silicon wafers.
2. Background.

High temperature processing of silicon wafers is important for
manufacturing modern microelectronics devices. Such processes, including
silicide formation, implant anneals, oxidation, diffusion drive-in and chemical

25  vapor deposition (CVD), may be performed at temperatures ranging from about
400°C 1o 1200°C in either multi-wafer batch furnaces or in single-wafer rapid
thermal processors. However, both of these methods of wafer processing may

suffer from several serious shortcomings.
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‘referred to as bow, warpage or slip. These problens can be reduced or
avoided by limting both tenperature ranp rates and the speeds at which

. waf érs are pushed into or pulled fromthe furnace. |nter-waf2rl 8PRIHBg can
-al so be increased to permit higher ranp rates and hi gher push ap I
speeds for the WOOAES r adi al tenperature variations. Wth eithg&/ﬁg"lgflﬁ%lge
approaches, however, ragdial.te el ture unifarmty is obtajned at. th
expense of decreased furAASHIOPARRS UFC%%BIF&Y?%X%%%%Y&B“‘&L%%@&C#f‘ﬁ@‘. Many
nmoder n mi croel ect r @frais 26 itd 800 wafeFLEUaBRSLRSH e BdtZaSls SPR LY Ifdrichiaavity. um
and junction depthi | ess than a few hundred angstrons. In order to limt 25

both the |ateral ahRf FEhNEHE Y bebhsaed by tieenpal slements thatcagdepxialy e t o
reduce the duratio ' [Wrral 1 ;

Feduci ng pr ocessi ngH e ne ARhe BRELE i Ene ARG ol BRI ARE bR il

achi eves fasterd prpresssibed tyafey ¢mparataess abpng the entifecfurrspe bangtl, tietkbyhence, by
reduci ng both the batch.size ,and the.t hroug.hgut @f. anﬁt her w SQ?{?A

convent i onal bat chm{iTHARE:axial Vaiatens in progesiing qopditians. Haweyst STQRIeTRs MaY o

thermal processor pe EREGUNterdd i thede fiinA&Hs SordBin@ prétEsedS@sh &Y iahbilift @ Minit ¥

| anps, optical tenperature sensors and sophisticated control algorithns to
heat a single seni B@Ad@titemueraiie cincensisteny wafer-to-yhfer tamperamirg uaifpamiy. ead e,

t her eby reduci ng tha: Hﬁg I~ ~ . I roh.gm of
unwant ed dopant di {Ja;s}egﬁ).e els\i\aé tleornsWﬁe@@é}a@ﬁ@ﬁ?g{f@g?ﬁﬁ{(é?%?%gr}g ﬁ@es of
approxi mat el y U50Czradiedtd 0Ky anisel dnmyo grefereatial dheytirgom| cedlind dfevafpr aigesisy ng.
Because an entire syrf.ace of the, sem conductor fer can be exposed to the
heating source and" 8"5%9*%%?%5@5&&“‘@%‘&% #@@%ﬁ?@gaﬁ%ﬁ?ﬁw@ eafSt h
radi al energy and @h@g@tﬁaEerﬁ&qemg_srahﬁ@mgtﬁem@h@mmn@.n bat ch furnace
processing may be reduced or elimnated. Further, process tines may be
reduced, while maintai nRedjahiemperatune varighipus in baish dumptes camlead iy tvef seiovat ch

furnace. This redu 0 i I s_the I.jnmesat-
bor mtting smal + er By BER B WSS AR el ValEd Bleet SR R Andhf
encountered wi t$ t heessesevingh, if @lesdsiiepill feyuld ia pstiadefarfigtivhs sommoaly

particularly for larger diameter wafers, In particular, it my be di,%i cul t

to maintain a unif B%HEABE PAYVUVETARS §SiPa [hase eroblems cagheyedised enpeidedur e
differences arise inihe 5k teRtheRitth ' ' ivhfblcad tional
bat ch furnaces, butgygorll- uni fo¥%| es e(rfrggﬂ) 5@3“%%"5@%&?’?&8 15fé Sr ocessi ng.
The interior wall spuashed ypé ompulledrfponh thedummEP Istysvafes spacinguanalsoyer el ati vel y

cool and are not heated t.o0 a uniform equili br,,u [ 0cess t erature as in
a convent i onal bat SRTARSETMIbIEAST tarP fpiss s hiEhsR ppetaTg pul Pres fotrile
surface receivgodi tdred Rbfal fenietdtor@s/afhtidnd eMithi iGbiethese apprahdhes Howevergach

of the [anps and have different views of the relatively cool side walls. As

aresult, it 20 majRdAl tERRGTEHE YNIQTMRY inbained abihg sxpensh At decrraseeiumagsi ant
heat flux, and hen 0 DL Apstiffeure, will be the same at all
poi nts on the waf e?ﬁo%ﬁgﬁ@‘lgﬂé&@&k#&?ﬂ% baségllte’systerrs typically use sone
conbi nati on of optical MYangesodelremieseleandicocirquit reqirefatdre sizes gnalieetiian

di stribute radiant energy, onto the fer. In ite of these neasures,. it
may be necessary in FRagd mpe \qg?ét‘li“\?é‘lf?“’%g“ 3‘7'@?%3%“%‘?\/?‘6%%?‘93%% or

groups of |anmpgson fbé‘&“%é’fafteréltafﬂitd%gﬁ ditMi6H SiloPahy®, iFRUBERB @ rdiice the

uni nt ended non-uniformties o radi ant energy distribution. These
non-uni form ti es nayrakien df high cerhperttwreprectsstng. Qe appyodsh foraredissng grocessing

dynam cal ly detect tenperature nop-.uniformties,and actively ad]us ating
during processing. “fii% ?s?ﬁn{ﬂ.ﬁ-})ﬁtzcﬂrﬁaﬁ;r%@mage E’Bffglaégieygr‘%é%aﬁrﬂéregﬁ%pf
measur ement Syst eMindi&dsing th@Wafek spdtirel ) Heh€e, Bk @ucidWotl he BatdR Size and the
dependenci es on wafer em ssivi tg These difficulties are generally avoided

in typical batch fuhrughpst pbamerBerwistconusnional daish Sumaced Another apRFORAHISFS:| | y
i sot hermal encl.gsure. and ; ] ure equilibriumwth the
encl osur e) rega’rem eassg?g(rg?w?%fp&#@@eﬁﬂ?ﬁp@@%ﬁ%mgf &?945 PCT/ US99/ 19019 t he
waf ers' optical propertifespicAtisihgle swafdr RFFoEchiph iregnsirg lamssoopticat ed i n
temperature sensors and sophisticated control algorithms to heat a single

semiconductor wafer at a very high temperature ramp rate. thereby reducing the
2-



-sonme | anp based systens due to aging and degradati on of |anps and ot her
conponents. As a result) it nmay be difficult to maintain repeatable
performance and frequent repl acement of parts may be necessaryZ 15ARDIBanp
"RTP systens ha\(‘eogbﬁz&sdevel oped which are intended to overcone waigss9fiodihe
probl ens encountered Wi th conventional Lanp based systens. In one system a
vertical seni condpebRm dﬁfxﬁanﬁd%?&ﬁidﬁﬂlsfdﬁf MTAE Qvaf& iPFdrtdlly Hbatelded 1 nto two
zones which are nmintained at different) but steady, tenpératures by
separat el y cont r olem@araguses af appeeximatalychd8°C th400RE erd mayperanidilysodledand ranp
rates during heat} :00| r t e .ansi at i th fer

al ong the fur naceéf{z;ég' @Eg%ﬁﬁfe%%gﬁgﬁgﬁﬁﬁ S’El ﬂ%éegogéﬁ%s[eﬁng&ﬁugg&r P\%(f;etrgf?%w%mi ch
determi ne the rel apose tanieikasing Soureediraitto any C¥Oelex@shtlpgsdshprobrbeer from t he
hotter and col der zones., hecri. st ens uge a heat,ed#)l ate for heating the
waf er. The wafer HEJF'HES HOVLa ‘ﬁc%?’gfyraﬂ%c $RICH SREACSIFANSRTE inberest in 83tGhe oy al

15 from the furnagghacé&prdceasitg MBF bSHALAN HABMBREA. FURRSS Elf)bcmq;rﬁestrﬂsy waf er
is noved adjacent to a heat sink for cooling prior to refroval from the

furnace. Typi cal | byredeqed) wihie RPmMtaiying avafertiyoeghpubcamifacable ho thatpf acbatch

transitional heat,.zon / QF tively. coal. the wafer before renoval.. Since
t hese furnaces get;]ug}agﬁ i?ﬂ grrgd%cgﬁ pfogostsﬁlé?errxﬁ?‘fccf ﬁ"eitlé“ed?tftﬂngﬁﬁaﬁjrf’&egﬂ%%t ee
uni form waf er 20 §mdteefaturegizas)| ess the wafer is positioned well within an
i sothermal zone. In addition, requiring a separate cooling step may
decrease throtfyhput, iNepehaless; preblemssaybesnsouniared with theapse #sbigheat | osses
and power consunpi.io; | S I d
renoved in a convgenlrtlé"tﬂ?%%ga‘ﬁr?a%agg%&??%%&?gﬁleéggagg ur g{zgﬁg{ae\%?&atfgrg ggry hi gh
t enper at ur es Wi t hparticular rtanay bd diffedult heaiaintaine ugiforar teopetaturg acokas wafer.

deformation may resul t rticularly if the wafer is.repetitjvely exposed
to such stresses g\(}'e?nl?'rgB??rBPeéatﬁfeo‘Jéé%r‘s’“%ﬂf85%3%@566%% CIOQ!H%VX’H?C&’ ter
waf ers are parti cyighfaditfonaCieddt kmcdsObeUon-ualfashities ey alstpkispdutifiat s
desired is a sem conduct or_ processi ng system and net hod that can

accormodat e | &t gePoesrsEgn dinetiverien s oabwicallimpeaged RT Bisrstergs areniseailyy 30
reproduci bl e and %’Mtfv@{y@@éf%@%&?k& HRGARG ¢ 2 hﬁ%ﬁe{%ﬂﬁ{bﬁgm ﬁrocé@@ m;%e?%‘t?}eso

desired is a system an or ‘processi ng sem conductor Subs es at
hi gh t enper at ur esasintatconeehtiondl tdhefotniaed. Didfergnt dial cdedr orthe onafer
Preferably, such a system aggfrret od .woul d all ow for ,a,sugstrate -4 21
APR 20QB WO 00/ 1Z9#5CHESFFIYSISITaspigotionsnd thadipgdent racirion Fymeadh 9ithhace at
hi gh tenper at ur es | fyslagd KBl O diddeRtinddes b @B rdiktivelaoBLEide WEYA/ARY a (sult HE

| NVENTI ON One _aspect of the present invention provides an inproved system
and net hod f o020t hawike eprrervelysiiffigulbto ensurethas thechgt tadians wisg flust andkiende theduced
potential for plastig deformation. | one enbadinen a,sen.co tor
substrate is i nschﬂuelfébrlwnrf‘ge%p%%tgieeg‘l@éevﬁhf ﬁarP%ot a!lﬂjé)}% anreo%aegrs ?ﬁ"S‘?“SAf ter
processing, the send.omslbgdedsysestypiahidy use sompicoinpinaiidhef epmtal guidest he
heated cavity. Hi ?h spgrﬁdgs of. insertion and w thdrawal are used to reduce
tenperature 10 di fongsepndier rsflpQiass 19 maresgysaly digtrabuie radiangenesgy onia dhs Walte npyed
fromthe heated p S ey j 1&hitlenat i ng one
cause of plastic Efgﬁ’g{rérra??egﬁ V\hlglgﬁnﬁﬁzj tgeglt%ﬁeg%gﬁgg%cﬁ'?t.eﬂéoglaftnmse{%nce. in
an exenpl ary éfrbodyateimd;vitine |augrsirgatups of tahghs anahd sff eediffregnt fracryals o om

about 0,3 to 2.5 or nore r}:eter.s r, second, .ar afn range subsumed t.herein.
The tieal et s sead amETs ToLouReBEt shrpadamhs S RERar waver ifiputio
substrate tenper atiysR nontlforattRs @Haa'meafmc@nﬁ ﬁrélsu'i@tk :I‘ﬂ§§y b€ AédesARFto

v

conplexity of required robotics, and tolerable |evel and |ength of defects.
For instance, hi gdsramipalbtdetetyernperaseieaonanifpmitiesandagivelnpdipsientes - f r ee
processing of |arger._s t esm(e: 0] . Qr j gh
t enper at ures (e.g%?lrl?%grte%%%gg' ?#55168%%“ { ér%e?ﬂllng{\g/g%%%%émgdf t hese and 20
ot her aspects30f miw@syressItysieis @Bihg eadidtioatfropetit aafdUinit oliis hadbddpeadesiesny be
thermal |y processed at. high tenperatuyres with high thro,ugyput . Ai ot her
aspect of the predBAYaferRpMasViG: bhessfiflaculyesarg gpngily avaded ineicel Bifhand

wi thdraval - speeds duflalis HisAle R wABRhIC AT WIRLEIARAS Sl Bholbddke
defects at the edge of the substrate y be acceptablé. It 1s an advantage
of 25 this and ot lwed evepexttysreadh teinperptuesayuilibrinmewith the entlasureragardisssds] v

| arge defects may be avoi ded without requiri ng undul y hi gh speeds of
insertion and wi thdrawal . A sinpler wafer tralisport, system may be used than
in sone high speed enbodi nents for |arger wafers) because the wafers may be
held in place by friction rather than requiring a nore conpl ex hol der. 30
Anot her aspect of the present invention provides for high speed w thdrawal
to be used in conmbination with a transitional heat zone or cooling



zone for renoving a substrate froma heated cavity. By using higher than -S
2 ~ Arr 2a03 WO 00/ 12945 PCTNS99/ 19019 nornmal w t hdrawal spgegsn e si ze

of transiti t zones and/or the degree of cooling may  pe,igsl
relative to Q@é&zgﬁhai ch woul d otherwi se be required to reducgeor avt)bi%

plastic def orrmé'warefs-:o?mm?Eoﬁapﬁptmaia&nbppr%ﬁf&%ag BY&RbLALreR VI des for
an inproved 5 furnace for thernmal processing of seniconductor substrates.
One exenpl ary somsdampbated syvehedue tooaging andpiegeadatien of latipk and/othad

omsdanpréntd gy sl 2 _ ;
wel s pr oceserRoneid AL ICel, & Rt feu s BRLTDh AR AR D

of a rapid thenddteqpémegdaemeandf Ritsiiyy denedeessary to produce the snal |
feature si %es r equi redlag%lséﬁly m)degn 10 m croelectronics circuit designs).
In such an’enbodi nentn-lagh EGTienE haye beemdeveiqrediwhishigre dmtgndedder t ed i nt o
and wi t hdrawn JeRBhi s8ealeth ' j j ; [ nstant and
substantially unifor ns1 terrpere;;?élr)%?ﬁsEgt)%?dfﬁfgl}tﬁcgﬁv{)@b?ﬂé%ﬁmgﬁsgaand its
rapi d wit hdr awybtems. {henecsystem,aiverticef sepicomdsstongyade prasssing furmbcaize t he
tenperature differences, between the. leading.and traj.ling edges of 15 the
substrate as iﬁ’“%ﬁt@?”ge%‘%" Wamsf"i%‘%faﬁ? aing¢,g ‘L,‘h'?feg‘l _ﬁ?‘trﬁ‘?fjﬁg t her rmal
stress and rede@pérgueds by seyabiely\Ehnifdfle fSidtneE Aaters. Thablafes téRdRaiRt i ON
(i.e., bow,_ warpage and sl|p). This aspect of the present invention reduces

or preventld standgampaseisiiringineatieg an qooling Arerontrelled /by pmslating the
time-at-t e”per»@ﬁfglr %Pn%—r bk furhicd '%%m&%@Pg%vf%He?M'e?%&Qrsf urnaces

where a | ow spee nsertion 1S use 0 avoi d excessive
radi al tenper avhickedetefriec drraelativé amaddts bf radjation recived dytthé wafer frghe waf er
RTP systens wh

fch use col.d walls qr, tenperature zones, odinents of the
present i nve_ntt}‘?)HC’WiaE cﬂg%’ %?nghbgfh&ﬁfﬁ_ msyuﬁﬁsaﬁ}ea@ar@%te ?‘E?‘ﬁ%‘b‘};g ‘SFoyi de
relatively sinpifer EAEQLfERL MAEE bE RIHvVEQhwiy frBrr?tthgﬁe @Fi%k pAbr t4Nkhetdr ty. 25
Addi ti onal aspects of the present invention provide for substrate carriers

whi ch redude heem theofumase.f Ableastranespstembiae beasf prapesedivderedhe wafersuibst r at e
after heating and allow the,substrate t.o be.rapidl noved.from a furnace
at ol evated ©RPSTRIAEL R beAtFRK Rk soqiemtior tarengvel B EE BT, 't r om tho
tenperature diTyméSIFCRoPRINMEIETP tRerhemelditheander thedughagraasigiesal test ng
insertion and 30 withdrawal of a semi conductor substrate from a heated

cavity, prefer@¥erad/oneiveligost thegwfersiore ramevabePinsethere BImageseni conduct or
substrate can E%nﬁx‘eéllg‘aareano?'is%meﬁ-ﬂnﬁlalﬁ’&g% ﬁf?g&fsfﬁtggua}ﬁ?ererﬁ'ifoﬁﬁ Wags. | n exenplary

enbodi ment s of resent 1 nvent rate carrier, slip ring or
ot her ther2fal tsiipefadirerayletsaheisatertioposiiioned wallAFEhiR @0 Fowerdal/ 2bAe4h

PCT/ US99119019 protect the perineter of the substrat frﬁ)m excess radi ative
hent transtar SRR FHLIIRGIT ST-BRAOR 558 B R P et oHe b AT e | o

substrate carrh@hedfr sk @d/SPRBREaLBAL [osRR aAd PoWeV¥dIEHANG]. - Oh thel S an
advant age of these and other aspects of the present invention that thermnal

stress from boethendraad6f e mafelis insetedapdaemees inrcoayeionplempiner fieled of a
sem conductor U hge Ay o D RGEL bR b i REng Er St o
pl astic defprn@tdodling, plastic deformation may result (particularly if the wafer is
repetitively exposed to such stresses over multiple process steps). 300 mm and
larger diameter wafers are particularly susceptible to such plastic deformation.
What is desired is a semiconductor processing system and method that
can accommodate large semiconductor substrates while maintaining a highly
30 reproducible and uniform substrate processing temperature.
What is also desired is a system and method for processing
semiconductor substrates at high temperatures with reduced potential for plastic ‘
deformation. Preferably, such a system and method would allow for a substrate
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" BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 illustrates a first exenplary
enbodi nent of the present i O invention. Figure 2Ais a gra%] S&W g*ﬂng
approxi mate desired threshold speeds for insertion and with ?;\ I a
‘relatively higlshisgogth silicon wafer for the first enbodi memcriusswrader to
substantially prevent plastic deformation of the silicon wafer. 15 Figure
2B is a graph dep tremgvabfpomia livated fdeatd &chijiheapbatudesspRitdmain®dininpaer ti on
and wi t hdr awal OE' F“ relatively low strength silicon wafer for the first
enbodi nent in or B€P HEUGNPYSt ant i ally prevent plastic deformation of the
silicon wafer. Figure 3 depicts the conputed tenperatures and tenperature
differences 20 of a sem conducgMmviafrey o THIWIRVENTION Processing cycle
for the first enbodi nent of the present 1Tnvention. Figure 4 is a graph
conpari ng desired thr@shaipgcisqfdbeipresdnt Wiventiompravideoan 2ggoved ssgn3od mm

silicon waferg i r Qo ¢ | .ev | astic defgormation in a
furnace accor%i ngjseﬁltog?érﬁé |??Focg%%@éﬁ%%%lgﬁﬂéf)gﬁ?%r%gi"‘g&a{%gc&g Cross
section of a thepomhtigh fargptssiodesmmationeln die euthddiment, a se@t@ndu@sbodi nent  of
t he present invention. Fi geurgs 6A and 6B are a bottomview and a parti al

side cross secti HPSYFENH 18 4o hepted cAMItE For eeympleprorsasingn Ad6hnect i on with
exenpl ary enbodi of Sy 4 [ : : .?dwr? j p View,
and Figure 7B isgg)@%)%lrn itglwgpggﬁcrosrséugge&gdt%% gﬁg‘\’}?@\?&f‘mg a gﬁﬁpthﬁlhﬁaééd.\j\hl ch
may be used as pamvityofigh spebds ofanserton andewithdrawelcne dad ¢e reduch teexergplrar y

enbodi nent s t resent invention. 7 2.1 AP R 2003 001 1: 94: ~
PC T/ US99/ To0do E&E?&“éess%f?sé e %“ES’BWF BRI R Fmee fomy BAFEFAl si de
view, of a subst hakessmarehbREnB&ROheleBy réducaiy c@?éﬁiﬁﬂiaﬁﬁ%oﬁé@ﬁ@b gEpbstRf the
present invention which may be used in connection with the slip ring of
Fi gures 7A and 7Beformgjionevigeh migly oghegwisgogew. Secinblarreyinean exemplay gure 9B i s
a top view. of a ar L.er |1 i di to an
cenpl ar y. enboc ABARHERE HE SRS BalRlel itk AR pilst ) PRSI |
graph il lustrati agrd inetees petr sedhd sdredy ratgecsuibsuniedshdreiao MThatdesigadi speksd
t enper at ures gmd Ie\{)els of Bregi gitated xygen. 10 Fi qure 11 illgis‘trates
the prior art gr &PK 6 eelpsigdiPesed @ Vi &g !"tgﬁ-éHEﬂ‘ra ['BRPERE G EY edge
stresses at varl Qisete? ARG IHALUHESS coﬁ'ag&'F:Smi‘:l”exlty‘v‘oﬁe@i%ﬁhoB&m%ddQGIe%{%‘ red
speeds of withdrawal for a

level and length of defects. For instance, higher speeds may be selected for

substantially defect-free processing of larger substrates (e.g., 300 mm or larger)
at high temperatures (e.g., in excess of 1000°C). It is an advantage of these and

20  other aspects of the present invention that semiconductor substrates may be
thermally processed at high temperatures with high throughput.

Another aspect of the present invention provides for intermediate
insertion and withdrawal speeds to be used for applications where short, point-
like defects at the edge of the substrate may be acceptable. It is an advantage of

25  this and other aspects of the present invention that unacceptably large defects
may be avoided without requiring unduly high speeds of insertion and
withdrawal. A simpler wafer transport system may be used than in some high
speed embodiments for larger wafers, because the wafers may be held in place
by friction rather than requiring a more complex holder.

30 Another aspect of the present invention provides for high speed
withdrawal to be used in combination with a transitional heat zone or cooling

zone for removing a substrate from a heated cavity. By using higher than
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silicon wafer to substantially prevent plastic deformation in an exenplary
enbodi nent of the present invention both with and without a 2ubdfR=0E
carrier or 15 slip ring to reduce edge stress. Figures 13A and 13B are
graphs illus™@®¥138%% he nunber and I ength of slip |ines obserVeYUFHFo0°

di fferent speeds of w thdrawal of silicon wafer, without ed rotection
in an exenpl ary "ORBAiTRgw fp?ﬁ%é' %F&Zgrﬁ?%ﬁ?ﬁ}‘é‘ﬁ?[%ﬁf Z‘ﬁeéﬁ?c@o’%ﬁe B?grﬁgtrat es
conput ed def ect dfeoglidtSmhpbe @ddé¥d @larise kd GaNwiih Uoulkibiheriesedrirathilehtee
process cycles as, a function of w thdrawal speed for a range of cavity

tenperat ures i n FEHHCE0EAIAPIRSESERIAIARYAN. of the present inventi on.

DESCRI PTI ON Aspects 0o i i : i t; d apparat us
for rapid thermnal prd-gne&sﬁski?ﬁgkg?&;ie‘ﬁilpgéég dg?%rugég%}g&%gl errsm lﬁ'ﬁ%g@?i rst

exenpl ary 2535 enifoniapefur theamsleprocassidg cif semiohditcroaatsedstrateshOas exensilanycon
wafer, is rapidly. inserted and,rgpidly withdrawn froma heated cavity. The
heated cavity nﬁ?f‘b& ugerggg)gfc{}ﬁ!bpgqpqeglg%ga&rﬁé}a iy %}F‘["Perﬁﬁlﬁ?’&_%&yat a
substantial ly cangians epﬁé&iveetiéma{cgtf%&e. wwaf &eﬁroé‘&mgkﬁ@é& gnd the
heated cavity may be forned froma heate tgl ate enclosed wthi'n i nsulating

wal | s. The substreduced tme-Boermperavesimilante Watdie repd thednpll preessfoofwhicbcessi ng

and noved away f t ri 0_W.t hdr anwa Add ti anal
t hermal pr ocessoé%%?%ﬁ%rg ttlggﬁog l‘l%la E%'ﬁ%%fég?ﬁeosézees\ﬁquﬁe% P%lﬁ%lgi, hgﬁ?ﬁ‘
t enper at ur e 19oneafRiceoriectronics cigrudmadEdidms s NB)such an erfbodimehnt,la ARRcHIGRoMO
00/ 12945 PCT/ US99/ 19019 m.ght, al sg,be used in other ;nbg[gi ments, \Wen the
substrate is rerfdOBET SERRICHLNHELE &foCR Mithdrawn ff%né i) EPV‘E%“ha“i‘éWﬁ%ratyre
differential whisgh Eisdl} Sorstint AR AiaSifIRSSRR RGO RARAGsdrlop! asti ¢
deformation, particularly tor |arger substrates ((s ch as, r exanple, 300
mm and | ar ger sidfithowaisadretiss) rapidrvidlodrawdbat elee aointlsibhef priocessing stwes toent  of
the present invention, however, t speeds of insertijon and.,of wthdrawal
of the seni condﬁW‘@%s?Ta?rétu§7 g&&i?‘?‘i%ﬁ%‘ﬁffny&le g‘iaaglgtaf}g%%‘ggﬁﬂﬁsaq |y
reduce or prigvenhe phithieas HehRi@id RAv&fthd Rente IRrER! RiniMfzisk thesidlt , the
first enmbodi ment is capable of providing rapid heating and rapid cooling of
a single wafer (s&ies§ andardusingardrevansian terncsumense ebplagticedesormation(iei.ne, whil e
substantially r iag Lidynad s : i.G..def ormati on
of the wafers, 2%(%5& %%taﬁérr%sligz;t a{thggr}%&gé% Elrﬂger@eésgﬁ‘lcip Y%Sm?lrrl?%g(écsgosrsi ve dopant
di ffusi on, waf erpreventeduess daemage vltileratsoneduding the bnerhly timera-temmesaumaf er
tenperature non-yniformty. The a aratus and net hod afﬂ(’:ordi ng to the first
b

enbodi ment ut i | i H¥S 5 BSOHFASOLONY Hrassgnege f IRheReed SWREFUPR t he
base, side val | Suaduldivtls ddi 1§ W AIRGR-ARLL BRidhchiid e diitRerktidi by havi ng

a wdth and a depth l'arge enough to contaln a sem conductor wafer and a
hol der or supporaddition, ineentwast &9 singleavafenREP aystenes wlich kse apdd/ wels aray be

controlled by a m croprocessor-based syst.em enpl.oyi a P ntroller
attached to the tﬁ@&?@ﬂge é‘?ﬂﬁsvﬁ??@”ﬂﬁ'étéf?fMﬁ‘i@d?@ﬁ%&?‘]&@éﬁ%gr atures as

i nputs. The tenpeibataktiflyQfothidial Athddé proviidldivelytsieTe eahpeedireicéntreli sed by
heaters, such as resistance heaters, attached to or adjacent to the furnace

wal | s. The heat evish gdighjeved efupiferatitt o provi de a substantially uniform and

curTaces of e sem caudieit gl dr tERBR AR GRS ISR 1,

first enbodi mentwhithtrédice ianlosees fromahoperinictatdiarsemizohdritasubsmater afisr dl y
inserting and withdraw n i conduct or %fer erein the rates

| th . : f
both insertion a‘ﬂﬁi‘“ﬁ&%ﬁ%\ egg tasg FbegARidyHemgY %‘Pérﬂ“l’“é‘fel%}"eé(aﬁgg or

temperatures. In addition to thermal stress resulting from the temperature
difference between the leading and trailing edges during insertion and

30  withdrawal of a semiconductor substrate from a heated cavity, preferential
heating or cooling at the perimeter of a semiconductor substrate can also be a
significant source of thermal stress. In exemplary embodiments of the present
invention. a substrate carrier, slip ring or other thermal shield may be used to
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‘prevent plastic deformation of the wafer due to thermal gradients. It is
known that if a significant tenperature difference exists across a 30
silicon wafer, plastic deformation of the wafer will occur. Thus2 il fARR 2003
sem conductor wafer is inserted or wwthdrawmn slowy froma high re
cavity (e.g., aP®A13IBC), the tenperatures at its |eading and F&ﬁ’g?":@%

edges can differ significantly due.to rapid coolin y..radi ation of, the
portion of the wafB te_cg{he pE“T%fEIBﬁF@F ﬂibsf/%e%fﬂ”i%'ffgsg rﬁ%é?’ﬁ%@@? ‘I@'b‘?‘%j- GUER de
of the cavity. Thi thefiidl shRBfind Rapbapidvidedal @ pERbE 9Butafratk bridefR hightipuayer
it has been discovered that if the sem conductor wafer is inserted and

wi t hdrawn at hi gh Hseeasangpasdawaid ranadyanngead thrse sndniberespests of theduced
or el 1 m nated evenylQin fHvafd PHREhA Sidlk %ﬁxsdbsdetll?gre(‘e(?ex?'rgl %qzhgg%&%g@@;&t For

instance) if a 3000 mm silicon wafer 1s renove ara ers per
second from a fiur ndegpenmett 60Csemicarstucor sefsoaemnd dromnntdrtingypidosithdrawimgul t .

However, as the wafer speed is increased, the nunber and s rity, of
defects wi I decr 6ASEMCPRUSIOr SUbTals TF p heRieq FAveR IEAY Pe SORERIe0dR FEEE Oiue ¢ o
the insertion/w thgigawale JiampPRERtMiGodi fferentials are substantially

prevented. It is 10 understood that defects may still result from
preferential heating or cooling at the edge of a sem conductor substrate.
However, as described bel ow, BRIEEDESCRIFTION Off DRAWINGS her t her nal

shield may be used to r e tr oLt e rther

di scovered that the thrg%kligel ldhfs&g%%%l %?gg\ngie%ﬂamfnbgﬁs'm?g‘s%fﬁe S%ﬁlﬁ(t:onduct or
wafer from thei@avidvgntiah.greater than the threshold speed of insertion into
the cavity at the sanme tenperature under conparable conditions. This is so
because the yield strengigﬁpeoi“‘éwré 5y ApBToxfaate &?f’“ﬁ%?tht"?sgﬂ‘daﬁpe"sqsslflf”con,
fall's wi th increasifignibgaRe Withtfatal Jwé}ati@eﬁ'%%?ﬁtﬁhg’(ﬁ%ili@bﬁ {vafee RGanLgipeen
the leading and trailing edges of a sem conductor wafer will nore 20 |ikely
cause pl astic def oembedioeni i orderde substanjialiyt prayene plasia dethrmatipn ahda stlisenwaf er
is still hot and, he?ece) much weaker than just after insertion. In order to
prevent plastic def'0thati on of a seniconductor wafer duri ng heating and
cooling in theifirst enbpard®®is a griaph Sepi@iigrapploRihdieiesirbthedtholdespeedsfface of
t he waf er be exposed al nost sinultaneously to the sane thernal 25
environment. This ¢HSATISR ag¢ sotkaTaveheln wiatively low siength silicangyates for His first st

embodi ment . descri hed,fefa) ﬂ%aé}% s éfﬁ)\?ii?ﬁsprg\?ernﬁ gfa?l?]é MbrhafSTbERBHELRT

waf er supported on a carrier by rapi serti e wafer and carrier
into a heated cavi wafand rapidly withdrawi ng the sem conductor wafer and
carrier at the concl usi en of,Broce Si nﬁ@ 3Q The cavitﬁ defi ned g.)é t he
interior furnace walls, F18 hd PEPISE e COMPUIeAAFTRITRYIeS BRY IPTRE A0S SHETFIES
temperat ure inaphe of h k&hicBRNREHr WRiTér-duBap b &y Jidhs BFdcbRhgaNéle FaRhelfivd t hdr aval
of the wafer and carrier serve to reduce the tenperature differences

bet ween the | eadi ngm@Adimenapf thagrasejénvesfiothe wafer as it -10 ~ i Mt -~
VO 00/12945 PCT/ US99/ 19Q: r?@’iﬁ §ra§l?90r{x$a?i‘ﬁgsde inQ t%ﬁ%%ﬁ)ee&sﬁx@%r&»@ﬂ”c' ng
y-pre ce o 0

thermal stress and subst I al venti1 ng the occurre war page
and slip due to sudbr200mperaad 308 nth kilieoewafess in bades to $ubstaitiallytprevenoplastent
substantially pr even}s stress damage whjle redkjci ng the overall

ti me- at - t enper at ur deformation i@ 5 fymags agequding @ the hirst embodiment.

25 Figure 3 is a side cross section of a thermal processor which may be
used in a second embodiment of the present invention.

Figures 6A and 6B are a bottom view and a partial side cross section
view of a slip ring which may be used in connection with exemplary
embodiments of the present invention.

30 Figure 7A is a top view. and Figure 7B is a partial side cross section
view, of a slip ring which may be used as part of a substrate carrier in

accordance with exemplary embodiments of the present invention.
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“c¢onventional batch furnaces where a | ow speed of insertion and w thdrawal
is used to avoid excessive radial tenperature differences (whichABRs#03

_increases t t iR at-tenperature during which thermal procesgi s).
In the fi rs[k%grg‘l())/g%ﬁ'rrent, by mai ntaining the cavity receivi ngﬁ’t%lﬁ;em\gg?@?;at a

substanti al |y isot herigie SAeRRRER #Cand Plouf@H R £pdtifal TrRNGe or g ST St ance 10
heaters near or attached to the furnace Wwalls, tenperature measurenent can
be sinplified rabstatgearier aceerdingttp emaxeroplary smbddimentf thaprestnRTP syst ens.

Substant ral 1y i LorRER ks BT PR AL I Al DI BT 8RS 1y

wal I s (whi ch neAB.be neasured using thernocoupl es i nbedded in the furnace
wal I s) may he used '&o 15 cI,oseld>F{ appr oxj mate the wafer tenperature at
equi |'ibrium® By usi ng8Wepuis 3isideyrress seqioniesasdddguradBds pap vews of as
segnent ed resi sfi@RGaee HBaEARE Sarki b St [ :‘?ﬂ? re of
the cavity as well as the tear%grratg'ltaﬁpér{)n% afﬁéém\%gftgﬁgtg’é%&glgr%on ?Lﬁ%ﬂgd to
achi eve a desi rafdhepresens ffivagtidnenper at ure and | evel of uniformity. 20 The

furnace of the first..enmbqdi.ment further.provides against{ |arge [ransient
excursions in the caﬁ)g?rﬁqgé%B?%&%”r%'?plﬁ H&SEB‘&“ Fﬁf‘i‘?eﬁﬁéeafﬁ‘ée 88k of sinple

control al gori tdifGenfa@wakatERpdritids hA® 1RG0 gEEr at ure (and, in

turn. the wafer tenpe,rature,?. It will also be &pr{{)_rem ated that because the

cavity of tWe furnadagus lidilyrtraicn e prioransaapit eirftigere| I witranasditionaliper at ur e

inthe first 23Rl e 0CaUSa Rk dlifehdfde thermal mass of the
uc

furnace rel ati \Pe tot sem ton or warer a associ at ed waf er
carrier, the peak pdugureriedua geprobmpadteg ddsiped Speeandf withdawusldor over
conventional RTP, syst that are Heated up and coql ed down for each wafer.
Figure | illustYlo §V§£?‘8§PBF‘W§§¥ PreyRNLRAFRtiG %ﬁ%?n Bracx8@mplary R RTP), 30
general |y i ndi ; o FieTon o : i frent  of
t he present imﬁtﬁ@gﬁ%m%@% e"'ré}i&\%g{lg {6&%&83? Eem%tﬁflﬁ(zkvﬁtﬁw{:ug%aﬁé%ggaﬁurnace
110 havi ng ¥ casliptring|tp@eduse adgeistress. at a substantially constant and

i sot hermal processi t enpef at | sot her.jal _cavity 120 is, defined by the
base 1? 1, side Zr%gWﬁg??%ﬁgéjgl@5@%@5&5%%@%&%&%%@%&@22 and top
123 of furnace slipQineodbietveddaidiferehOspee@Ld MBI RIraRaT 0T ARG Ieh Yaferafi@bucar ri er

130 supporting a sem conductor wafer 135. The base |21, side walls 122 and
top 123 of f ur resée Protectioayn ameyempdary embodiseeniof thetpsegentisvendion.( not al |

shown), such as resigpgangg ih@s@fa?eéé?mhgteﬁ‘a?feci l%f?gg?fd?%'?.@%h%?ﬁc&%@afé? as
substantially constant processing tefrperature. aters can be

segment ed, 2nd drdergoegpthrdeprovays dyeles asa \rttiah oy withdiawal speed fo apapei afe
greater control oyver the tenPerature of ¢ Vii,tn¥ |28 and to,[E)rovi de uniform
tenperat ure ovePVIHEFRRATFIUEES Ingn eXsmplasy, albpdimiens pEthe PRasERi P« ni conduct or
waf er carrier 130 and seni conductor wafer 135 have been inserted into
cavity 120. The base 121, 10 side wahkscRIBTaON top 123 of furnace 110 are
further provided with a plurality of thernocoupl es 145 (not all _shown),
useful for measuri ngAspsdisebthernstsentrigveniontnsayide amethodondiagearatuy foal cavity

120 and for ensyri r em ndu I 5, resident
120ty oo bl erklf bed ARG P BBl GATLARRA TR B BlpidsD) T oS €
t enper at ur €5 s cambddimsnted saniodeiuedr shbstrag, svehas akficph eefa sis fgpidly =000C) ,

the base 131 ) side walls 122 and top 123 of furnace 110 can be mage of
various hi gh t dRffatediand ganidly avithdrawn Gomp heatedsavitnt The haatedgayily MaEPe) s,

ceram cs, gl assz?%g?{?n{iﬁi i%&ﬁu?%x?él gﬁfg@%&ﬂ&ineﬁiagg!'s@os% i;'%m g?]rﬁ{aﬁph whi ch shows

cal cul ated thres spe€eds first enb |m=3ntt are expected to
substanti al | y pprevessingpémpdratare?(n defepembodiorensf tha heatedtawiylmayhiegh st rengt h

200 mm silicon wafer .in the first enbodi ment, duri.ng insertion of the wafer
into cavity 12029%465 from & cpl@ﬁfnﬂgieﬂdw rmu{aﬂng&@ﬂﬁ-cﬁb‘-’aﬁugstrﬁ‘@ﬁ% 2A
shows two cyf vege ?P/Bb%ﬁ&ﬁlrd%@hwé‘d HeR! HPFrocis B2l InSRE B ap fromd therdr aval
220A and the desired threshold speed of Insertion ? 10A of” a seni conduct or
waf er as a funcheatad platepaior toywithelrpealatAdditianal theemdlipreessor configurations,

including those with transitional temperature zones and cooling mechanisms,
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" 25 enbodi nent. These curves represent approximate plastic deformation
boundaries, i.e., at insertion or wthdrawal speeds above t2d BPRirgnri es

. defined by these curves, the sem conductor wafer is not expected to
experience pl @ ogp1204f ormati on due to the thermal differential ECT6S99/19019
insertion and withdrawal . Thus. for cavity tenperatures fromabout 1 |100C
to 1200C, the tymighﬂalqmd&hxs&ﬂmmb&ratﬁbngimmnge\wmm[hersabétﬂxtetxbmmedpfrmessor,

the threshold in ertlﬁg eed . |ncreaqs]es from abokﬁf 0. 131tg ‘5\ 18 m's

and the threshol FAVRT LdhexRsThioAdsmpEran s g ERritial vhis r‘?sb‘ téﬁbut 1.16

nm's. As the insekiidral Ak WdtWideamal (2ReePRsaé @efoﬁﬁé:%sgﬂucdl @lrU“ ng
2al3 OOI 2945

whi ch the wafer is exgosed to the thermal -12 2
PCT/ US99/ 19019 diskbssiea{sush ap donaxamplend0Qmpm peshleeger siligen wafersie Imeat ed
cavity and outsi the
t hreshol d spegdsqg‘%&?@scgr@lt‘{t%% gﬁhéﬁm%@gm Oﬁg‘%ge}%&?{e\{gé\ftl vg};@% ®st rength
silicon wafer at speeds oﬂms&mmpmtcbdsfumdsirmd of hiesnsentibendacwot ﬁfbmndlafbg tinme
during which the er [ d to the thernal dlffer i al e 1 10
15 20 25 Inserti éH NS Eﬁ%‘“@lléﬁ%’&eeﬁ%’)‘/eﬂﬁ%ﬂs g}eeaat Omoffb Len me s

600 0.01 20. 00 osgestrﬂae 00 712010 40254000, B0 i€ AALROD ool 012 1. o7
900 0.06 3.33 0.24 0.83 1000 0.09 0.43 0.46 1100 8 13 17 5 0.72 0.28

1200 0.18 1.11 1 heding and rml@mrdlnzBfrassnmlgwaﬁch(thnehersm\mxbg@mcmsawed

t hreshol d spegds ected to

substant | ar | 30pr aULsre) Ba it Sy EPORERIRE} -l b2 oBEBnBRE bRYIE ahgi n 200
mm si | i con waf er piastit Hefofrnitfbh oémﬁmdafeﬁnéxodssﬁVdﬂ@mbnswrﬁpemﬂurefreshhmgviﬁf er into
cavity 120 and its su,bsg guen thdra¥ particul ar, |ngre 2B shows
two curves whi ch SKeASEVE donmat didisiondva ﬁ?&wafeatemeummwm Feialang 208 and

the desired thr e§p&g$§9e§gﬂggtuf&%rl}dlgpmg OB of a semiconductor wafer as a

function of cavity tenperature in the first enbodinent. Table 2 bel ow
summari zes the t hr eshdhd apparatus araf methed r¢donding mal theifirktebmebadimenontilize a

latively | qw st | f t hows th
Cor respandi ndSt RS hagog feRTprie A gifiaets W pobERE e R aBR e O "¢
fli[ L}‘ e]r $nt i al SOTahh@ﬁ%ms Qe fin e it dhawali T amRifeSPRRkh e idph RaRasdugh

S I e S

6000. 0210. 000. 0430 QOTtaINA. se@Eopdertarorefemugohadds asgeprerionthe oGdera Ahe430. 420.

1000 0. 42 0. 48 19858 oy oaReth d Mictootitsch Hsdint 27 -
cases) the threstemploying hBIRDeaitrotlpesthchad loaheheatérhand tiding basasdnad s of

i nsertion spelﬁd be use the yield strength of seg1 conduct or fers in
particular si |co"|"|a 'ieH’IPF’@“\F\? 35 INRILY cHE R PERHIE PhthG caVItTiR ke ré%tabl i shing a

signi ficant tenpemniiddiRentis hRESHF Bttt WaEH ad RGistaBBChAter@Adadhk@td bNg edges
is nore likely to cause plastic deformation during wthdrawal, when the

waf er tenper at ur eadjasentitgiie fumaee walls. ihei hesters ¢anrbe sapentehie nreide a 10

Spoeds of i nser i apaiG bl PLaldcRrald BRBaGRRS ERYRe Lt Rl LG The'

desired speed al savdjemm&raﬁ suffacesaf eHe sdmmuedstof whiee NTlieapphtusfand
i nstance, 150 mm 300 M or 400 mmor npre). As the fer s

i ncreases, t e t|fﬁﬁth%gng"@ﬁﬁr%smé°¢16}enﬂfuf¢‘§?Efﬁf’}délarHE‘&t"i‘ﬁﬁ‘Fb@S thagimy rt he
| eadi ng_and trai 'ﬂa?ﬁl}piﬂ.[‘,etrh and éﬁcﬂEng thd sén‘ﬁ?&?ﬁgﬁﬁ \Mafert\bﬁeré’aﬂ‘%ﬁéﬁ%%e@ro? hel d

fixed. This | eads to "an |n tude o tenperature difference
bet ween t he | eadi ogh &sertibn and wngdmdfglea:reodpxd hmou@ftesulataﬂudbcmdu@smondi ng

TS AR, T N R o R ER TR SN
be increased with increasind@nWadtefa Shmficii péth@kd\difference exists across a
30  silicon wafer, plastic deformation of the wafer will occur. Thusifa
semiconductor wafer is inserted or withdrawn slowly from a high temperature
cavity (e.g., above 900°C), the temperatures at its leading and trailing edges can
differ significantly due to rapid cooling by radiation of the portion of the wafer \
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“substantially defect-free condition (or in applications where sone defects

. are,tolerated, to naintain defects bel ow sone desired size and/or nunber

limt). Figure 4 is a graph conparing desired threshold spee?s q}

wi t hdrawal for 200 nmand 300 mm silicon wafers in order to 1) an%lally
prevent plastiwodyizh@formation in the first enbodi nent of the PEBYEIN19019

i nvention. Table 3 bel ow summarizes the threshold speeds of w thdrawal for

these wafers at veytsidaof theiditnt Lhissanlger wrrlemicisormaioncafshbnwafey ti ne
during which the

APR 208 WD 00/ 1z§§%%¥%bﬁeﬁ§9% cg%r@@%ﬂ%&hé’@%&é%ﬁk?ls “Zfeé edan mr s]
Time s Speed [ syithdravwan Bhighspeis]Plado defddtation Cah bEQObﬂaxﬁBllly rﬁﬂucﬁi 61-8 4.00
800 0.12 1.67 0.1 900 4 83 0,36 0.83.1000 0, 43 0.65 0. 46
1100 0,72 0.28 1. %5%8‘%@ gn %ﬁ%b”} femgergtuge; prpessing (4.9 Flﬁwﬁolt%ﬂél s&ST the
wafer is assungd {ngtahee Weh BOGHRPSITiEROVATECE réitedat avdid of 0.05 Aletedsd pRSses

(di scussed further below) are small and the wafer edge is assuned to be

shi el ded from exc&send foma fureacesd| | GC snlestictdefarmatienewill wategly resyle I i kewi se
smal |, Under thesgog@_ogﬂ b RSy fé:rj sﬂlcl'elagéash‘[ H]ﬁit ebg\%{%ﬁé

threshold 15 speed i ncréases a |near

| arger wafers, orwilbdecresses Atwor méurehkﬁhd ﬂmélﬁﬂd mpm(allefectssimmmet hat
gravitational stresses ot ne i bl e,. the desired s ds Wi i hcrease
nmore rapidly t han‘qsﬁmﬁf‘&ﬁ‘gﬁ{?’f% tgrpp g’déreéi‘f{"é'emﬂ? e subspap B’%‘T”’éﬁ{ tb8i onal
stresses scal gyas uﬁJsttSGdlﬁ{a?d&‘EctE Fh% vai Fe%ul@ﬁ%ﬁﬁér@fere%ﬁal%eﬁﬁh’é%othg jther

bel ow. 20 Thus wafer speeds should e i ncreased nore rapidly than
i ncrease in di anethsredgn ofpgemicpaguctas sihisiets. tHoovaved, aamclgjb@hctca’(,laomfﬂ

stresses to renai t he

ot her hand, have ﬁ%‘ﬁg peﬁgéﬁgwg{ﬁ&@&#%?@e’%g@% 'Fsg?ﬁ %h'éce tgg%i@%%ggeon waf er
speed, so edge St stessses shoul d not substantially affect deS| red waf er
speeds as wafer size | ses 5 The ra nsert.i

processor (R RTP) | 00 ats &FN N@Fﬁ&vgeg% hcd-ﬁ" ?peﬁgé’gé’ﬁF%ﬁ’r""?]rﬂft
shown) attaches t ghebiEoriaEdot %fe?‘ﬂ'gmftﬁé cd\n%'% breRi@r EMTHeARRWIII P pel@ber

carrier 130 and sem conductor wafer ported thereon, |nto cavity | 20
and for subs equenmsyrtwntlh@rthv\pwys%eﬂlecmdmwmtwafueder@ampaeblemodlam

sen conduct or vvaf support ed n_ the nbodi

oot or ot her | meaRiniF SRORATSS e SR isned g eeemiFuglelol e J pfECber | "
sufficiently IargelwcenSfabﬁvanﬁm@édsmwx@peeﬂmeplmIaQezd refur@ditferined waf er
135) as set forth in Fi %llnes 2 and 4. - 2 1 APR 20113 WD 00/ 12945
PCT/ GS99/ 19019 | n§eeeBAhalsading andivraiiieg e%&ﬁéﬁﬁwor@u?tpawp@rw&ﬂ mOF&nspor t

of a sem condygt O'il?(wﬁfc%ﬁsé ﬂgﬂlc%egctﬁ'l\fﬂa&éﬁ it dﬁbglj)? Jﬁpgﬁg%lfhﬂrw thE? tHe wafer

enbodi nent may inc but® are n pneumati1 ¢ drives) high speed
bal | - screw dri ves)s $8! hotdmnidylepce, nugth eeskeaxchargustragiemimsertiomear servo and

t t . Such 5 [ | bl. i |
;S)oggoltoieenimr)\goi ?le sg(r:n cor{gg?g 32?698\5%?' @é‘l‘er/‘ﬂggg’i‘/ﬁt%ﬂi(éﬁg?mg%o e egel %ﬁ{’ggrgnces

closer than 1 mm hkitingdgndsdbelifig inthEfigkt ERbedimeRs @i dé@ﬂalﬂ@d‘xa‘(\ftﬂehﬂﬁ@\&&ﬁa&f a
sem conduct or vvafer t akes place at speeds greater than the desired

threshold (e.g.. ther wafer e expossd almestsimulianeatstivie thesameghermabA and 2B) for
the first enbg‘gl ”%H%m&%ﬂ. R8s can be accomplished by the furnace design of the first

embodiment. described herein, that provides for heating a semiconductor wafer

I’ even

supported on a carrier by rapidly inserting the wafer and carrier into a heated
cavity and rapidly withdrawing the semiconductor wafer and carrier at the
conclusion of processing.

30 The cavity, defined by the interior furnace walls, is held ata
substantially constant processing temperature in the first embodiment. Rapid
insertion and rapid withdrawal of the wafer and carrier serve to reduce the
temperature differences between the leading and trailing edges of the wafer as it
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" 10 tenperature difference between the | eading and trailing edges of the
wafer will be sufficiently small that plastic defornmation of gh wafer is
_expected to be substantially prevented. Curve 310 shows the t nﬁéf&tﬂ'me

history of a L cqnductor wafer 135, having an initial tenpepatusdngbio
about 20C \/\h‘?@ﬁbﬁéggbeen inserted at a speed of about 1.3 rﬂsél]Ir nto an

i sothermal cavi taqekd @nd@RevesIhd1firfhcat th@reﬁ?%ﬁ&ﬁ$ tHeFARER RN s@bstaftigly 1100C.
Wthin Iess) than 20 seconds, semi conductor wafer 135 has achieved a nearly
uni f orm and consRraygnting gyeegcgumencesf bowovapagsfandelip due 819ich taBupevatui320 shows

t hat the maxi mum; at ' i | eadi ng_and trailing
edges of sem conrndtf‘g{ggrgés\'/vaﬁég t?%éis?éﬁggcgl%&%%g%@glp r%’ﬁBijtsg&%ragg‘%%ds)

sem conduct or wakkite fedbcihg th2 @ veral litheantefnperaturs OTHie tstalcontgast oy 120. Curve
320 shows that the maxi num tenper atu;\e di fference, between | eadi ng and
trailing edges ofON¥EHHIDS n3fes where 840y §pesd of insamionand yithdiawal ise £ r st
enbodi nent) typi ! adcQz : : for
cavity tenperat u%gg t%?@%a%%s%?‘ﬁ%g%g%ﬁgﬁaﬁgﬁfofr‘]eli-{r{&gs’[ é%g&gael%n&é%%g%g?l?)er waf er
t enper at ure of 20@g-attempespondiurigg whitchethgrenabpracessingmpcurs) es of from about

30Cto 75C/s. Cool -d rates for. sem conductor wafers processed t he
first enbodi nent canOigghﬁﬁghe@L%éP}metbﬁé'??"?tﬂf"“ﬁ/él?ee?aé’“ﬁF%&B’é%ge CWP‘%}?bi cal
conventional RTPgsubstantiflfy étheima2 fipstiraten! for bXenpI@ b nedRyofiesitthddadr awn at
the processing tenperature into the anbient and thus 30 radi ates strongly
to the anbi elft) heatarensarar atached tagthe fyrpacgtwalleipmpereiremeasyrpment eandpe
in-cavity timnes : Qr j. i t1.Sd .00l i ng
is required bef osi}@%%lﬁgy\l;\%%ﬁérgt? é&&cﬁh%gﬁﬁmg%%eb a%u%?%% (t:ée{i@% fsgi’.‘&or
course, in -16 the caviAPRe&0iA8 (M eRULdIadior WATE! 195901t 384 % s aubetaandibdi nent s

transitional heat zones or,cooling may be ed in conpinati W th el evated
¢ har aval - speedSoth ST RPRISTLES FErbRArSE oL ST Ahe ViR WBL CEVUmEEbhe
capabl e of perf%gagageﬁxsﬂag%ﬁerm&wﬂemﬁ&adéarihYﬁe-fuﬂaa%mug hBLEY usedrpavi ty
time of only 6~ S seconds at a cavity tenperature of 1100C. "At cavity

t enper at ur eslof dogOCapproximateSDewaferttethpdratutsay equilibrivres By asing hipdurplitycess
are 160 and 30 seconds. respectively.. Further, the drive-in uypiformty
between the | eadtiigeaniroPRar it Birfios SLiebpRbed BT iy BB
expected to be bghb&dimehRtheledperhtudd bf thb ety agwiell s tieNPRpahtirest ther t he
first enbodinent. 10 Figure 5 1s a side cross section of a thernal

processor, gener YRfey cambg ¢ontraledito aghipve gidesited pgressing saperaniraanddevsl @f
exenpl ary enbodi Uﬁ\%mf? ‘the present invention. The operation of a simlar

t hermal processor Ich may be used in connection with alternate

enbodi nents 20 t he pr &efirndcawérits finst ¢rsbodesant flrthar provideSagdnast Eange
Application Serial No. 08/499,986, titled " S¥st%m snd 15 Met hod f?r Ther mal
Processing of a SAMITYAYKHETSF BBt EMPFHYENSIsPY PIGIHPEEE USBP kv i st i an
E. Johnsgard, Br gghpk cditiol 8198 thdd¥es cddelal ik ekufiide ¥ A6 tehperdtured@hd,lihn, the
entire disclosure of which i's hereby incorporated herein by reference (the
"' 986 Appli cati ohiry. thaskafer teprreraturedr Hewill plso be sppyeciatod thag becarseshe caymtyl

features that ma L0 _eqn ] O it id ins ' : or

w thdr aval of ot BEAUERd> MeTRERFERLEuNb ) ABhT R EI R the S e <

of the preseps i smbodinent. anebeaasy ofxiellarde thirinal Massastttheupdace pdlatbe téer i al

No. 08/876,788, titled "System and Method for Thermal Processing of a

Semi conduct or Sub¥tseaveonduqton wafen aprbthe @ssogiaigd WafRy cRTiestiapeak POYEhnsgar d,

Brad S. Mattson, | ad " it s thaB&e25
reé%ﬁgﬁlf%geasﬁ iflcAs rydll.%gd Wef' ccﬁ\%vetzfg%r?aégg'l’%g%&ns hI e

Application"), U atent Applicatron Serra titled

"System and Met hbeatédnp Rajiodebhdwrafor Peahoesfai ng, ' ' fil ed Sept enber 4, 1997,
by Stephen E. Savas (the "!@ 661 lication"), U, Provi si ona nt

Appl i cation Serial I\b.ﬁ:‘%’(‘ﬁ bgg‘sﬁggg at’?ﬂ‘% Hﬁenlgmi‘&?ﬁ“‘?;"ﬁ@r%ﬁﬁs%{ﬂﬁﬁﬁ Low
Cont am nati oRg Higgherdify RU@RRHG: HEOACidGine o HO KR eRGRNafy¥mbdARIEARD  the
Processing,"” filed 30 Novenber 28, 1997, by Fred Tabrizi, Barry Kitazum,

Davi d A. Barker, pBsentdnysntiset Referringtordgurpil eherRERTE ewinprised a Kimaesel 107
Kuhl man (the "' 299 plication®))  U. Provi si.onal Patent,. | i cation
Ser a1 No. 601 06374883 Ry LA mplnthdd o s QR e RO B e e at ur e
Control in a Themigdessidg'temperature. Isothermal cavity 120 is defined by the base 121, side

-11-



"z, APR 2G1l3 WD 00A2945 PCTNS99/ 19019 Processing System for Sem conduct or

. Manufacturing,"” filed July 13, 1998, by Stephen E. Savas. Mart{in L.

_ Hammond, Robert Muiel l er and Jean-Francois Daviet (the "'563 dl ﬁgﬁtmn"),
and U.S. Prov{,3fhals Patent Application Serial No. 601092, 759 pciriisb@dors

"Cl eaning Process for Rapid Thermal Processing System" filed July 13,

1 998, by St ephenwhlls R2wad oVl éfifutnacd BINERAds adupreliad RedeivaE inficdvilt . (the
"' 759 Application"), eachl_,%f whi ch is hereby incarporated herein
J

. ) by
reference in its"Yai§f FarRen! SORBPRATHNG & sereicendyigios wafes Iiéatlag bas/ilysido2 i s
formed for thermghliy; PrL8855|7 ] i ; t bl ock
504 provides a heatli n 10‘%@%%@?@%@ f@%?ﬁ%@ﬁa@%ﬁ?ﬁggﬁﬁ%&g lggbst rate
in the cavity. Timet ﬁbglow)bludtks 1eaiptapeesaiess tashdat sotheonaloiastiy ¢ 3@ tosad

graphite in the I The heat ed block i,5sheated by | ower
resistive hea?er ag’gtg&garl\lg@ﬁgwgés?egil?%gmﬁgﬁf%?' g%@frselgg rfaB?’e\Rfﬁ%Wt%y be
formed from sili amithesughieles maebecddidualy tentrollde t6prdoidegseséd doarbesteer 510

is coiled around the sides of the heated block to reduce 15 edge | osses and
ther mal gradi ent $hesgmrsgaiurepd cayinel20 anddo proxidsnifaum tempesatirRe@E e wi t hi n

i nner insulating [ | I as heat
shields. In the gdg@géngf%#ﬁ%@?%gtj&g{eh:laﬁlsénﬂrfgtrsal[}%gé@zgh%ﬁggfévéa slgrgfg%%%rrpri se

silicon carbide smatedugoaphiet &35Ahaletbeen inséresd intosvaviag 12¢) Tht base 324, conpri se

opaque quart A sem conduct, or pst rat e be inserted and 20 w thdrawn
t hr ough port%%l 6“?6?“’”?%@'%@1‘1 ‘Br g@a 'Isfi{‘ﬁ’@‘.’e [Itﬁ%arggwef Bt "éi‘ﬁ’lﬁtj’%@li“ﬂﬁy pi ns
(not shown) whi cbf thehol6upléd BBAnaTkll hoWRy, R6efabfof ARasrtRGndohiSllind 8
Application. The substrate may be | owered adjacent to or onto the heating
surface QU6 for pmpewsise afisotpanal cavip E0iand forrensuringihal tempetaigepis are
rai sed and the s ' : : : thed n the
' 986 25 Applicat F‘%ﬁwnghgtﬁ} ga{?gg?ﬁéggs&%{ﬁ ?’;}g 2}55?%%’ ag’%%bgtga‘ggﬁgf ? 1|h}r%ﬁlz'a H(’:ool er
out er chanber. Vadeutmwithstad theshiginenperatmreniometintesiencdunterbe dtidnk wafet t y and

outer chanmber_.to reduce, c iye . an onduct.i ve heagt | es, and r eby
enhance pr ocigsi ﬁ_@cﬁﬁ‘in%?gﬁ&ﬁgs’lt ebaﬁﬁga 'isé%'nw?li? ﬁ?ré“gﬁ%l? ﬁ%f%@&@@%igf of
the ' 986 Appli cagim mides&fIridliaigRiemPefifs faterfs, Sichés BubndiSgRite t§econd

| ayer of heat shielding and an additional resistive heater 510 adjacent to
the side of the metisecerpmisskgiasses er refraaidry compeundser mal processor of Figure
5 is able to process gem.conductor, substrates. at hidh er es.in
excess of 1200C with algﬁ%eg“t‘?‘ %Mp%@h’l?ighowsiaicukﬁé %gg%pﬁ%}#é@ﬁ%

PCT/ US99/ 19019 uffst eabodiment whiclgl dietdxpétied 16 sGiostdntially pfevesopidsticanp based

systens, the_thermal processor desjgn illustrated in Figure 5 is readily
scal abl e to &BcoNFSTRaioNSHe At vehy high sEenstis (A mmpsilicon Wafer Hethe &Yt al

processor of thesecHmdncdliagifRRlon JraR! WaitNRS davitp 1%@%5 ifs %ﬁ'&!@leg?f

sem conductor substrates fromthe heated cavity may be used to reduce or
el i m nate pl ast i ovitidfawrhrdniparicufaosFigure 2Arshews wwo burpeowbishirelgtettheasired ur es

about 0.5 To 2. 5 B eonhtanheFer A el B Yo RERH S T G Belehe

subsuned t her ei n210A of®EEniesHINGIocENVALE as MiREHbRVELavip eGHSerifiye iaR@RrsL0 from
about 0.5 to_1.5 neters per second for 200 mmsilicon wafers and from about

0.7 to 2.0 mBfer §MBRdimSB Oiltese YrvesTePmspnLIRreimalelastis defymatieer i nserti on
4t | . At ' j Ters _ .
and w thdrawa S@?ﬁfﬁirlé’sr fe! mg&g@ﬁd?r \Iélh}%ﬁa%l’aﬁ Egﬁgaﬁﬁ'tﬂgﬁgﬁnd‘aﬂbeﬁ el?izx dc

def ormati on defects Is reduce res I'S reac such
def ects are substatiiesaturyes)thesemiatductér wafetie abeekpected to/expedensdastic usi ng a

heati ng surface, there. may be  a signifi.cant, tenperature, difference between
t he hegti ng surfgﬁgnﬁﬂﬂ’"t ‘?Hﬁta‘?"g}aﬁ]@féwp?'ﬁ 0?&587‘,0“?% withdrayral ﬁh‘gr

i nsul ating wal | FdhvityMehipRraiys fram%BodtaN 009CS ic1206°¢ REyH&al heak150C
dependi ng upon the processing tenperature and configuration. As a result,

t he substr at 80t erppesetingrapgsfigmirepid dldrmal precessori the threshold insertion speed
increases from about 0.13 to about 0.18 my/s and the threshold withdrawal speed

increases from about 0.72 to about 1.16 m/s. As the insertion and withdrawal
speeds are increased, the time during which the wafer is exposed to the thermal

-12-



© 20 noved away fromthe heating surface for renoval. For instance. the

substrate may be from 20C to 100C I ess than the tenperature of 2thapRemgs ng
surface (which may range from 400C to 1200C or nore dependi ng upon the

" desired proceggheReli ti onal techniques may be used to furthepcredwe®otshe
substrate tenperature, such as renoval of the top of the cavity, closing a
shutter across 2iffetehaalieaveenghesenviraametieihsidethe heatsd batityednd cassidetthe s rai sed,
provi ding a transi.ti.onal fae zqne,or other techni ques described in the

' 661 Applicati of4HdS 1By 8b1ﬂ831e|1%‘¥lﬁ‘i’r8’ﬁ?“¥§ééll’q ‘ﬁ@esgﬂl@ SpeRsis of IS8R or to
wi thdraval nmay Bl wsRifaka besdkeRivelyeniyh LRAEMGcoRREAE: £189Mbied t0 naintain
a given defect level. In other enbodi rents) however, the heated cavity may
be made nore 30teMpgraREen#ld shaweiheicoraspondiagding dvaipgbehiph theivedet ion t op and
al ong the siges_ gf .ty. (either inside or outside of one or
both sets ofgii ng’gﬂog{dhﬁégeemgﬁ%lsﬁréﬁé%ﬁéh enbodi nents, the tenperature
differences across the cavity (at |eastTile 1surfaces in radiative thernal
comuni cation with the sef’ri conductor -19 2 9 APR 2QX 13 w0 00129d5

PCT/ US99/ 19019 subst r at €)' M&}°be reduced to |I'W¥¥Bdrawah about 10C to 25C. As

| Kb the subst anEIatTy | cORSaPit RS, t nerd RRAT e HBS R nd Tt rmy
not be necessary60® nove @Ak substr20.80t owar d.Ghy parti Bu0Gr heating
surface to hi e S a desited equiliRrium processing te rature. In the
above descr?@ed pﬁ%r mal p&'ggessor CL¢1$§QUI‘ atioa(?i, t he he‘g&gd cavity forns a
thermal environnmgpy® whichgobgats the sogbpstrate.{p an el evggred tenperature
prior to withdrawal fromthe heated cavity. Al though the substrate
tenperature may B80reduce®0&ubst antihB?y bel Fw4 he proceb8d ng tenperature
10 prior to w thdpgwal , i§qgry still,be substaptial. Deng i ng upon the
processor configuration an'8 processing tenperature, the Substrate
tenperature pridl0do reno®ab nay rangé4for irnsIance from.2bout 400C to

1200C, or be_at t enpe ure or r e subsuped therei The outer
chanber or g?herﬁ%rroundé'ﬁg envi ronﬁiﬂt may bt at a rruc(ﬂ” ower
temperature, for inSERUREIER RH Fhib AowsBIRIEERHHsholdiBedigacting edge of

the substrate may be exposed to a thermal environment that is from about
300 to 1100 (or fishymbegigensubishameexpeiediorspbyantially preyentrmasgticCel si us cool er

h h f - I [ whi ch . il d
| < oxposed: - Such st M Ry SR sibel it i b 0 °°

pl astic def or matinbsdimdnt diimgtisssnRhaif dhewasfiing cavitl [1€0ahd &s pueagieht es of the
environment _.to which the substrate is _renoved may al so. be adjusted in the
exenpl ary eRBodMiBaRYat onnagiseierthigwragB showe swo carwes whichaslaigahe dssieds
described above yi:inGRNBREd oAl POOB1AS 1 RAMKARASAUTRAEATE ieRich! cON
wafer is withdrawn to cool environnent of about t aP absor bs ther nal
radi ati on from £héB wbd samic@fiubloneater as t fiection of aivity cerhpargtumrid thehfirst evel of

thermal stress may bhe re I f this environment js substantiall
reflective or i §m§?£%“b%§ﬁd"e®?‘gﬁ’d‘é‘?’}i‘f’ﬁ?s‘e‘g? g’g%#‘f’fd SPhT c’tﬁiﬂff‘ﬁ@"ﬁ%ﬂi eved by
wi t hdrawi ng t he viihB&ivaBER airElh@veRN oA 1RSI ANIRdon Raifé g vhsusd@apérares
properties. In such an enbodi nent, the wafer stresses associated with

renoval of ®ARe ed gowsribe sarpspadingldme duringewhigl Fhesnafotis epasypd thide

ant echanber has%ﬂtﬁ'&{&&%ﬁh ctive walls above and bel ow the wafer's
novenent pl ane I ch aré not spaced very far-fromthe top and bottom
surfaces of the wafer (e.g., |ess than tTableradi us of the wafer). In this
case, the wafer's thernal radjiation is reflecte%gback toit and the -20 2
1 ApR 203 WO 00/ 12945 PCT/¥8861 19019 rate of WARERWabol i ng i s di mnished.

Such reflecting l[grofray ofr; ecti | s enclosed in
quartz. See the %‘SI %?%edﬁq%@ wagli m n%&éegﬂ%%fleﬁ%ont am nation
by the refl é6tivetOfiet al | i €.03at eri al 1890wel | aB.04educi ng $B@ potential for
damage to the reflecting face by eous e nts fro he process
chanber or the vva%fogr. As ?U;%sult. tﬁg) waf er b'iﬁgval speg‘hbnay be reduced
in proportion to ggpe redugtggon in wabgp coolipgirate whi hesnmai ntaining the
degree to which defects are reduced or avoided. An alternate design enploys
heated el ements i W% he redildn just odtsSi de t hB4Brocess chéBber which are at
a tenperature sonewhat bel ow the heated 10 gavi ty. Resistively heated

el ements or infrared heat |anps may be use'c} for this purpose. Radiation
fromthese el ements provides heat to the wafer as’'it exits the heated
cavity thereby reducing the cooling rate. If the tenperature of the heated
el enents (whose size nay be of approximately the same order as the wafer
itself) is equal to, for exanple, from about 80%to 90% of the process 15
tenperature) then the cooling rate is reduced by a significant percentage.




" percentage is given approximately by the difference of the fourth power of
the tenperature ratio (in degrees Kelvin). Thus, if the walls are at 90% of
_process tenperature, the cooling rate is only ~ 34%of its col @ WWAPR 200! ue.
These val ues are anr oxi mat e, because sone of the surfaces in lge.g(ggsgi”\é&g
communi cat i on WPPH' P t he wafer may not be heated to such a degr&e:
Nonet hel ess. parti heat i f the a hanber or inst e to about 70%
to 90% of the proclzg(léos terrpgjrg'%?ure) carrlﬁ'gde: used 0t"g)greduce t%% cooling rate
and decrease the $p@ked at vh4Zzh wafersD.48e renovad fromtihgéeheated cavity

for a given defec vel . escri bed ove, rapid insertiqon and

w t hdr awal .speedst’r?‘t’g@ be u:@ﬁngS in co%ﬁ’_gcti on ‘\iﬁ h such loﬂgr mal processors
to substantially reducq eath of ¥ abéveladét ihe tkleéHAldRith@wall sPeddtS |RF&TRAR! Y
enbodi ment, the substrate wi thdrawal speeds are selected such that the

anount of tine tHAE tupsholdesestion sread begauseride yigld srength qfisgmicerductor| eadi ng
dtraili d : t di ff tial
of " grven nagntcoia o TR SIRER) el R HROBRMe Enferbdlil Ty T ST O

of times is giverestablishihgea kignificantttmeampmuseidiffetante betgiestethe thalifngraadt i al . Any
time limt in the range may be | ect ed dependi,ng upon fhe suybstrate
properties and de‘é?‘ﬁ%eqﬁesilsdpgﬁ‘jﬁ‘ieg ‘Pé@‘éﬁeﬁ‘%ﬁ‘cé BRsuon dufpe MRRERWRhd of t he

2 12 9 APR 200Rr n/QaARhdRMBLRGTIEORDA 30A, [RGB, fHeR uRERF ed 10
result in reduced defects relative to the upper &nd of the ranges. Table 4
Tenper at ur e Oi0f f ctemperatire flo®wnvi ronment s Ti ne of Exposure 5 500 degrees
Cel sius |l ess than abo =2, 6 cree | siuys l.ess thap about 1-2
seconds 700 degrees Clejl?’salﬁaigmﬁgggg{;% Qegﬁg%tncigéthggs%ﬁgsw%ap?fg&Pges Cel si us
| ess than about IlinSerdecanbwitRdawdegr wesadsl arivwider iemperatued) thtiesitedspided . 2 10
seconds 1000 degrﬁes Cel sius, less than abo%t 0.4-0.? seconds, 1100 degr ees

Cel sius | ess tharPShesRends oL ige yvalg ery(sy 1%9336% @égS‘@éF’.slﬁQéml"ess t han
about 0.1-0.3 secgfififm| B0@HALbr Sfor IORMINIRIISE. 28 |RRECOMAMEhET

substrate may be exposed to any of the tenperature differentials
in the above tSabl availalevforedifferehtial \hieatingyamting epithe deading abé traiding ppsidnsofh t hat

the tenperature 20 difference ual |l y realized, between any .t wo rtions of
the substrate duet _ &a\gﬁrmﬁ?%ﬁﬁ%gge%&m ?Jgg’g(ad'lgéf\é\?ﬁ%@é‘ ’T“H'e?)s?ﬁer

enbodi ments, the aghitudeBf HeGbmperaRes difféfedclbdtiveértine ealiiny ahe traifihg 2tget0C,
40C, 50C) 75C) 100C or nore depending upon the substrate properties_and

desired or toler a%ﬁ the Wéfﬁé!agfi aromesperdiag inprrase in the maimy thFB’lelﬁtraﬁb'O\T@uand in
Tabl e 4 are appr oy fRhid 4 Eﬂrﬁéar&ﬁ]@rstrgég{@}’ar M{ff Bk s%é@%&?’ iB?éd?orﬁ&F&”pl ary
I nve nde ect

enbodi ments of the present 1nvention, but are not iInt tore
particul ar de¥lect withdrewhiodhdsldvtiei intreasey wdthpiecrdasimpwatensizr tomaigteinta es and

bel ow whi oh mor o SESEPIAIGFies GeE CORPB AR B BT OE REF AP TE QR Rt
plastic deformati @eraPlON6 Pht@netd RRAY Sorhé Msired 3€ antBétiumbeplig@scri be 30
certain exenpl ary_enbodi nents and may hewgpﬁ‘{el ed whether the substrate is

tt

200 nm 300 nm or Figge dimagrapheampasing desi phold sppedy oftvdthdeavab &ted bel ow

the processing te rLor i i K I 2n =~ ~ WO

001 12945 PCT/ &399?%@%&@?@”@@6%@&&;%\{% i et ﬁ&ﬁéﬁ%ﬂ“@’b@'&qb’ﬁg’kﬁggcri bed
above, pl asti25 deliefbormdtionrin tiyfilseermbdaiimenttof #d pteseatineanionr Table dibekdved. For
instance) with a given furnace configuration, progcessing tenperature, and
waf er size, withdPEWEFIEE ‘?%\g“‘?ﬁéﬁ" rng"(dSG% T/,xtg@r_azzab&r&ege Wéf%’éggvﬁé‘?‘fssecond
may result in pl a?én&p%raé@rfegaﬁ%l;sum the\bt3fEndRlg frhe Burbdg\Ohieh e WRtdHis Pl €

process cycles). At 1ow speeds,
exposed to the thermal differential.
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multiple slip lines with a length greater than 3 nmmay form However, if
the w thdrawal speed is doubled or tripled, the nunber and zgweé‘j,ﬁ yl(lﬁf
defects may be substantially reduced or elimnated. At spee of  perhaps
0.4, 0.5, 0.7y 0k:ddsMeters per second under the same conditi @egyusdbidio
lines with awengtﬁ greater 10 than 3 nmmay be elimnated. O course the
particul ar speeds at which defects are fqggped and elimnated will vary
dependi ng upon a variety of conditions (described further below). In sone
enbodi ments, it is desirabt® m@ use wafer with¥bmal speeds above those of

conventional sys rchut e +. ol d Level ' 5 plastic
deformation is sg‘g'@;?%[l%gi alwnm m%ﬁ%&%&ﬁ Vsﬁp@g'g'qlncreases, t he
size and type of @8bects chlhges. Atl0dOrtai n i 0OBr nedi at £0.8peeds, only

poi ntli ke defgcts ith length nuch | ess than m crons re formed. Such
defects may b tol7éb“at ed iﬁgéorre appl4i%§ati ons éﬁg t he spe%e may be
substantially | esgobhan regypred to pregvent pl@ggi c deforpgpion. For 200 mm
silicon wafers at 20 about 1200C, this range is expected to start at a
wi t hdrawal speed &0around0-844-0.5 nbt88rs per 886ond as dppdsed to the
1.1-1.3 nmeter per cond r e requi to sub ntially id plastic
def or mati on. Thusl,06§peratiﬁggi n the :b%'(tgerrredi a é?speed raq’%g may al | ow
sinmplified wafer ltioénsporto.Amechani smg.280 be usedowhil e st@.L8 providing
comercially_yi ablﬁﬁ resul tg. 25 A wafer. transport robot with increased
retraction sb%ed } 9 be ustd®to with8rldw wafer &7from t he bbbt ed cavi ty in
the exenpl ary enpogiRRES the\VafRk RRbLAH WHeShell HLBPSIRA duch MRCLrabRatlfRRF! | Ped
in the '299 AppInJlﬂgati on. As d%scrirgge\%g%iel ov?/, Ehov@@er, tﬁerna%rastarless due to
preferential heastiresgesddiseusodd fugthertbeldve) ard gmab fand He wadérexdgerisyaskaned to be

significant. As a.result. a wafer carrier. slip ring 30 or _qther. shield may
be required to rg‘&}ﬁ@?t{a@e‘*x&sﬁ é%c{éatglﬁcfof’ﬁ%g T teqfeg%qg%Fes%s afeaékel’*'df)eot
descri bed i n t hesmd@9UANRIthesatbiditi oY Figard®divsir@ds that thé BesiRd emekly
enbodi nents to accommodate a wafer carrier or slipring. _7j_ 2~ Are
zc~s WD 00/ 15945 spaeg/ingrepgey abont lnexry widiewefer diagietep ring is i nportant for
reduci ng thermal gradi fer eat ed
cavity. The ring surrggﬁéﬁnﬁ%&g’gﬁﬁ@’oﬁ t}oﬁg%g%#}@gﬁcl%q S ag"!ér s_&?ﬁcse%gsr%ﬁ?el d,
and can al so be thatgrqvnaientl sufesses aeefrer aegligible. tre desired speedhivilbimpesast t s a
hi gh degree of accel (raracgl %to l%e |.n‘g%ted,zteo heisgag er fo‘r,. w t hdrawal from
the heated cavit J4f RGhEp&eRropEHgn, the & 'Sk Featef & %!ﬁiolné preventing
the wafer from slirghsedscildtas Bfe sBRSEE bF B WdTel Ni8metet RifhbRA Rt herBidviie vaf er
transport robot. Thus, the slip rings can serve a dual purpose - providing
a fstablg hol Ia@r fldus wasr sreeds shanld heriacrensed myoro vagidly thaa]g alingtsesd ing % t he
waf er edge. In or | - ri ngs
are made from an du ertée]{g'l[' 8’?% ﬁ"?gh‘%@ e“ﬁ%té}feé%‘ Efaen%c%l‘rlr%gatﬂf)%\ﬁégérsgfset%iqgﬁgguch as
quartz, silicon candradelt isbdliceedtharedge apbists ohahdhed handiHaveaa car bi de
coated) which have a very |ow concentration (< 101 atons/cn2) of an
metal lic el enent dSPP“@ﬁ‘écesoﬁr“fag%res.‘zef@“gi“t‘ ?d’@@ééﬁlcﬁr"? “(Ré@FéPee_éa gdge Sfrggggshown
at 130 in Fi gure gloy 4Eeiibdantdy ket db3Ped B e Sekls 4 WAL §i/MRELAR, pur poses
in exenplary enbodiments of the present invention. First, it provides full
tsEppor]E ar?uﬂd Ithe wafTé: rap:f;d lrngmlﬁn ramﬁﬂmtrmelopxcmsg)régm]'&)dwdt;rrai(hjertstressgs in
e wafer to a | arge,extent. C ri neter suppqr s.expect ed .t o,.pr oduce
maxi mum gr avi t at i'BANTE AEY oég_rf’ ¢ ngfwafséf} &toﬁ%dp”%{ﬁém%%‘%fo ‘g?‘%&‘&f{)‘? bffbr t wo
bel ow those for mrofi@sdany@ntitshdatiol WaRe ca@ieP 03 MandSieRRONESctbrwitRt ¢55,t he
support points are |ocated at about 60% of the wafer radius, and is
expect ed to redudsppditedsheseane e gawy Ig8radferapubseauenttyoritsrawinge bel ow
conventi onal threg-pai i [ 8 ' I ated at
the vt er odge. NEPRaRItRER Grtdl 140aRE Lo RERS gl BhoheR i erk BE
carrier prodadfes la thefiisnambogirastt} he raboabr stheesscliadniin msy booaifigdrettot he

wafer center, 25 rather than Ihglfu&gort | ocations. This is.beneficial
AL

because the maxi MPTAHYSAECS SINEE tor SYDSIARHANY PETVSTLRIESEE deEmaROR ur es
typically occur ngafarthgswalser (oRiqs Fightds® ddeey maxi mum combi ned thermal and
gravitational stress is further reduced by the full edge support of the’
wafer carrier by placing the maxi numthernmal stress and nmaxi num
gravitational stress at different physical 30.1ocations on the wafer. The
second inportant role of wafer carrier 130 i to provi de a radiation shield
for the wafer edge. Because of the additional surface area associated with
the wafer edge, the silicon in the vicinity of -an unprotected edge w ||
heat -24 2 1 ASR 20D3 WD 00/ 12945 PCTI L; S99119019 or cool nore quickly
than the remai nder of the wafer when the wafer is rapidly inserted into or
wi thdrawn fromthe heated cavity. The resulting tenperature variation near

Y - b o B o —



“is inserted into the cavity, this will produce a cool spot on the top and

bottom cavity walls matching the wafer shape. The cavity wald ¢ APRt giygle thi s
spot will remain at higher tenperatures and so will produce sonewhat hi gher
- wafer tenpenatisues near the wafer edge. Because very uni f BERLHRNIEP19
tenperatures 20 are optimumfor wafer processing, this situation is

undesi rabl e. To aWPﬂlOPHP%“FtbéfaWﬁk@GCh?@erfgmﬁﬂe foneranspprofaval | s, t he shape
of the wafer I the cavity
and the ar ea?e%? (Seﬁrﬁrr% drﬁ‘g@‘i‘fit iﬁiﬁrm f%ggsslgggepﬁy&# ar’n’%g'em ssivity
of the carr|mcluaeé:usaieelotIerdxtetd)tonpmwlrnatﬂa@imreghxghhpeaddfaérscreﬁodnviem,stance t he

waf er carrier be heet ss within a factor of

f our of the%ﬁé@v 3“3&%‘:& %ﬁn(}%aréelh&aaé FtﬁPReﬁg’Oéoéﬁté\ chi 1 “whi ch the
wafer is shel glectunssiid dre bipgity aaphrbldliﬂ}@ﬁetﬁﬁﬁl@v [RUEBMILE She sty carri er
may extend a di stance beyond the edges of the wafer that is at |east equal
to one hal f WRET Raurighivithin thpeavity e tolerances closenthany) mmpt er of the wafer
carrier with the t, waf er pl us
t he 30 hei ght of mésegcheg%tlg?.éu%ﬁ?’tl S%gt?%la%%dg\?'m%edlggg E%lc%u}:@?adj acenf to
the carrier eifeetikesphce Mpsai@@réa&mlﬁnahuﬁesxﬂ&me&xaldql gass gesdritede adj acent

to the wafer, and boththecwt vval s_and eratures remai n nore
Ui for m A t WetRAEYES SROME iy I EWE 24y mkfgf&\glaﬁr sltbp nephfiepghe .05 2 1
APR 20a3; g\O Qpr{pje?aQﬂé i @r@ﬁc@%@%g%@leﬁ@in@éﬁ&@hﬁﬁg ed?%gk Bf {h'e%férivlﬁho"m in

Fi gures 6A and 6B. Figure 6AIs a bottomview, and Figure 6B is a parti al
si de cross sbuufﬁmcodyamgll thatplagiic drfggmation Oélhslwa@res @meged tforlzg 602 that was

used for testl t ntion i mal processor
according to Lf &n?ﬁ@iﬁ%%enﬁ%d a&rrre ?%%ﬁws tggf ra&gﬂggoﬁ%faféct ed of opaque
quartz and wesnicefiductdriwaf@nds siamirg ammmaampmaué bNgboad20°@asvhivhaced on top

of wafer 604 prior to insertion nto the process chanber and was left on in

t he proceSS| hes Rasaineredala speehef ahapel 3RS ine an sathempal cavily, l3088di ng, the
waf er 60 i 5 dge - was
removed Trom tlEQt%Egn#edr?getﬂﬁsseqﬁaé&?hégg\@gégg?@dwpgﬁqférgg{r}%ﬁ)og %c@%d’sr obot

avai | abl e fr ssmivhhdiswor Wafcrhriolhaquhléwda MBerdpusibrofantditengianeésence of the slip
ring the edge of the | ed af. .oearly . sa r te as the interior
of the waf er EMRFEH %’}%@5 5&0? ég’f"§a3cl(9$d§ T‘édggfe}fwstnﬁ?té CBHFSE ati on are
descri bed f ugdnhratifd &Wereﬁé%ehﬁéen&ﬁ@[ﬁéﬁﬁt&)én& l:rbﬁlln%bd‘@s'oﬁs@rh@dﬂdubtﬂr Figures 7A
and 7B. Figure 7A 15 is a tqp view, and Figure 7B is a partlal si de cross
section, of a/aéqnléSrlsﬁ@)uV@Zf HsfterraRguiAS sesentis sssminonducier WafsRldrS carrier in
e exersh SRR AP G\ S8 oS o npiin 02, ol udes
robot to all oam;lsdmumdxéfcreﬁ&ﬂodmedxﬂeghagpnaﬂtreillmgréc;gemnf setrscomdgporpri or to
insertion or fromthe nber. This allows the 20 wafer to be
rapidly acceP‘@? lé ‘Fég"-‘r‘\'i‘ ?)é s for insertion and/or renoval. The ring
702 is attached t Liembdra@td fafd: PdmbBbe wafer into
t he chanber, the gﬁ%&ﬁg@?%g?@%@ggrcgﬂﬁ@%to ttQmié t wo ﬁa vesmof the ring are
f ast ened. Thd6scmdarﬁd @higpremperatires of PO en! F093E endeh ittidl such that there
IS some om|left fer

t enper at g? e \Rf‘f‘}ﬁoﬂd’t‘ﬁgr ‘ﬁ&gr tg?ger?%"%ﬂgﬁ%?fortre& dlméto tg’ﬁﬁ%@ﬁ?&% ?or of the

ring and be tiw@bf ftomedbdut J0°C ke 7590719 Gﬁoltdtﬁwmtfeeforexm&bd@cmeh\&ﬂfewe to the
ring. As shown in Figure 7A, the wafer is in contﬁ%nvmth the slip ring at

only a few poreressedsiyche Hst o bodim@ntreag)benychygsrater than foE¥afsSe 7B shows a

Cross sectio t ‘%l'i wixer As shown at
714 in Figur &Iﬁg r‘%%%%alachré@%nﬁﬁ}égrl R@;e O@&ﬂﬁ&te‘ﬂ} rleng ext ends over

t he outer edggaybe witddraevher the processitdrentperagure nté rheeambednlt emtthesd r cunf erenti al
conformance with the wafer edge at high terygerature and t hus Qn renoval

when t he 3R gHa@é@éISEP%&lY%‘hF§mhl§§ﬂé}éF’e OyRINIMIZING YR LEHRRE 001 10945

PCT/ US99/ 190 I SR h&vhfepeadlling e process
t he end effeg[tgt(e)l¥ n‘og\qﬁeléég af)t |gﬁﬁ%vedﬂ@{1ﬁbc{d@é$@g&ess chanbergand t he
provi ded gr aspquiceddimiforteshowatehis withdgawm Gotnethe fushcp pavitye Qfcautse gy
attachnents to the end effector. 5 Figure 8Ais a top view, and Figure 8B
is a partial side view, of a substrate carrier, generally indicated at 800,
according to an exenpl ary enbodi ment of _jhe present i nvention. The wafer
carrier may be used to formthe end effector of a wafer transport robot in
t he second enbodi nent. The substrate carrier 'has support arns 802 and 804
for supporting slip ring 702 and 10 the wafer. For ease of illustration,
only partial sections of slip ring 702 in contact with support arns 802,
804 and 806 are shown. The ends of support arms 802 and 804 are notched at
808 and 810 respectlvely to securely recelve brackets 704. In addition) a
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surface through the slit door opening of the process chanber. As the wafer
is being renoved, the wafer and ring cool at alnost the sang {aipR 2003 t he
wafer is thus kept from experiencing excessive cooling at its edge due to
the heat shi@Jfligngear ovi ded by the ring. The ring provides heatrushy/eoti ng
for the wafer 30 edge (see Figure 7B for a cross section) while not

touching the edggnestsiRfimerts fasiiddar heafl zonePar @ofiflg Bﬁzr&%sééuﬁ to the |ack of
perfect circularity of the inner edge of the ring. This lack of circularity

and |imited nuniRERbiggtiopayiHy devsfedwithdiawalspesdaf er with ring are instrunent ali
in allow ng the waf ef,d RIS : . CT/ t;

S991 19019 firmy hel dh e}glgn as t?% ?%568 g@@?ﬁégg’%%é%ﬁ%&n%ﬁgoigggnsi on
coefficient of mhrformg dG2Hmeadebotohanve-hawitbh tepakbintcayitsiime obonlg&5bi de or

hite. T ' be .al d i but t hi bl
o P ont ot woAchr s il B pRRRe & L' CoRErtly bhaiet b IREC et ho
waf er is renpveghd rgorc,NeaPinQGORS times 8FI1A8 plobeEAR! Fo(PdHd 39REIJAKS and t hat

shrinkage makes it retract along nost of its circunference fromthe slip
ring. However, teppecsyelyhFutheri thegidriesin wiformisy betivgen thadeading apd érailimgk of

circularity cau I.Ng. tspr .back" rd its ordginal, shape
(which is not C?@g%?ﬁt}’ % Sé\}ﬂﬁc{"gdugoogtwaﬁ il%egi(pf%e‘%)gov\&nbeftﬂ&?ma%éﬁ’?dééﬁﬂwe? h the
edge of the waf&wvitdterhpeearaes irtthe fipQiehibsdinfice the wafer is conpletely out
of 10 the process chanber and has cooled slightly, the wafer will have
shrunk by afout a miFigReYiep sids|cagss sestiop of mEhermajpregessoreensralice required to
uncl anp the two | i i ing is
uncl anped and dlél's1 g?:tﬁe { roéﬁ]mgﬁén%%?ée%%gﬁldé %gﬁhcg%‘e@i%rggﬁggmﬂmxgﬁsth%sequent
waf er. Such ri ngrsjenameeitam The ophrtiomb s simaadihemgpl pegriessar which meydreocessi ng

systemin a ver% ﬁl.lean 15t %nv.itr onrrezgt sg cgs to %&grrai n free of contam nant
materials and paFfitiIEEen Wl plemasenpodimenty of the preseqtilyendpn 15,04 Fi gur e
9B is a top Vi edéscObeddinINOSHatet: A ppEdtiof SeriflaNe 08/499,980ditkatSgkiéh afO,
according to an alternate exenpl ary enbodi nent. The substrate carrier

utilizes twle (oMepwddpnllermalRpcessing ohe Semirondnetas Sulstrse.c fited Jukydd. 904 f or
gr asping the edggcoh, kgt o940 HELIENadsb Al Mo aathdock. The rods
conpri se quartz, Sl con carbi de r-another non contam na I ng |gh

t enper at ur e nmat ¥iddahir JThsdtimuthetendiealisviostieaf whichois hagbpingorpotatéddferdinr

hol di ng the opposite ed Qf .the wafer 910, The rods are spaced a few

i nches apart (a8 FRiTAD gﬁ?ev"éﬁaﬁpﬂhﬁ%‘f%s)-a}ﬁﬂ%“aéﬁﬁn’a%léﬂ?%ssghch | engt h t hat
they pass under ggighrdildgs M RArufds Mt 1S bP AR iRlcohdtRtisN it tpiE inQérioand cone
up on the 25 far side of the wafer whefe they are notched to be able to
grasp the v er andféresighdrodal of semicendustor edbsiraicopatordingtopxamplathe waf er at
one poi nt on 1 { 5, G0A600lY 130 A% hOTLRLTEE ARG £ BhendEnaIAKLn whi ch
i s caused by scraping of rubbi hg contact “vetween o | ECtS. re I's anot her
i ndependent pi eSerifi0®. OR8TH 78S, tAled K gstdnd indoMfRthod ffor T heirmiiall Précessingrof a

t hi ckness and ahout 6 mmaor slightly 30 npre in height which is round and
sl'ightly | arger Semusepdustoryhsiratge figdlune Hhd OP6 dyiiritian B (pdasesitsi de t he
edge of the waf gt {day a%H' g : i @il FEhid (k9881 p ring." This
prevents excess?vae ?%?‘%@’a Iat %@%@5? ?Igdggg)a?%ﬁzmv\ﬁ?lgr(&edge, whi ch mi ght
cause cryst2ai | odupapéations), US. RatenhApplaayoreberml dio. 081823y66 leritled “Bystem 2 1 APR

2003 WO 00/ 127945 [,US99I _t . 9 The substrate garrier a as an
actuator plate §’1§%8}°§%8‘n}t1?pd‘?%ﬁ@“%§(f’éﬁséw géleil EEP‘F'BE'E"‘ak@)]aQ%ase pl ate
914 for the endseph@rkoSavad(iBe BBOV RpARIGSA DL SNPoVisidralBdténd tipyReafonsever al
possi bl e exenpl ary enbodi nents of tﬁe present invention. The present

i nvention is nofefigliya. &8/068.2ADittledr" Systems ans Mpideds for Lowdeoasnypatipssi gns and
paranmeters of o i - . Rat e b i nci pl es
descri bed herei %ﬁérkg&h%gg%g%ﬁag%ﬁﬂthn&g%&eg%éeégv%?&“& %ngés}glég ggén i gurations
and processgs. Balvember X8, UeSK by Fee Debiel. Barrp Klineurni, Saviingl Baskerf David hi ps

whi ch may be used to predict and control plastic 10 deforrmmtion. In
particul ar, insértSeBALdReRekiNIRYPHGTRYCksddichpe) . Ié“%lg}ﬁ’ég‘ﬁgﬁéé or substrate

may be select ed ARbgaAr ARG Pl kiR RANBEIANSn SEal Y. blloBESMAibied | T ¢
or prevent plasti eformation defects in a wde variety of processor
confi gurations adévrMedehBus¢ébMethpddoeWates Tamderauios Contrad it y pesmahd si zes.
Defects in the silicon wafer are produced vl\k71enever the total stress in the



15 wafer at a given tenperature exceeds the yield stress at that
tenperature. Thus for defect-free wafer processing, the instantaneous total
stress nust never exceed the tenperature-dependent yield stressl ARR 2003
limted defect generation, the final defect size is proportional to the
excess of the wotoah29¢% r ess above the yield stress and grows i nPEFBE83118418N
to the time over which the yield stress is 20 exceeded. Thus for
limted-defect WAFASESSHEOTEYEE fog Semirenductar dManufacuringsy filed Julyclde 4288, bhut t he

duration and MaoRidHAcE ‘lﬁaéfﬁ%??\dﬁ'ﬁﬁf.sﬁarﬁh'bﬁés[{d(;ﬂé?tthﬁiﬁgleir/% Foque auch that

only defects of ept a ength are produc d stress of silicon
is strongly depebdeiet (ton™ S pHpplicauiore), aad Uik | RroeisionhleP atom egupticaton@esalof

interstitial and,precidi xygen. sh in Figure 10, the
critical shear spgeg(gb%eréf&eig&g %@a"ﬁ% c?s\ig‘\’,\@?%? ﬁ%‘?"a&r&&ﬁeﬁ% as the
tenperat ure ifcr gases, fflleddP0S; 11998 1M phed e ShvaseMmatd U, fhmSond i cat e
that an increase |anreC|_ pitated ox %;an concentration from2 to 20 ppm may

reduce the yi el dJleanrfsancor Dayietolthpe 7 QrAppligatiandeactrafwhishpehesehyr e dependent
yield stresses s i 1 . i mted by Equation 30 1
below Q16 1 + 1 °fag%ﬂ‘°q§5$’yi%&{%%§?\7\%g@%%zg45 PCT/ US99/ 19019 wher e
the yield stress is gRefemrirgto@Giaure § hehdardpeviat S02isifsrmed fikethemnallyand t he
precipitated oxygen concentrati,on, t, is in total stress in the
silicon wafer ar 8?@?Sﬂg&ﬁeﬂk‘6’“ﬂ??‘?k$‘§ﬁ%r%@%?teé)g{;df Ig?ﬁ(ﬂ"t‘%ﬁiaiﬁ%‘!“gst ress

due to the wafer s\eicehd6 mdhéﬂﬁnp?;oc&@m tsiYstradd\th the CANty! NBleTRhteg bloees due
to tenperature variations across the warer. These stresses have been

conput ed using f imaywcemariss dlieancarbidaoried graphise irothe stendenviodimenangee of
hace ot yCga bRk a0 A Lt SeaS g Rl oRl o

ot her operating paraneters 1 n order to

wi t hdrawal speed$]0,Eash éfolvhiohvimag ba fgrined ifioki $ilictn @irlsidé ceated grapkitd. VRey si npl e
10 set of scaling guideli esﬁieﬂ?)t,ructi ve in d%\c‘fr m ning the desired speeds
for various ex enpida FepisHve Beat ds C@eﬁﬁ_%’&@ thersidesof F}é"sl%e_é?dd’ﬂ?ﬁht? Feduce
Proportion g5t NERANALEat] kil YRR sdk RTPHETbIGUK] THe fieh@Y BE R/

i
proportional to t wafer thickn hese stresses al so eper‘idl on the
geonetry of the wadlesed svippoimner ipsulatingevalla dép endlenter mbulatimg Walls e wehich

tenperature. The nmaxi vi.t ati onal, stress at. an gint.on t fer may
be expressed as §ﬁtﬁﬁ%gh&a&ag? %_SEC%QFB'W‘%B’SBE the %ﬁgﬁgsﬂatiugg Yﬂg%\ka\‘\?er
dianeter, p is thkempeRsilidon@hrbidd doaRa graphit®atd e QLAY irdsalatiagalalleonst ant , t
is the wafer thickness, and a* is an order one constant that depends 20 on

details of the WAPBPTISANIBYE QUAEBME Seqnicondyctqy supstratg may be insgried and

Giffiths, 20  withdrawn through port 516 for thermal processing. The substrate is placed on

pins (not shown) which may be raised and lowered as described in the '986
Application. The substrate may be lowered adjacent to or onto the heating
surface 506 for processing. Upon completion of processing, the pins are raised
and the substrate is removed through port 516. As described in the '986

25  Application, such a heated cavity may be enclosed within a cooler outer
chamber. Vacuum pressures may be maintained in the heated cavity and outer
chamber to reduce convective and conductive heat losses and thereby enhance
processing uniformity.

In comparison to the thermal processor of the '986 Application, the

30  thermal processor of Figure 5 uses a second layer of heat shielding and an
additional resistive heater 510 adjacent to the side of the heated block. Asa
result, the thermal processor of Figure S is able to process semiconductor

substrates at high temperatures in excess of 1200°C with a high level of
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* Thin Solid Filnms, 315, 286, 1998, which is incorporated herein by
reference. Because wafer thickness increases only slightly with increasing
~wafer dianmeter) gravitational stresses increase rapidly wthad hcARRagi09g
waf er size. Vi onal stresses for 150 mmwafers are usualddfisese019
negligible; t sdtg}lg‘%‘?esses for 200 nm 25 wafers are usually a smgﬁ /l‘out

non-negl i gi bl e f{Reddn®y. Oh addiod, ti'k?Ecm?'xlastlstf‘} GRS lankPbasal Qydima R th@rﬁn%?r

waf ers) gravitational Stresses may equal or even exceed the ther

stresses. Ther maprosessersdesign ilustrateddnplgares sreatliyrealpblertaycdosietdatgor i zed as
arising fromtwo ces; t erature variations between the | eading
and 30 trailing %(ng)rgfsno : 8‘15\}\1/11%%5@33 the wafer is inserted or w thdrawn

fromthe cavity; -30 Inthe thermdlRRrémkios oMeQQdoha%ﬁadaiﬁﬁéddS%Fiﬂﬁ&hﬁmad@ﬂ (?)
tenperature variation %fgsge,to \E)referential heati ng or cooling of the wafer
edge due to the [SRAVBLYMigoRdUimSuPSIFIe fram thecheatedicarisy may be wsadden of

these cat egor | eSyeqliGl: AL Blastd MRAarb. FHANMEREL vit 6MLGR) °0 bY

radi ati ve exchange with the cavity or anbient enviro enperature
di ff er ences acr oesmpetaturasnbirors hbout 00T 1o IRVOW\Gubispea déthdmwahspebds maf er  or

cavity tenperature. Preferential . heating or cooling . of the wafer, edge and
Che assocl nted otfee CPRAE-AF 2.5 S M amr RSP o' b LPoRtEt

insertion and wi fJagé avalimed thetdie DRRIehiodMedndd, Wattlkawd1 Spdeady nlay rafge it
entrance. However, once these_speeds 10 exceed a few tenths of a neter per

second) the igefremabeyt §.&:heé mesersrasa seeandviar 200 aumisitipen wafersand fomnes
I ndependent  of tg’t?ou\{‘@fﬁg 20°6& sie}%gse%gm {')oé 3g§%%{l%obgv&?%§isﬁ]wg}'eﬁ“ the

maxi num stress due to edge coo can proxi m e relation
shown i n Equati oims&tibelkodwithdrawalspeeds at incteased shelsizeland idci@héO0f plagit77 +

1.49X1 O G E~~-~3 - T~ ~s 15 where a is th efficient of thermal
expansi on of sil ngéﬁr}at@n(dé%ﬁss 13 &Q{"Fﬁg ‘f“é‘brﬁéh‘%@@f ‘-Sd%”pﬁ?gﬁ%éh‘f'h‘%}i‘ ﬂ-!‘?‘icgg?@ung' s
nodul us, s is thgewabRintRy priv¥itty, Y is the Stefan-Boltzmann constant, k

(WnK) is the tenperature-dependent thermal conductivity of silicon, and T
is the furnat® (waf er In heatadepvitsuprocgssors dsigg e beatde suefaos.ihere maplbeia of

conput ed edge str.es. Q it the vield stress fr Fi e 10, .S
shown in Figure i plﬁggntst%%ﬁ%g}l}# éffarﬁp%e %i‘yeeélttﬁ%égag?géﬂ%eoanggéfemg%fl?eng
becone signifi casdvigi(ega\thd typ bEINBEY iabwlitey vedll SITvhZAGKaY rAfigecfar inistance

tenmperatures much in excess of 900C stresses due to edge cooling al one may
exceed the vyi el difemess 9da0Cirspending ppan ibe Pipseestngstemperahie 9 er . For t he

case of 25 def eCtodilfahO0Ra% A uR'LERd BAbeANS By d: 0B gL ;00! | N

must therefore be reduced by sone neans t tigate ge cooling and
heati ng when2@ hendeed awaly frameahe pratiog swifavg fereamenalt Hoe inssgankathpesubdimate hi s

SN TS N T N E R TR
excess radi ati ve(Jigiah niayansldfom 48¥C to 1200°C or more depending upon the desired
process). Additional techniques may be used to further reduce the substrate
temperature, such as removal of the top of the cavity, closing a shutter across
25 the heating surface behind the substrate as it is raised, providing a transitional
heat zone or other techniques described in the '661 Application and the '788
Application. Cooling the substrate prior to withdrawal may be used to reduce
the withdrawal speed required to maintain a given defect level.
In other embodiments, however, the heated cavity may be made more
30 isothermal. Additional heaters may be provided on top and along the sides of
the heated cavity (either inside or outside of one or both sets of insulating
walls). In such embodiments, the temperature differences across the cavity (at
least for surfaces in radiative thermal communication with the semiconductor
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"2 1 APR 2003 WD 00/ 12945 PCT/ US99/ 19019 Tenperature vari atigas%tz&ﬁen t he
| eading and trailing wafer edges result fromthe fact that r sertion
~and w t hdweweal2sportions of the wafer surface are sinultan®axalsyy/mrposed to
both the high chanber tenperature and to the | ower anbient tenperature of
t he surr oundivh§sate)Tnay beradased todessttrnabaetnl (°fsaR St beteatperaurear i at i on
bet ween t he [ [ | Lyl e waf er eneral |y producing
maxi mum st re%ggghaﬁeaﬁg @E%gﬂéﬁgfg%gggoﬁg%épﬁcowﬁmioFﬁ lg(eglf‘eout of the
cavity. The dubstantiadly ishthtimes RIRARIofithn fRbtremsindimen apkResdyarbt b® be near the
waf er edges and at 45 deg( eeg off the axis of waEer_ noti.on. The magnitude
of the peak E£FH8Y RIMOYHK 85‘;958%3&%‘?’%‘6 agy, PRRIGHIAT B53ting punfass o aghigvesy T ~
Qw ~ 835pcty fEsirdd e§iBBAUM froceséifg &p@@%ﬁg insertion or withdrawal. From
this relation, it is clear that inhcreasing the speed of insertion or
wi t hdr awal reducda thtebonexdeserihed isarmmal protasesrsoafiguratinns. the heatedef i cial to

ei ther defect-free wafer processing or, controlling the density and
Cength of deretY SmHcH T C L UF L DS JEESarEibREats Bralr@ited For
defect-free wmberankE pE6PR WihdrhWE FoiMHRThehfdg caviay i AldbugRtle sabdraterer mal
stresses should be less than the yield stress of the srlicon throughout the

waf er tenper@maeatuie srayrbe raduced substansielly belpwdhke proerssing Wmpegatangen. However ,
b i el il i . d
cosus i gld il o) 0 B R P

t enper at ures S the wafer
i s wi t hdr awnconfignratibe andprdegssirg temptramrd) ehengnbempatempétanse iptof foe desi red

speed for defect-free processing is based he ed of withdrawal, this
speed Wil | aﬁegﬁvﬁlénghf%gﬁi %’Hf‘“?‘gceats{f’&? %Dod’éf‘g&tct Be‘ﬁ@&i PHRE &AM i nserti on.

For def eCt'ft@ﬁﬁe@f&&%ﬁ%n%ﬁsuEﬂ&e@Wréiﬁ.dThE‘Sﬁ’t'éPb%b@ﬁ&d@hérhdr awal speed can
t herefore be approximated by a conbination '? 5 of the above relations as

shown i n EqussmobndiBglsavisonmer niRyTbe affa Srush dovBerternp@atgres fardgstanc®/ 111 - aE EYT

t -~*d 1,40, ~ r 2 ~o3 APR 213 00/ 129

pCr Usool, 95 BAg TS e tllcetie soge oLl SRR Hoo &Y Bpeeds of
i nsertion angthetrhdlenaivehmestthates 6in-abo@s00ad e10P(cpabshpgsbelmaedl on the
furnace tenperature, the wafer dianmeter and thickness, strength and other

properties oWeiEHY Of MQre gpgrees ?ﬂ@“@?%rﬂ%ﬁq t&ﬁéﬁmRS’éﬁﬁ‘ﬁ&ﬁfhe therMabni ssivity of
the vafer suifAchfent®w @f?ﬂ’& ddi’liﬂé%”@g%?ist&gfi’@‘;%hcﬂ SditetdniatPRest ed and the

waf er edges are protecte rom pr ent | ating and cooling, the
desired speettemfalistressrandanayi leed weslasicidafopmetiar.t i on to the wafer di aneter

and is ifyersely oportional t waf er thickness..Mreover, the desired
apeed’i A caves. vERS BRSNS 2REBR e R RRT e AT FORBADAT at ur e A hi gh
t enper at ur eswhichitie ST¥rRE idRAR%H Ry alo BY aBKRLPMe Exdigplay Ua d T~er~bo' t
Al though this relation indicates that higher cavity tenperatures or |arger

waf ers nmay atpgdimeatspp aedise dermpl Sé{eﬁefTélgtWifhd@éVWﬁé?d%yﬁ‘?@ralbﬁ@r _
| ncreasi ng t pe WAl 6fo SPAEE: ufc@'zsan'dﬁ és&ngeaﬁ%%xt %ﬁ%@n@%&ﬂ§%thﬁﬁ% Q0! i ng

stresses and gravitatioral "Stresses w € present to sone
degree, and tdutseviemsindrital byout 282 that #iRodbs themntkradiatiarefrof thérwaftesi red waf er

speed. this point. the desjred speed increases w thout hound.as the
conbi neﬁ%dg OfCYﬁHe_’g}h&fP'teé’tficﬁ?\l&}g "’éﬂ_dd'ﬁ"e’ei’ﬂ d_ﬁi"&‘l”é’rﬁf’éssﬂﬂ%" t’/J? @Blﬂcegt‘f ess of the
silicon. Thigid &nidonbRht ﬁts%gst&ma]ﬁkgmegti%r i Ay e &Red QERpdradreappr OXi Mat e

desired w thdrawal speeds for deféct-free 20 processing are shown as a
function of fuedf. CEhis tnaythernohientdibiewitidrawingshe subsaie itto an arieshambee f or

i dentical copdi.tiqgns, except that jin agne case.the e st IS suppressed
by a carrier "df§ ﬁﬁdﬂeﬁﬁeiﬁioﬁf'ﬁlﬁ?efﬂrsﬁ&?ﬁ7’9@0(1l@%@‘eg‘g%lﬁée?ﬁsgrgéﬁ%vaf er edge.
Tabl e 5 bel owsssamaniaefemdial bthe SRk dreseéed. of withdrawal with and

wi t hqut edge protection at various tenperatures and shaows, the correspondi ng

time 25 3dring whixhne suchigsibedimentdhpersedhambet as highly rrllecifierwaliSent i al .
Table 5 Wth e _Rr I s @af i ed nis Tine
s Speed m's R T st 5338;‘85@%@5@%%%%8&5;%%949@ 5 06 3,33 800
0.12 1.67 0. Kbrnilthd3op 3ad botlord séiifRRe2 6 tBe WEID Q4 ., B4ShRCIHe WS Y afoba 9

wafer). In this case, the wafer's thermal radiation is reflected back to it and the
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900 0.24 0.83 0.36 0.56 1000 0.43 0.46 1.09 0.18 1100 0.72 0.28 --- -- 1200
1.16 0.17 --- -- The edge protection reduces the desired spe&l'lfld’rR 2083
defect-free processing by about a factor of three at a cavité %vvaferg?
t enperature WO MOSHE. The synbols shown in Figure 12 indi cat BCEBRAYI0hs at

whi ch sonme tests were fperf rmed using 200 nm wafers for 2-3 passes through
the processi ng EfappEser eaeang sdiminished. Syethreflaating vradls maypemadeod (i ndi cat ed
as #1 and #2) argediveshaWielidedil UGS d 7! i ws the
defect profile fpre. two waf er s é%%eér wdﬁét}agt\?\iaﬁg%?e I@\?V%J gg%}%ﬁs[glﬁsre 13B
shows the def ecelirpingfes petefital comemivation dy alict reflecrivé haradlivamatatialas wejjresr speed.

During these tests,. I . er.. of the wafers was not protected by a slip
ring or other thetedﬁ%{; quekﬁ%g{nggﬂfﬁgarpﬁ%%ﬁottge r(gbec[tlﬂggxér?chgatysggfwaf glgpgnts

wi thdrawal at | framshepaseds@hZnber) tiieewaflet SA$ reduld Phe RéfeLrembvhiespedd |ine

def ect s extendi ngg%o | engt hs above 3 mm When speeds are increased to nore

than about 0.3 FR2¥ Of FREcd BrigenoTdes tocthe reduehasrin wites seolingrgierwhiler ect s resul t
fromthermal st o @1&3 (£ Qs bet ween t he
| eadi ng and trafrﬁﬁﬁﬁﬁ%g?er %Sggﬁhgém‘g& erggeg?géﬁdgoggo%rﬁg%al ent as the wafer
speed is increased. ZAhiafteinateeppeempioys hedted dlemérgsin thesagidngustoussigepor t ed 20
by the observation that I(ﬁ&gt%n of these |line defegts H{%I ded with the

[

! oi
| ocation of jtheth(?é’ﬁ?ﬁffseﬁ’a i Wfﬁ‘fer@sas‘e‘aﬁga‘flf? pdchief pehelpwthgiepted ences
along the axj s edvivaResisiiRily RdhtedEEEnrE BEREale8 BER 1ArAYOhY LB R4 e6Ia8is
protection, increasi n%@t he wafer speed slightly increased the incidence of
poi nt def ects aP¥REse Headjgaios frogtigese elements ponideshaahta the wafgsasitgkiton t hat
edge stresses a i - snal. gi er
er mater . Tost N AR SR hefh ALUnE R ABlie LB R MR IR ML 1 s
6A and 6B. The hédiq ¢lements auisosel sitzb enayesei ofapgroxinfatelye wame brdepasthel  at

nearly the sane r?te the interior o{?}he fer and ghuts the slip lines
observed were dité eélltﬁgét‘s 2 FOeF‘V CKaMPite r@@@gg‘ggg/%tﬁl?ge/‘do e PREESenper at ur e
di fferentiajsfromdebaulkedeh i c@&ir?ggx%ge Qredul&s wﬁf ﬁ%nigé‘%fé S@r&vﬁ%i%éet.s hxfﬂg@ heat ed

cavity first and hence is colder) Its trail

configuration, perseagesgiveoaprrokiathtélp by hle WERENRT Ehesfpstte ppwenadithabl e from
Matt son Technol ILnc...using 20 : ers.wth -34 /12943 2 1 AP
R 20Q8 PC I' /LS ‘?efa“érﬁfﬁ“‘% %%ra%sﬁ?e@?nﬁw i el o at@W‘fa‘%%ﬁ?“iiooc A
furnace confi gutsipepsuUibeicaslingahlelis bAIG STV ofiss doltPivalf RANE ThesEvalee 5 was
used. The ordinary speed of the robot used with the ASPEN RTP systemis
about 0.2 net er sregwproxanetacbecause seme of thesurstces imgadiativy eomovrdeatioa Vit t h hi gh
quality silkgon i t r eoval from:.t d cavity
rangi ng fro?n61 i@%ﬁ%ﬁ@%@ggg&e W %‘[fhoaf&%(gf'ngﬁ&gﬁegees& al?éarlrﬂ\%a/at{ﬁgraotf?ermval
speeds from aboute dhtebhamhberdfdr nscangs t@dtsput 70% Fo 90% efthe tphecevrtmparasiewed sl ip

lines at the edge only, and onlhy when they were Cﬁd ed througw t he RTP
chanber two or A AR reduerthfgoeling fierand derrensg e gead a Wk WAy | ow
preci pitat ed OXYGaBmbOREABR helkd AP FG ailel EREALPICC! P1 T at ed oxygen
m ght have shown nore slip. For single heat” treatnment cycles at these
speeds, the wafers tyypidesdribpd sbrowedhpahingerpon avid-withdeavehil sheedamiaphe ustd t he

very edge og t he wafer. Th@;‘se B?l{‘ﬁnt-Li ke def ectg vverﬁ on Vi si\l;l under
x-ray diffratti ShSOMERerEn FHsP RATEREPRCEHRE o SyosnHalY Copse OFgF vaf er
rempval speeds pRRBYBEbLIRAIAE N on@O@uipldly @mbbdimest, theishbdag Withdigwilhat the
slip lines at the wafer edge were visible under the m croscope, had

signi ficant | en§Peeds sremselegied such thatrthe pempwat of fima thabany, tsF pasHeRsOf %D, f or
even a single p fer. Y- i nt

def ects near thgﬁl\?\% %r&)g’gcga\(‘a@rlr%@n:%gnag%@ér%gggﬁﬁ%ggpg%e)cfg%@gﬁtg%d froma
waf er, and becausemdbdiéfetentialed apivnansgnigdeByiniet ankardyrsh betow freTalst
practical approach, wafer insertion and w.thdrawal eeds ¢ rati.ng

i mi ted def 6t s ey r498° QEETESBIEERI AT thilimitsop pepasre %r?&l&%ﬁ%@&%% er speed
may be |over thaf!aal ikl indRiehle hapBe PIASESEPIRIA bR SgRiaed
gravitational andthermal stresses nmay be pernitted to exceed the silicon
yi el d ?5 stress pavpdriésssind fdesired omeolerabiedelvedsf oftdefeets. Uhelkower hedef thondi t i ons,
the rate of growh of defect |engths may be estimted as descri bed bel ow.
Because the wafer cools very rapidly and because the apparent activation
energy for defect growh is very large, theitinme avail able for defect
growh is roughly the tinme of withdrawal. As such, the ultimte defect

| ength 30 can be approxi mated by Equation 7 below. | - U (0'-~y~-zessrr -35



2 7 hPI't 2003 PCT/ US99/ 19019 WD 00l 12945 where a is the conbined thernal
and gravitational stress and b = 0.005 m s/ Pa provides a ﬁ;ﬁ%@
approxi mation to observed test results. Thus the expected 3rect

| engt h shoulvob&139Hportional to the wafer dianeter and i nvePE€®BIL§I19019
proportional to the wafer speed of wi thdrawal when the conbi ned stress just
exceeds the vyi mewﬁézs&eptca\h%wsmw wgnesdidetecstrelague foghe sRpasead of s yi el d
stress, then tpg.,gggf ect length should vary as shown in Equation 8 bel ow |
_aE ~~T" d ~bewassir 8 P~t C~) Inthis |limt the defect |ength should
increase in proportion to the square 1Daldé 4t he wafer diameter and inversely

proporti onal tcin therau UgleL, oftia he.waf er speed. Thys faqr. a given choice of

t he accept abl e-&%%rf—%-gﬁgm%@%?ﬁn (or tﬂ&ﬁ'igéwg—"—@r an be inverted
to obtain af estj00edegrees Célbias corr espondi ng desi r geksWRdrEAboRP EEkecSipaEPUL ed
defect lengths for a 200 _nm waf er undergoing three 15 processing cycles are
shown in Fi gure 900 degress €elsissi on of wafer wit hdr dessithaabeut 1 grseeondsnge of
cavity tenperatu . Lengths increase very_strongl t he waf er
speed is reducedf@gqegag{ﬁggl\%al ue for def ect-free”%ﬁstél&aéls%oéb?'s’zlsﬁﬁ?@ési ng
tenperature |ike8@0sdegreapCelbiysi ncr eases def ect | erghshisansdboae] 2net@risi Ng

t enper at ure bot h%Jecguces the yield stress and increases nol ecul ar 30
energies rel ati v&OAGAECLSS vati on energy for dilessdkanabont B8obagat i on.

Tabl e 6 bel®w sdsgp@y i zes the speed of withdrawal, tine of exposure to
thermal differential, and defect length for wafers at 1100C, 1140C and
1180C. Tabl e 6 H30cdegreeehelsins[mi 35 Speed m's Tiless thanlab@Q.44MOC 1180C 0. 2
1.00 0.40 0.87.J, gg%OA 0.50 0.06 0.14 0.32 0.6 0.33 0.01 0.02 0.10 0.8
0.25 --0-- 0.01°0:0U3 30 1.0 0.20 --0-- --0-- 0.01 ,, 2 1 APR 2Q03 WO

001 12945 PCT/ US9B)012Q@k8s Téleiusynbol s shown i n Fi gues tHah bRt 6204 neasur ed
defect lengths for w thdrawal speeds of 0.2 and 0.3 mis and a wafer

t enper at ure of seg9Bdt 1100C in the second enbodi ment. From the f or egoi ng
descriptiops ongxgkdeblegsiciigiut he art can readily 3sgehd2ivdul §§.¢$senti al
characteristics of thAe present invention. The description i1s intended to be
illustrative ofedhds present invention and is not to be construed as a
limtation or restr%_gét}]on t hereon,, the invention being,delineated in the

foll owi ng cl ai ns. Cr CXCPIARET By aggmicongyict PEREIBRE | api d

thermal procesgkpdedio ¢ &t thenetpdraird @ fferetiials @8R Fb& idhe Aova thblenace having
a base, side walls, and a top, wherein the base, side walls and 5 top of

the Furnace ar BoypysyitBewithdravalpaed may he salectethsnch drat the temperaiary nai nt ai ned
A . . .
at a subst gt ﬁld’e\f?r%?,@&%%@trﬁgaﬂtqfl #We%g}uj chfr%n’r{sr o?t?eggwgg%@tdﬁg tg O receive

a sem conductor wa g means confi gure the cavity to a
t enper at ur e of wathdtasabdoc9 6t Rceedd)0°Crad°G.on dtherenibodignenns] thd litmiroawi ng t he

wafer into ands&crhotg]m%)?rgtu?eac}{}fg%ngentga):ll' ge geit réte Z%JCY 4!)‘;8,%0%1,6\75@8? i(%lE orand

more depending upon the substrate properties and desired or tolerable levels of

defects. The criteria set forth above and in Table 4 are approximate limits that
25  may be useful in certain exemplary embodiments of the present invention, but
are not intended to reflect particular defect thresholds which may depend upon
wafer properties and other factors. Rather, specific equations and relationships
are described below which more accurately predict thresholds for thermal stress
and plastic deformation. Nousiheless, the above limits are useful to describe
30 certain exemplary embodiments and may i’re applied whether the substrate is
200 mm. 300 mm or 400 mm and whether or not the substrate is cooled below

the processing temperature prior to withdrawal.
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c) neans for controlling the speeds of insertion and w thdrawal configured
to provide a speed of insertion of at |least 0.2 m sec and ahégle of
wi t hdrawal at |east as great as the speed of insertion 2. The ‘a 2BBus of

claim1 furthgjohdibdding a plurality of thernocouples attachegtrbsdgodioe
base, side walls and top of said furnace. 3. The apparatus of claiml,

wherein the base, si dgy ietehsingRdiet Athdra®/abee8 hodestived 4Ho0e 1P consi sting
of netals, ceramcs, gl asses, refractive conmpounds, and conbination

thereof. 4. The $giyaREeR@aype sybsianiiallywedpeadprehimisateth & ordpstanssevith ag and
W t hdrawi ng the 20.af8ke b COuS St ithaRswat i ¢
drives, ball scr%vx?ndrF@eg,%%?{a%gé’ﬁ%{eggg%%e se?%%ehatoréégﬂge’ﬁlwg%r slervo
and st epper not ovfshe afeTie). hPpbordt Limeters péraecont mdyeresilnintpiasticeat i ng nmeans
conprise resistapnce heaters.. 6. .The.apparatus,of claimy5 further including
means for cortr orTTTRIUED RGTCUS 3RF A ElE Of MeNIRLE e CatifRa U e spasds, The
apparat us of cl aminiplefliptines withe ldagindtedt®aiRan b @im apFeirn IHoRR veSiTtiRoNduct or
wafer to reactant gases useful for chem cal vapor déposition processing. 38
2 9 APR 203 8. Twishdippwalrsaeadss deubledzarriipleditbe simberaing senecaity of defedtnmeyt i ng
and wi t hdraw ng j f CaLLI th rovd des full SURROL round
the wafer peri ne‘%%?‘k%{%ﬁ%g%%%{?rgﬁ%ﬁiﬁé 'dA?g?eg% eﬁrggs f4’ P :?p?@ o b]é)? mal
processi ng seni coedtsqiepsecond ender the Bfhe somijtidbdse sl e petiod length dieatdri ng a

cavity withip a furpace haying a base,. side walls and to rovi ded with
heating nean t othgn SBHEP’&H; Fﬁﬂﬂp ngfaﬁ‘?f“sﬁ_r‘}éfc@é%‘f%ﬁ SP@?fgé‘P é"?‘tﬁhéiﬁ%&s
mai ntai ning the headraddaay blittinafdd il YRS IRBEARAS YpdrSOLRRENEE conafidhé | on at

the processing tenperature; 10 c) inserting a Sem conductor wafer into the
heat ed i sot her ma{dessaped furter keleweed of at least 0.2 mi's for an isothernal

ity t t f. at | east .900C . d), wi t hdr awi ng. & | conduct
i e rom the. hoat ed SBE RAPRIFAR, FSeafb e BerTyeT e heRon: .

wherei n the speegboot thisé bidoavertiohsl sqétemeasit balowahe Bireshs|d! 18¢el 2p&aithOf
insertion. 15 10. An apparatus for thermally processi ng a sem conduct or

substrat e cohpri BRH:defprprbeeissubstantindy climinsiedg A8 wighdrawaleased crapseni n

whi ch the substr g gizk SndfypE B3 &tkts changes. At certain intermediate speeds, only point-
like defects (with length much less than 100 microns) are formed. Such defects
may be tolerated in some applications and the speeds may be substantially less
than required to prevent plastic deformation. For 200 mm silicon wafers at

20  about 1200°C, this range is expected to start at a withdrawal speed of around
0.4-0.5 meters per second as opposed to the 1.1-1.3 meter per second range
required to substantially avoid plastic deformation. Thus, operating in the
intermediate speed range may allow simplified wafer transport mechanisms to
be used while still providing commercially viable results.

25 A wafer transport robot with increased retraction speed may be used to
withdraw wafers from the heated cavity in the exemplary embodiments. An
exemplary wafer transport robot is described in the 299 Application. As
described below, however, thermal stress due to preferential heating or cooling
at the edge of the wafer may be significant. As a result, a wafer carrier, slip ring

30  or other shield may be required to reduce edge stress and the end effector of the
robot described in the '299 Application may be modified for the exemplary

embodiments to accommodate a wafer carrier or slip ring.



a heater systemfor heating the cavity to a processing tenperature of at
| east 800 degrees Celsius; a robot for withdrawi ng the substrate fromthe
heated cavity after processing into a 20 substantially cool e2 % ARRag43

envi ronnent \W? lofs the tenperature of the sem conductor subsdfgés 19419
comencenent "0 8({//vlﬁtg}r‘:sdrawal Is at | east 700 degrees Celsius hotter than the

substantial ly cool er Thog{daHa sﬁggirx{gqgﬂcﬁﬁﬁrianmq réﬁ%ﬁ%ﬁﬁ%@gﬁ%raé\@ltfﬁt e

sem conductor substrate is w't wn I's greater t 3 neters
per second. 1 1wafehedgmyronaemovalffranh dierhedted einaryei Thetring sserourcis tietlediger

substrate has a_gi r t,. |l east, ,;about 200,111 111. 39 2~APR~ 12. The
appar at us of Clgﬂ%@%&'%%c?%?sﬁa lﬁ?g iglsh T80 4158,P° & ARETPPRTE Of 4 ¥AT i anet er OF

at |east about &@fidFmbdhhniskBwhith@eaniped ighidegite 6f @icolertlomteadnpariéBro
sen conduct oy stilllgstratﬁhhaz a dLgmst r of at |east about 400 mm 5 14. The
apparat us of cl BEWAfer (R wahEomjae heatgd qavitnat highspeed (a&f 7.6 mésee t o

prevent plasti codgbr) miilie%e\@fniﬁé‘ﬁei@dﬁrqumiﬁé oRtHIbGiAbSofHiE %;‘&l EFEZ

wi thdrawal into the substantially cooler thermal environnent. 15.
appar at us of cl efifeatary ofitherwafer ranspom actet! Thsi the siip riepctansedewidulli n heat

shielding wall s_and the heater S | acludes. a heated. surfagce disposed
Within the 20 nROPRs tarolEReS sitlR hekt e ine Sy SadSa B0 4E Y FARA e he
substrate subst egdlingldf Yhepwifpestbies Th dfdey néta¥esitar it BatifcoSwWaERCHedeOr

processing and away fromthe heated surface after processing. 16. The

appar at us of0 c| BNgs a8 made {98y ancwitraelean high tempepsuretcompatiblp matenipstuch ge

wherein: 15 the G td ' : ' and
SRBOLILEAP ELrbRe Mot th SHEARE (doRirRod D 8GR Al o€ ke

pl aces the subs%rate upon the support °s para heat ed

surface; the supBRhthad@YeEntIBE coHbHiatbS (S I8 havmd/ahd) b B @bl and cl osely
adj acent to the heated surface for processing and substantially parall el

and away from t elémsaeendie suifacgce after processing; and 2o the robot renoves
the substrate from t heqSHARQILardWhelichlil: Bobi%e SUPRIEiLE 1 Wl e heated

cavity.
15 carrer 130 may serve three important purposes in exemplary embodiments of

the present invention. First, it provides full support around the wafer perimeter.
thus reducing gravitational stresses in the wafer to a large extent. Such
perimeter support is expected to produce maximum gravitation stresses in the
wafer that are about a factor of two below those for more conventional three-

20  point supports in which the support points are located at about 60% of the wafer
radius, and is expected to reduce these stresses by more than a factor of five
below conventional three-point support in which the support points are located
at the wafer edge. Moreover, the full edge support provided by the wafer carrier
produces a maximum gravitational stress that is located at the wafer center,

25  rather than at the support locations. This is beneficial because the maximum
thermal stresses due to nonuniform wafer temperatures typically occur near the
wafer edge. Thus the maximum combined thermal and gravitational stress is
further reduced by the full edge support of the wafer carrier by placing the
maximum thermal stress and maximum gravitational stress at different physical

30- locations on the wafer.

The second important role of wafer carrier 130 is to provide a radiation
shield for the wafer edge. Because of the additional surface area associated

with the wafer edge, the silicon in the vicinity of an unprotected edge will heat
224-



17. The apparatus of claim 10 wherein the heater systemmaintains a
substantially isothermal environnent in the heated cavity f\% proc%&ﬁi ng
t he sem conduct or substrate. 18. The apparatus of claim 16 dr &, e
speed of wtmwaewabssis sufficient to 25 prevent plastic def orREAVGSONIVE® t he
sem conductor substrate due to the wthdrawal into the substantially cooler
t her mal envi r on®redgp! moge quigkly than'tr Zmag@en of tha aferpyhan thteusaferf is capadlm 10

wherein the spe £t . ds sufficient to bst anti al | educe
pl astic defor nalt%?%r%dd otﬂgglglu S nrtg?né eelTegtel vV fﬁeeref@ teB’lpgrSFLg%t ic
def or mat i on t hataristivh deareheivafeatdg? giveseide @b thethalrstresets iafthabioity @f themet er s
per second. 20. The adp aratus of claim 10 wherein the sgeed of w thdrawal

is greater t han®9g6ott °. et %‘?“éritﬁé‘f todag Mgl wafer stppie (s detal W8sof ¢l ai m
10 wherein the speas pe te%ﬁemi'ﬁﬁ@lﬁ@ en'8§ntgfiﬁa?sﬁésstotfm A ch%e?sal%iﬁ ré ers per

second. 22. The apparatus of clam 10 whierein the speed o awal is
greater than abulicomwitkbeprogeeds brasidition] he2Beatdittbe envpssrodthestot stedsai m 10
wherein the speed of, wi.thdra is greater than about ,1.5 neters per
second. 2. TheumuBuieibR P e pRpdh SRHEF of BOWE S A5 Th CHUP avel | s
greater than abgiidldiagiké Safer péie fERE Hilerdafcdd R afindet dodlify ARStharebly anet er  of
at | east about 3Q0 mm_25. The apparatus of claim 10 wherein the speed of

wi thdrawal is befvens thersige susss ¢ imppgant 1@ batdefest-fise arddimited-defest The
appar at us ofy cl g, Ruhgiein the speed of withdrawal is between about 0.3
to 1.2 met e{s perméécgﬁ% ﬁd I's selected such that plastic deformation

def ects are fornmed whhethidrfendtioniof e waferpuairmdr-it tokmresdef 2mbme spatidllyl engt hs

| ess than about 100 microns. .27, The a tys of claim23 erein the
substrate has auxa?%n%‘g?mgioagtmf@d&t?“g‘g%r‘gﬁg?aﬁ 1 Caygy- hghseR8Y of claim
10 wherein the gyhsépiticat ihy WalQhedxtdabd TRim SR \HeAQAPRN oPARrAalle4Per at ure
of less than about 200 degrees Celsius. 29. The apparafus of claim 10

wherei n the prothessyityweldsybersthe wafer és igﬁ@'wﬁéntotth%wﬂvéiboﬂls aToudt, hegr ees
Cel's1 s and ¢ he A1 G MR e SHBSIEAY ay WSe b1 AR Rhrell. Bbnly3Rkeer® | 5 O

111 111. 41
is inserted into the cavity, this will produce a cool spot on the top and bottom

cavity walls matching the wafer shape. The cavity walls outside this spot will
remain at higher temperatures and so will produce somewhat higher wafer
temperatures near the wafer edge. Because very uniform wafer temperatures

20  are optimum for wafer processing, this situation is undesirable. To avoid this
localized cooling of the cavity walls, the shape of the wafer carrier is made to
resemble the plan-view shape of the cavity and the areal thermal mass
(thickness times specific heat) and emissivity of the carrier are selected to match

those of the wafer. For instance, the wafer carrier may be a flat sheet with a

[0
W

thickness within a factor of four of the wafer. The sheet may have a hole in the
center in which the wafer is held on small fingers or other edge supports. The
wafer carrier may extend a distance beyond the edges of the wafer that is at
feast equal to one half the height of the cavity (i.e.. the diameter of the wafer
carrier with the wafer is at least equal to the diameter of the wafer plus the

30  height of the cavity). In this manner. the cavity walls adjacent to the carrier
experience the same temperature depression as do those adjacent to the wafer,
and both the cavity walls and wafer temperatures remain more uniform as the

wafer and carrier are inserted into the cavity.
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2 ~ API't 2003 30. The apparatus of claun | Osherein the processing
tenperature is greater than about 1 | 00 degrees Cel sius andzat heP
sem conductor substrate has a dianmeter of at |east 15() nmm 1)APR 3003

apparatus of ¢l aj further conpnsing a heat shield for the o@ioghdre 5
sem conductorw%??%gte whi ch decreases the rate of cooling atP%?ﬁ“g edé)t(la&of

the substrate after %BQQE&@-ng\%ilnz J’%%o@ﬂ%?%hﬁé‘){ a:ﬁi't?é‘.SFichQrefé ister

conprising a substrate carr Ng an area ermal mass “substantial |y
equal to the subsitoat gieandnhBiginedBas & paniahsdscrosstsectona(aiamgtsectionf Af49ur  of
t he substrate thicknes wher eip .t he substrate. caurier t ends beyond the
edge 10 of the sUSSYTR deslelngeég?él'{aénw&usgaJ%rﬁeff@gﬁpqc a%f'?f’(%m?s%lf of the
hei ght of the heavedionaviattierm3dBproddasor appadiag wsthe kecohdiembd@iridak.t Tigs
conprising a substrate carrie upporting the substrate around the
periphery of X he"R{Has F%sg}‘c‘ﬁél%foéﬁaﬁ“etW%%‘t"FsaYeéy ¢hip ané pmpld inyessd

Stibstalltially Mdihgd6dDRaphind oifiod (ewarblbi 218 od Ms@B6i1Rb Hehiblits

substrate for insertion and rawal by appl'ying a rce e edge of
t he substrate thehamier atbwasilofionan the paocessing chambarwhildthe syaerredsieawt. cl ai m

10 filrther conprising a robot for _jnserti.ng.t substrate ipnto,the heated
cavity for proceéé?r. 8?555183‘883@%516{)‘??1%#‘fhegﬁlgir@zéfmp@éfg’t‘g Wghﬁ?r‘? QRYs 35,
The appar at us ofopledpén 34s reMiRe@frBmitheciapRRusiiy e ARGERIBYafbSrkgatt er than
the speed of insertion., 36. A nethod for thermally processing a

seni conduct ot0 sutebetamailablefiom Mawsen Tzohnedegy: lng. Beeausenf temiesenesrofshdstrat e

i n a heated cavi 3 | r rees

Cel sius; and w tﬂ%ﬁé‘fﬁ %&Qtﬁ gée:&?gémagfgil%gg@oa?%g%%s@ % gﬁe ka?é;%s]ttp g@‘?ﬁgogg% éd cavity
af ter processi ngthe madera Thielredultndf tasth yordactked with hids tonfigmatianaerdestrivder ei n:
the tenperature pof ,the sem conductor substrate at commencenent of

withdrawal is 25M4ReTRel&¥. 700 degrees Celsius hotter than the substantially

cooler thermal enviroRwBiber exphparytslip rirg ilsWiQ]ﬁ%ﬁr@ﬁRF&ﬁSdBatFiMth the
sen conductor substrate is withdrawn is greater than about 0.3 neters per

second. 37. ¥he watthpyicer. and Higure 7B apartil sidecrobsestion. ofaslipriog 782bmatr at e.
has a di aret er OInafg‘toe |u§g"‘d3£5 p?épt%f QWafer carrier in the exemplary embodiments of the

present invention. Slip ring 702 includes brackets 704 to interlock with the end
effector of the wafer transport robot to allow the wafer 706 to be grasped firmly
on its edge prior to insertion or removal from the chamber. This allows the

20  wafer to be rapidly accelerated to high speeds for insertion and/or removal. The
ring 702 is attached to the wafer 706 and. prior to insertion of the wafer into the
chamber, the brackets 704 at the ends of the two halves of the ring are fastened.
The size and shape of the ring when fastened are such that there is some room
left for expansion of the wafer (as it reaches high temperature within the process

25  chamber) to fill up the interior of the ring and be tightly held in the ring as the
wafer expands relative to the ring. As shown in Figure 7A, the wafer is in
contact with the slip ring at only a few points (such as 708 and 710, but not
712). Figure 7B shows a cross section of ring 702 at a point of contact with
wafer 706. As shown at 714 in Figures 7A and 7B, the inner edge of the slip

30 ring extends over the outer edge of the wafer. Thus, the ring is in excellent
circumferential conformance with the wafer edge at high temperature, and thus

upon removal when the high acceleration is needed.
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5 38. The nethod of claim 36 wherein the speed of w thdrawal eéa gﬂ,ﬁf'bugi ent
to prevent plastic deformation of the sem conductor substrat u d%he
wi t hdrawal into the substantially cooler thermal envu-onnent. 39. The

net hod of cl aMA ®828dierein the substrate is inserted i nto and FEHVEH%% om
the heated cavity |latera

Ix. 10 401.1 T%e met hod gt[iloCl gi m 36 further
conprising the step of WA HHIVEENG WareHwp cmplticd of theprocass thefndal | y
uni form and conséféRtor b€ RebES: i Mol infd REFSEER hiMBerRTIRORAYIr _
substrate. 41. The nethod of claim40 wherein the speed of withdrawal is

sufficient to pr¢smes prinsef hedurdrniicherhbibthe erspingratieekments by theandt r at e
due to the wt hd‘%@%ﬂn into the 15 substantially cooler thermal ennronnent.
42. The nethod of claim 36 wherein the speed of withdrawal is sufficient to
substanti al | ¥ reduce PgesBidcisdedprient araiFigire 8Beds aphsial aide viesh,aflave to t he

| evel of plastic deformation that would, r |t at,a speed of wthdrawal of
about 0.2 neterss‘%évatg%ﬂ?fdge%ﬁfﬁﬁ cated ﬁ%ﬁgoq‘me{déﬁﬁ WANXEMBIAY t he speed of

withdrawal is grgab&fimbhian: ggenﬁﬂtvﬂgém ElafeP SRR be 184 10'BEy et hod

of claim 36 wherein the spee rawal 1s greater than about 0.75
met ers per seconte endeffettoref aptaferdraniport rabehit thevdecorel embdutmsmte dthe of

w thdrawal is greater._than ,about 1 net ero..second. 25 46. Th t hod of
cl ai m 36 wherein® %ﬁ a‘%%’i‘é&&”&ﬁ“b\?&%ﬁ%ﬁﬁz ?rgd Bgoaeféf SHPPPHYTE S 18631;795%11%,[ ers
per second. KB th2 wafAPRoR&ds8 oftillustFdtion &l ypialf se6ticiisBf 36p L1702 th t he speed

of withdrawal is greater than about 2 nmeters per second and the substrate
has a di ameter ofonsct ik SeppeBATmS 869 80fhandi1806 are shonsr.hdhe eadsAf SHPROTG wher ei n

the speed of wit s%lapa §O@%3§F¢'§e@§%§ afld §}6 Heséec%vgﬁttg rsécupéilg r(\%%ﬁ/gnd and

is selected such that plastic rmati1 on defects are"forned Ich are
limted to pointbrackets Wef donddition,a skractgteltd 2 labsesssifiaim clbopingtd®@heri cr ons. 49.

The nmet hod of claim 36 er.ei.n the processi fenperature is ter than
about 1000 degre@?&%féﬁ i ndg 9W?H$hﬁé$qﬁ%ﬂ‘°8fr}g”c\“é$?§én%éfeé'?oﬁg['ﬁ@‘e
processi ng t BPesdhirhite carfieddl SR RHiprisBaisuppOM khdft §10f0d @a 1988 0SBl ehdis and the
substrate has a dianeter of at |east about 150 mm 10 51 A nethod for

t hennal |y proceseffergor816 and a surnoeisbaft § Lhor stauasure P hichpgrmits it to be

raised, lowered and secured.
Figure 8B is a partial side view of structure 812 and support arm 804
illustrating the mechanism for clamping to bracket 704. As shown in
20  Figure 8B, a notch 820 is formed in support arm 804. A symmetric notch 822 is
formed in structure 812. When structure 812 is positioned over bracket 704, the
two notches 820 and 822 effectively secure bracket 704 for insertion and/or
withdrawal of the slip ring and wafer.
Once grasped the wafer is supported firmly both laterally and vertically
25  against gravity by the slip ring and may be accelerated rapidly parallel to its
surface through the slit door opening of the process chamber. As the wafer is
being removed, the wafer and ring cool at almost the same rate and the wafer is
thus kept from experiencing excessive cooling at its edge due to the heat
shielding provided by the ring. The ring provides heat shielding for the wafer
30 edge (see Figure 7B for a cross section) while not touching the edge except ata
number of separated points due to the lack of perfect circularity of the inner
edge of the ring. This lack of circularity and limited number of points of
contact of wafer with ring are instrumental in allowing the wafer to remain
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heating the sem conductor substrate in a first thermal environnment to a

praocessing tenperature of at |east 900 degrees Cel sius; pro second
thermal environnent to which the substrate is wthdrawn aftMr&(PeggJang,
wherein a te Ahye differential exists between the first thHxRbldy

ellvll'0O1L1117eT1t and the second thermal environnent of at |east 500

degrees Cel si us;finnblKVd &Véh dsheccoiddsincatiR thepil dRandibd &derfibiehidsil@hyisr onnent
to the second thermal environment such that first and second portions of

the substrate arsEeaisk phpsdhatod quarez. silicen canbifless graphite. nErvEng avsbealient s,
respectively, f 8 oPS ik b@fihiki gl&eé ' S - ved at
sufficient spee agughgglhgtg l?ﬁel Sg%c()a 0 r%!tﬂlgrr?y&ﬁtsh #ggg{?ﬁlghd%%ﬁgﬁ%& .75 20
seconds. 52. Theingehtedfefat cdraaanpbihtanhes thie rwatfdras infoved @ohi the precesst | east

900 degrees | sius...53.,. The ,nethod,af claim51 wherein the substrate has a
di arretgr of at I"e&%t ”56?)15ﬁﬂfs}ggﬁ(sfﬁ%%fma%mélfeéi"rﬁegi‘“\ﬂjfé}gerp?lstf’ ¥ peri od

of time is |ess cirbanfepdesiroth the 3fp FiAg O MdSvevédihe sBght spFiftideRSDF AR slifhe net hod
of claimb51 wherein the processing tenperature is at |east 1100 degrees

Cel sius, the di fingeethedpck of circulasscauso e ringde Sesingdack Lowanhies t he peri od
e Tt che e R B 288 e BB e PSS 1

the first thernmal "envir I's su tra € net hod
of cl ai m 55 whertkd egt lo€ tHel wafer dthies coaltace puintso OMR A thei WafstiR Toaplatey byt of

| sothermal. 58. The nethod O Ciallll 51 rein the eed of wi thdrawal i
sﬁffici ent t‘g sd%%ﬂrﬁ?ﬁ‘s?ﬁﬁﬂbqéﬂﬁg? ‘f:ﬂ%@t%lggaéf‘f&ﬁ B’PS‘IPF%‘I %o that >

whi ch woul d r esubburlafmiedPretihiets AR RRRIIEliRIDanabarank al for

bet ween about | to 2 seconds. 59. The nethod of claimb51 wherein the speed
of withdrawal i dorsmome) paitedfithe Pipsting isapducad| Yheringiswnclampsdiand desdcbedrat i on

of 1 sem condt St g 180 TR HAR! LoPiatg3al 0 @

sem conductor s rate in a avi ty

substrate from tiegt ihel&t@ﬁlfeﬁbaﬂ'dlliyigdtgibxﬂ@ftmibfdceisﬁlg(‘s?fﬂhmsin&tveﬁjpﬂeﬁﬁ 15 of
about 0.2 neters per second would, result 111 Sl gl I Iflcailt plastic

def or mat i on Wor CRVERIYRERL §O Bt e et@r?ﬁé?aﬁ‘ti’lﬁ“ materals aad PBEICEBIfST i si ng:
heating the sen condyggat 9SSR cRosk QediliR. HRYiEHU9BTIOR BSpPiRH, dferer at Ur e
substrate carrier, generally indicated at 900, according to an alternate exemplary
embodiment. The substrate carrier utilizes two (or possibly more) narrow rods
902 with notched ends 904 for grasping the edge of the wafer 910 furthest from
20  theload lock. The rods comprise quartz. silicon carbide or another non-
contaminating high temperature material. The substrate carrier also has a notch
906 for holding the opposite edge of the wafer 910. The rods are spaced a few
inches apart (as much as several inches apart) and are of such length that they
pass undemneath the wafer from the base of the end effector, and come up on the
25  farside of the wafer where they are notched to be able to grasp the wafer.
These rods are retracted in order to grasp the wafer at one point on its edge
only, so as to minimize particulate generation which is caused by scraping or
rubbing contact between objects. There is another independent piece 908 which
is a circular band of minimal (~1 mm) thickness and about 6 mm or slightly
30 more in height which is round and slightly larger diameter than the wafer and
positioned just outside the edge of the wafer thereby acting as a radiation shield
or “slip ring.” This prevents excessive rapid radiative cooling of the wafer

edge, which might cause crystallographic slip at the very edge of the wafer.
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heated cavity; and renoving the substrate fromthe heated cavity after
processing at a speed greater 20 than about 0.3 neters par S@GORpPRVIRrein
the speed Is sufficient to substantially reduce the |evel of "plastic
deformati on a§hGyn2938 tiple cycles relative to the [evel of plpst/uss19019
deformati on that would occur if renoval speeds of about 0.2 neters per

second had beerThesabstraiccartibeal sehd3ed sofuak platd BQ fbHEdHI@IlingAPehienngf t he
step of nai ntaitFi ng, the heated 25 cavity at _a SllbStalltlally COlStallt

and LI111fol" [ IHhe {384 apaseplaep 14 forghapad&fecwr- clai m 60 wherein the speed

of renmoval is sufficy : I; : i ~at ~on. 45
2 1 APR 2003 63. Th?ﬁ%ﬁgﬁdﬁmﬁgﬁﬁf%’%}S‘l[%gcg;éﬁvr%%@085:{%’5gggﬁ %lry?errperature

i s greater tharenstivdiments 60the gegyeatasvedtibs.i Tise Eragknt hoesgimdd noflimitedpval i s
greater tharg aq_go%evgr. go et ers {)er second. 64.d The rEet QPEd of .cl ait g}é_g_‘?
wher ei n t he “pr GEREYFNE PERBET Brro(geqsgr%sgonﬁ@r} RAHRCEIS Q) SBTT AU Yoty ees

Cel sius and t hebspged of renoval is greater than about 0.75 nmeters her

second. 65. The nethod of clans 60 wherein the processing tenperature is
greater than about |R3theyghgegperakprinciplesdesesibad heremay beeprbied indval i s

greater than a 3 u : I ter of
about 300 nlm %@%@%@gsﬁg? hg%ﬁ%&ﬁ%s%ﬁ?ﬁo@%fsmt%ﬁlé\?%ﬁt galsbégglte?éa@e has a
di anet er of at prawmitles3Ma rélatibrshi@Avhidhmayrb¢ ined topredicanmd Ghtrohplasicn t he
speed of _re1 vaJé:fi s sel e[:t ed .sych.that plilstt'bg def or %On def ec({us are

fol ned whiclY ar¥'TTHREY tHPPBFHES: (SKEHERLEI B EISACERGOHE SIREPRRA about
100 1111Cl- OnS.subsirdtSmay Be seMREBO th fcofdade Wi theleghRions ki GoriPEAsy @ 1 enoval
is between about 0.3 alld 1 Illetel'S per second. 69. The nethod of claim

60 wherein def dimis oppreyemsalastic dnfommationdatectyinlaervige Natgsy bfipteessen ned af t er
L Cycl o PN SRR g B B, oL

speed of renova suc an 1 nmmin

| ength are 20 subst aDéfeak irythe\silicda dvafed@re produced whenever the total stress in the
AHY. AL AL A LA A9 Aa. A3r.. A . ALl se. Ay. A. AS. A5, Al y. AL, 9. A. S. Al e. An. A& A . AA Ay
H A A 9. Af . W . ApiRsatA giyen (RMPALEUTA g 9qe0s a&smlq[eét;&gs 2t tagtjtemperature. Thus

_-AQL. AGFL. A, Sfor fi@Bcr-fRedwafer processing, the instantaneous total stress must never
exceed the temperature-dependent yield stress. For limited defect generation,
the final defect size is proportional to the excess of the total stress above the
yield stress and grows in proportion to the time over which the vield stress is

20  exceeded. Thus for limited-defect wafer processing, the yield stress may be
exceeded. but the duration and magnitude of the excess stress must be low
enough such that only defects of acceptable length are produced.

The yield stress of silicon is strongly dependent on temperature, as well
as the concentrations of interstitial and precipitated oxygen. As shown in

25  Figure 10, the critical shear stress decreases by about two orders of magnitude
as the temperature increases from 600°C to 1200°C. The five solid lines
indicate that an increase in precipitated oxygen concentration from 2 to 20 ppm
may reduce the yield stress by an order of magnitude. The temperature
dependent vield stresses shown in Figure 10 may be approximated by Equation

30 1 below:
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{val gb] X] cRa] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca] ca] c”a] ca] CAéi]IC ca[]nca] ch
a] ca] ca] ca] c"a] ca] caJcaUcalcaUcaljca ,Knh

OGEDMWK| wr rrhc" Lacg%ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] J&]ﬂcsag];ﬁa]lga] C

a] cal ca] ca] ca] ] ca] ca] ca] ca] ca] ca! WVI
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4558666( 77899999@9qc1p1tated oxygen concentration, [Op), 1s in ppm.
| wql fa\ W ] ca] ca] cal] cﬂj}_lcaU] ca] cal ca] ca] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
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BBCC|l wr I gb] X] ] 1] ca ca] ca?ca%i cal ca] cai ca RF %’é l-3]'ca]jca] cajcalc

a] ca] ca] ca] capca](@aherajat stfesa Hue ] tembaa]ucaa]arﬁmw@E\lEEEﬁrF FrH3&\EtEsseddX| BJI J
KIJVJbJJ

K_KKYvk MVNONZ upk FAYSASeR PR ed using digjte differance pumerjcahmethef o £ @arida a8 cal cal
¢ g]sc 'ArZ]Tg $]A$ e]Tg a] GRksrAdead i pdiaatesahnscHiGParal Rt s Spbebl i GHRhEER; and

VAWAKL XXY9%ZeZZ[ Diother ppeqh@ng pqrar]mar]soapmdar] waeteahir]desited ajsertjanadnda] ca] ca] ca] ca

T gbroedaeecuttrs i SEeRs, ER AR e ol e e anEra e Aronisy et oy caT
ﬁa] C@ﬂnia] ca]qcola]zca]:mf]scalngﬁuﬁa]mﬂ xﬁa}tﬁﬁt& %a%e]fmﬂlx?@d lihah?ak]ﬁa Tea]s iﬁﬁ' ]hh( ] Y] ]] k4i

0ao SSS wr mhc” c™a] ca] ca] ca] ca] ca] ca] ca] ca] ca
ca] cal ca] (I?a] Eafggrg%q%awe @é‘]‘@ﬁ]‘t&a] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal AsHsS
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al ca diameter and are 1nversely propomonal to the wafer thickness. These stresses

u}u-~X' x3Rz} xsni ca al] cal calca] ca] caU
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{ val gb] X] c] calca]wadgraempéerhtad. Gaﬂe:almhﬂzﬁglzﬁﬁheﬂdl@a&s@aﬂ a3 porlicalteepatd cal ca]

ca] ca] ca] ca] ca] ca] ca] cafcaU] cal ca]

VI M?' pxz9Wg0" <{ upay bagxpess wéawaw] Famption # balpwa) ca] ca] ca] ca] ca] caU] ca] cau
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geometric details of the cavity and its entrance. However, once these speeds
10 exceed a few tenths of a meter per second, the edge stress reaches a maximum

value and thereafier becomes independent of the wafer speed and cavity

geometry. In this limit, the maximum stress due to edge cooling can be

approximated by the relation shown in Equation 3 below:

aF [6‘}’7'5!]”2
ge = —
12 |2k]
_ 1 ;- 88700
T 0.0077 +1.49X10 E7/¢ T

15
where a is the coefficient of thermal expansion of silicon, £ (GPa) is the
temperature-dependent elastic Young's modulus, ¢ is the wafer emissivity, y is
the Stefan-Boltzmann constant, £ (W/mK) is the temperature-dependent thermal
conductivity of silicon, and T is the furnace (wafer) temperature (in degrees

20 Kelvin). A plot of computed edge stresses, along with the yield stress from
Figure 10, is shown in Figure 11. As shown in Figure 11, stresses due to edge
cooling become significant at cavity temperatures of about 800°C. At cavity
temperatures much in excess of 900°C, stresses due to edge cooling alone may
exceed the yield stress and thereby produce defects in the wafer. For the case of

25  defect-free processing, stress that arises from edge cooling must therefore be
reduced by some means that mitigates edge cooling and heating when the
desired wafer processing temperature is large. To this end, exemplary
embodiments of the present invention may employ either a circumferential ring

or a wafer carrier to shield the wafer edge from excess radiative heat transfer.
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the lower ambient temperature of the surroundings. This gives rise to a

s
‘S

5 nonlinear temperature variation between the leading and trailing edges of the
wafer, generally producing maximum stresses when the wafer is about half-way
into or out of the cavity. The location of these maximum stresses is expected to
be near the wafer edges and at 45 degrees off the axis of wafer motion. The

magnitude of the peak stress can be approximated by Equation 4 below:

10

where U is the speed of insertion or withdrawal. From this relation, it is clear

that increasing the speed of insertion or withdrawal reduces the maximum

thermal stress and thus is beneficial to either defect-free wafer processing or to

controlling the density and length of defects when limited-defect processing is
15  preferred.

For defect-free wafer processing, the sum of the gravitational and
thermal stresses should be less than the yield stress of the silicon throughout the
wafer temperature history as the wafer is inserted or withdrawn. However,
because the yield stress of silicon is severely reduced at elevated temperatures,

20  defects will always first be generated just as the wafer is withdrawn from the
cavity, all else being equal. Thus if the desired speed for defect-free processing
is based on the speed of withdrawal, this speed will also be sufficient to avoid
defect generation upon insertion. For defect-free processing, the desired
insertion and withdrawal speed can therefore be approximated by a combination

25  of the above relations as shown in Equation 5 below:
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protected (%ronz preg'erentxal heating and cooling, the desired speed of insertion
increases in proportion to the wafer diameter and is inversely proportional to the
wafer thickness. Moreover, the desired speed increases very rapidly with

10  increasing cavity temperature. At high temperatures, this may be approximated

by Equation 6 below:

d
UCZ _T-lel'1604
!

Although this relation indicates that higher cavity temperatures or larger
wafers may always be processed in a defect-free manner by further increasing
the wafer speed, this is in fact not the case. Edge cooling stresses and

15  gravitational stresses will always be present to some degree, and these
eventually lead to an infinite value of the desired wafer speed. At this point. the
desired speed increases without bound as the combined edge and gravitational
alone just balance the yield stress of the silicon. This is illustrated in Figure 12,
in which computed approximate desired withdrawal speeds for defect-free

20  processing are shown as a function of the cavity temperature. The two curves
shown here are for identical conditions except that in one case the edge stress is
suppressed by a carrier or ring to eliminate radiative losses from the wafer edge.
Table 5 below summarizes the threshold speeds of withdrawal with and without
edge protection at various temperatures and shows the corresponding time

25  during which the wafer is exposed to the thermal differential.

Table 5
With Edge Protection Without Edge Protection
Temp [°C Speed [m/s] Time [s] Speed [m/s] Time [s]
600 0.02 10.00 0.02 10.00
30 700 0.05 4.00 0.06 3.33
800 0.12 1.67 0.14 1.43
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The symbols shown in Figure 12 indicate conditions at which some tests
were performed using 200 mm wafers for 2-3 passes through the processing
chamber. The results of such tests for two wafers (indicated as #1 and #2) are

10 shown in Figures 13A and 13B. Figure 13A shows the defect profile for two
wafers after withdrawal at low speed. Figure 13B shows the defect profile for
two wafers after withdrawal at a higher speed. During these tests, the perimeter
of the wafers was not protected by a slip ring or other thermal shield. The
results of these tests indicate withdrawal at low speeds (0.2 m/s) results in a

15 large number of line defects extending to lengths above 3 mm. When speeds
are increased to more than about 0.3 nvs these longer defects vanish. These
longer defects result from thermal stresses induced by temperature differences
between the leading and trailing wafer edges, and so become less prevalent as
the wafer speed is increased. This interpretation of the test results is supported

20 by the observation that location of these line defects coincided with the location
of the computed maximum stress due to temperature differences along the axis
of wafer motion. Since these tests involved no edge protection, increasing the
wafer speed slightly increased the incidence of point defects along the wafer
edge, consistent with the expectation that edge stresses are confined to a very

25  small region near the wafer perimeter.

Tests were also conducted using the slip ring shown in Figures 6A and
6B. The slip ring caused the perimeter of the wafer to cool at nearly the same
rate as the interior of the wafer and thus, the slip lines observed were due almost
entirely to the stresses caused by the temperature differential from the leading

30  edge of the wafer (which exits the heated cavity first and hence is colder) and its
trailing edge.

With this configuration, tests were conducted in the ASPEN RTP

system, available from Mattson Technology, Inc.. using 200 mm wafers with

-34-



s109%& ()- Z10%& ()-C * bgb”ccdE~_ @ 10by$10%& ()- L10%&' ()-109%&' ()-
3109& ()-y310%& ()- 10%&' ()-cd8eeeeAf dE~_@ 10b 310%& ()- 110%& &;
1 10%& ()- Y. &10%&' ()-, 109%& ()- @10%& ()-Afffygzg{g| gg>hb@ 10d1144PR 2003
T 109%& () - FO$IWesdBA{ns 10 10 10710%& ()-L610%& ()- 4Y10%& () - >RARUSYYIRAEL@
10b! 3@O%VE ()-310 ()- , 109K ()- 100/ ()- YLOWE ()-
S109VE () - k4l | lemarrimsPLonlogemoys of yhout 1 ORVE. (4 furnace yration1 094K () -
&10%VE' () - 109VE ().~ o .
Yoo 151 rovere i oRRACRRSARE AR sy in Figuie o pyed Ths pusiR opeed
&10%VE' () - p2qqafithe aotn€ uiGbwitk 104 BPEY R¥BLQUeR i6 hbort OM rhebts PeMecond.
0 ! - 0 ! - ! -
109 () - 99@'9’1@4%5%65 dfz%sqgﬁe\v/%re(Qon&%ge%sﬁi?}gﬁggquality silicon wafers, with the

5  wafer removal speed from the heated cavity ranging from 1'%z normal speed to %
of normal speed.
For wafer removal speeds from about 0.1 m/sec through about
0.3 m/sec, the wafers showed slip lines at the edge only, and only when they
were cycled through the RTP chamber two or more times. The wafers were
10 high quality with very low precipitated oxygen concentration. Wafers with
more precipitated oxygen might have shown more slip. For single heat
treatment cycles at these speeds, the wafers typically showed only point-like
dislocations at the very edge of the wafer. These point-like defects were only
visible under x-ray diffraction, and were not visible under a microscope. For
15  wafer removal speeds somewhat slower - about 0.03 m/sec - it was found that
the slip lines at the wafer edge were visible under the microscope, had
significant length (>1 cm) and were large in number, of order 100, for even a
single pass of the wafer through the RTP chamber.
Because point defects near the wafer edge may not adversely impact
20  device yield from a wafer, and because defect-free processing may not always
be the most practical approach. wafer insertion and withdrawal speeds
generating limited defects may be desirable. In this approach, the desired wafer
speed may be lower than that for defect-free processing and the combined
gravitational and thermal stresses may be permitted to exceed the silicon yield
25  stress at least for some period of time. Under these conditions, the rate of
growth of defect lengths may be estimated as described below.
Because the wafer cools very rapidly and because the apparent
activation energy for defect growth is very large, the time available for defect
growth is roughly the time of withdrawal. As such, the uitimate defect length

30  can be approximated by Equation 7 below:

bd
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exceeds the yield stress, then the defect length should vary as shown in

Equation 8 below:

- gEé*/T‘ (i)zbe-zawr
8 pc \U

In this limit the defect length should increase in proportion to the square
10 of the wafer diameter and inversely proportional to the square of the wafer
speed. Thus for a given choice of the acceptable defect length, this relation (or
that above) can be inverted to obtain an estimate of the corresponding desired
wafer speed.
Computed defect lengths for a 200 mm wafer undergoing three
15  processing cycles are shown in Figure 14 as a function of wafer withdrawal
speed for a range of cavity temperatures. Defect lengths increase very strongly
as the wafer speed is reduced below the value for defect-free processing.
Increasing temperature likewise rapidly increases defect lengths since
increasing temperature both reduces the yield stress and increases molecular
20  energies relative to the activation energy for dislocation propagation. Table 6
below summarizes the speed of withdrawal, time of exposure to thermal

differential, and defect length for wafers at 1100°C, 1140°C and 1180°C.

Table 6
Defect Length [mm]
25 Speed [m/s] Time[s] 1100°C 1140°C 1180°C
0.2 1.00 0.40 0.87 1.65
0.4 0.50 0.06 0.14 0.32
0.6 0.33 0.01 0.02 0.10
0.8 0.25 --0-- 0.01 0.03
30 10 0.20 --0-- --0-- 0.01
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10% ( & ()-9 v/ \'lli%cygy(nb‘gls(s)\wa 1 ﬁﬁ%e(m represent measured defect lengths for
withdrawal speeds of 0.2 and 0.3 m/s and a wafer temperature of about 1100°C
in the second embodiment.

From the foregoing description, one skilled in the art can readily
5  ascertain the essential characteristics of the present invention. The description
is intended to be illustrative of the present invention and is not to be construed
as a limitation or restriction thereon, the invention being delineated in the

following claims.



& ()- )10% ( & ()- z )10%, ' n& ()- Z[\iu}b@10 ( !s!10%s& ()-0 " $10%
f& ()- sL10% f& ()- ml0% f& ()- y#yl0% f& ()-10 ( 10 ( Yu|[: @10 ( z
S110%& ()-0 | s!10%& ()-0 s!10%f& ()-0 ] s!10% & ()-0 s!10% (f& ()-0

s! 10%& ()- 0| obU410 @, @O%K#& ()-10f f10f f10f f @;10‘?”%&@& s 10%

& ()-0 s!1099& ()-0 s!10%& ()-0G ~|[:bU4l0  109XH& (9 - #& ()- y
1096#& ()- 1096H& ()- 11098 & ()-Z !'1096#& ()-2ZX x| [: bU4L10 ~ 331096KH& () -
@OKHE ()- L, 1000#& ()- mLOYKHE& ()- JORHEE ()- y 109%& () - x3R| [: bU410
(1096K#& ()- s' 1096K#& ()- % 109KHE () = 0UXH#& ()- YL09XH& () -

1096#& () - zZTHVNOP] | obU410 #S- 1098 M& () - LOX#LOX#L1OX# : 1096H#& ()- S/
1098X#3& ()-& | S/ 10%! & ()-& ,,109EX#=& ()-g] x' #|[:bU410 1098 M& () -

oo () v B SO e AR smarmrpe o

L-1098M M () - ) L0%M MW 4Ving a bEse1 Q¥ MNEs, Gha 2R, WP helbaSl QM MEs Gha |
791098 M&' () - I

5 top of the furnace are provided with heating means and define a cavity maintained at a
substantially constant and uniform temperature and adapted to receive a semiconductor
wafer, the heating means configured to heat the cavity to a temperature of at least 900°
C;

b) means for inserting and withdrawing the wafer mto and from the cavity and

10 directly into the ambient; and

¢) means for controlling the speeds of insertion and withdrawal configured to
provide a speed of insertion of at least 0.2 m/sec and a speed of withdrawal at least as
great as the speed of insertion.

2. The apparatus of claim 1 further including a plurality of thermocouples attached

15 to the base, side walls and top of said furnace.

3. The apparatus of claim [, wherein the base, side walls and top are selected from
the group consisting of metals, ceramics, glasses, refractive compounds, and
combinations thereof.

4. The apparatus of claim 1 wherein the means for inserting and withdrawing the

20  wafer 1s selected from a group consisting of pneumatic drives, ball screw drives, belt-
driver rodless actuators and linear servo and stepper motors.

5. The apparatus of claim 1 wherein the heating means comprise resistance heaters.

6. The apparatus of claim 5 further including means for controlling power supplied
to the resistance heaters.

25 7 The apparatus of claim | further including means for exposing the semiconductor

wafer to reactant gases useful for chemical vapor deposition processing.
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b) maintamning the heated cavity in a substantially isothermal condition at the
processing temperature;
10 ¢) inserting a semiconductor wafer into the heated isothermal cavity at a speed of at
least 0.2 m/s for an isothermal cavity temperature of at least 900°C.;and
d) withdrawing the semiconductor wafer from the heated isothermal cavity and
directly into the ambient, wherein the speed of withdrawal is at least as great as the
speed of insertion.
15 10. An apparatus for thermally processing a semiconductor substrate comprising:
a process chamber forming a heated cavity within which the substrate is processed;
a heater system for heating the cavity to a processing temperature of at least 800
degrees Celsius;
a robot for withdrawing the substrate from the heated cavity after processing into a
20  substantially cooler thermal environment;
wheremn the temperature of the semiconductor substrate at commencement of
withdrawal is at least 700 degrees Celsius hotter than the substantially cooler thermal
environment; and
the speed at which the semiconductor substrate is withdrawn is greater than about
25 0.3 meters per second.
1. The apparatus of claim 10 wherein the semiconductor substrate has a diameter

of at least about 200 mm.
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1098 & (g- | %@We%&r)afu\s of claim 10 wherein the speed of withdrawal is sufficient to
prevent plastic deformation of the semiconductor substrate due to the withdrawal into
the substantially cooler thermal environment.
15. The apparatus of claim 10 wherein the heated cavity is enclosed within heat
shielding walls and the heater system includes a heated surface disposed within the
10 heated cavity, further comprising a support for moving the substrate substantially
perpendicularly toward the heated surface for processing and away from the heated
surface after processing.
16. The apparatus of claim 14 further comprising a support for the substrate
wherein:
15 the robot 1nserts the substrate into the heated cavity and places the substrate upon
the support substantially parallel to the heated surface;
the support moves the substrate substantially parallel and closely adjacent to the
heated surface for processing and substantially parallel and away from the heated
surface after processing; and
20 the robot removes the substrate from the support and withdraws the substrate from
the heated cavity.
17. The apparatus of claim 10 wherein the heater system maintains a substantially
isothermal environment in the heated cavity for processing the semiconductor substrate.
18. The apparatus of claim 16 wherein the speed of withdrawal is sufficient to

25  prevent plastic deformation of the semiconductor substrate due to the withdrawal into

the substantially cooler thermal environment.
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deformation that would result at a speed of withdrawal of about 0.2 meters per second.
20. The apparatus of claim 10 wherein the speed of withdrawal is greater than about
5 0.5 meters per second.
21. The apparatus of claim 10 wherein the speed of withdrawal is greater than about
0.75 meters per second.
22. The apparatus of clatm 10 wherein the speed of withdrawal 1s greater than about
I meter per second.
10 23. The apparatus of claim 10 wherein the speed of withdrawal is greater than about
1.5 meters per second.
24. The apparatus of claim 10 wherein the speed of withdrawal is greater than about
2 meters per second and the substrate has a diameter of at least about 300 mm.
25. The apparatus of claim 10 wherein the speed of withdrawal is between about
15 0.4 to 1.2 meters per second.
26. The apparatus of claim 10 wherein the speed of withdrawal is between about
0.3 to 1.2 meters per second and is selected such that plastic deformation defects are
formed which are limited to point-like defects with lengths less than about 100 microns.
27.The apparatus of claim 23 wherein the substrate has a diameter of at least 300
20 mm.
28. The apparatus of claim 10 wherein the substantially cooler thermal environment
has a temperature of less than about 200 degrees Celsius.
29. The apparatus of claim 10 wherein the processing temperature is greater than
about 1000 degrees Celsius and the semiconductor substrate has a diameter of at least

25 150 mm.

41



‘@10% & ()-! E @10%l! & ()-! #-10%l! & ()-10>!10>!1 10>! ;s10%! & ()-
10% >! | & ()-x | [:vU40 E S&L0% ()-ZE J S&10% d! & ()-Z @10% ()-! Y
@10%: ()-! J @10%{ & ()-! E 4@ 10% () -! #af ghi vvU40 10?&\“@(}
y#S109% M () - 10d! 10d! 10d! ;nl0%d! & ()- ] f.10%l! & ()- Bo

& ()-:\|[:vUs0 ., mo%! (& ()-S 31098 M& ()- S1098M M& ()- MLOYM M& () -
910%\/||v&'() $Y1090M M& () - H8|[ vU40  MLOYM M&' ()- 3109 M&' () -

TN T I A S o
O, o TR AR i AN

Y, ; 109M Mg {) - F610%& ()-" F6100& ()-° 4z10%M Mg ()- F

31. The apparatus of claim 10 further comprising a heat shield for the edge of the

w

semiconductor substrate which decreases the rate of cooling at the edge of the substrate
after withdrawal.

32. The apparatus of claim 10 further comprising a substrate carrier having an areal
thermal mass substantially equal to the substrate and having a thickness within a factor
of four of the substrate thickness, wherein the substrate carrier extends beyond the edge
10 of the substrate by a distance equal to at least one half of the height of the heated cavity.

33. The apparatus of claim 10 further comprising a substrate carrier supporting the
substrate around the periphery of the substrate, wherein the substrate carrier is moved
substantially along the plane of the substrate to accelerate the substrate for insertion and
withdrawal by applying a force to the edge of the substrate through the substrate carrier.

15 34, The apparatus of claim 10 further comprising a robot for inserting the substrate
into the heated cavity for processing at a speed of insertion is at least 0.3 m/sec.
35. The apparatus of claim 34, wherein the speed of withdrawal is greater than the
speed of insertion.

36. A method for thermally processing a semiconductor substrate comprising;:

20 heating the semiconductor substrate in a heated cavity to a processing temperature
of at least 800 degrees Celsius; and

withdrawing the semiconductor substrate from the heated cavity after processing
into a substantially cooler thermal environment wherein:

the temperature of the semiconductor substrate at commencement of withdrawal is

25  atleast 700 degrees Celsius hotter than the substantially cooler thermal environment;

and
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substantially cooler thermal environment.

39. The method of claim 36 wherein the substrate is inserted into and removed from
the heated cavity laterally.

10 40. The method of claim 306 further comprising the step of maintaining the heated
cavity at a substantially uniform and constant temperature for processing the
semiconductor substrate.

41. The method of claim 40 wherein the speed of withdrawal is sufficient to prevent
plastic deformation of the semiconductor substrate due to the withdrawal into the

15  substantially cooler thermal environment.

42. The method of claim 36 wherein the speed of withdrawal is sufficient to
substantially reduce plastic deformation of the substrate relative to the level of plastic
deformation that would result at a speed of withdrawal of about 0.2 meters per second.

43. The method of claim 36 wherein the speed of withdrawal is greater than about

20 0.5 meters per second.

44. The method of claim 36 wherein the speed of withdrawal is greater than about
0.75 meters per second.

45. The method of claim 36 wherein the speed of withdrawal is greater than about 1
meter per second.

25 46. The method of claim 36 wherein the speed of withdrawal 1s greater than about

1.5 meters per second.
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50. The method of claim 36 wherein the processing temperature is greater than
about 1100 degrees Celsius and the substrate has a diameter of at least about 150 mm.
10 51 A method for thermally processing a semiconductor substrate comprising:
heating the semiconductor substrate in a first thermal environment to a processing
temperature of at least 900 degrees Celsius;
providing a second thermal environment to which the substrate is withdrawn after
processing, wherein a temperature differential exists between the first thermal
15  environment and the second thermal environment of at least 500 degrees Celsius;
moving the substrate from the first thermal environment to the second thermal
environment such that first and second portions of the substrate are exposed to the first
and second thermal environments, respectively, for a period of time, wherein the
substrate is moved at sufficient speed such that the period of time is less than about 0.75
20  seconds.
52. The method of claim 51 wherein the differential is at least 900 degrees Celsius.
53. The method of claim 51 wherein the substrate has a diameter of at least 300
mn.
54. The method of claim 52 wherein the period of time is less than about 0.5

25 seconds.
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63. The method of claim 60 wherein the processing temperature is greater than
about 1000 degrees Celsius and the speed of removal 1s greater than about 0.5 meters
per second.

64. The method of claim 60 wherein the processing temperature is greater than
about 1000 degrees Celsius and the speed of removal is greater than about 0.75 meters
per second.

65. The method of claim 60 wherein the processing temperature is greater than
about 1100 degrees Celsius and the speed of removal is greater than about 1 meter per
second and the substrate has a diameter of about 300 mm.

66. The method of claim 64 wherein the substrate has a diameter of at least 300
mm.

67. The method of claim 60 wherein the speed of removal is selected such that
plastic deformation defects are formed which are limited to point-like defects with
lengths less than about 100 microns.

68. The method of claim 67 wherein the speed of removal is between about 0.3 and
1 meters per second.

09. The method of claim 60 wherein defects of greater than 1 mm in length would
be formed after multiple cycles at a removal speed of 0.2 meters per second and wherein
the speed of removal 1s selected such that defects of greater than 1 mm in length are

substantially avoided.
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