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THERMAL MANAGEMENT Field of the Invention: This invention rel at&sSEm M0k

general to the field of wafer processing and to rapid, uniform heating and

‘cool i ng ofwéggg%?]nduct or wafers during integrated circuit manufacturing in

particular. 1 scussion of Related Art: Tenperature uni fRETHYI0)/06088 0ss a

wafer surface is an inportant factor in many integrated circuit fabrication

steps since rate _processes used in fabrication are generally tenperature

dependent. |n pMETHQDFOR SUBSTRATE FHERM Ado M ANi '

effect a circuit elenment's critical dinmension size by enlarging it relative

to a design goal. Thus, as trends toward smaller integrated circuit

critical dinmensions continue, tenperature uniformty requirenen

t hermal nmanagenent syst@%ﬁ&n@' ncreasi ngly stringent. Hmmmmulwmmu"
; awﬁre 2 i

as conpared to earlier 0 umform’ty,,166

166*

requi rements of 0.1 C across a several hundred mllineters dianeter warer
represent a 50%increase in tenperature uniformty. Wafer heating and
cool i ng unikiegdefithe Inxentions t o achi eve such tenperature unifornity figures

of merit over a-w ' f _process operating tenperatures, typically
from about 20C t’fgl Sggﬂgé‘?’gﬁ'%ﬁlgtﬁa?%ﬁmﬁéﬂ r“é@’sﬂ @@g ﬁ??eré’ﬁ%eﬁﬁﬂn&%mer

consi st ent répidnonifafre hetting i toolidB d?%@h%ohﬂﬁ?&é%aﬂgﬁr@tﬂﬁgﬁme]gpa\f&r the
or p

operating tenperatyre range is also desirable for econo rocess. In

t he waf er ﬁF&BE@%‘?‘#@“‘&F’E& INERFYCHENt requi rements for efficient, rapid,
contrigl | abl e and uni formtherml nmanagenent over a w de tenperature range
are not fully net in an integrated device. In exanples of closely related
art, separ RiscusslonjefRelatedcdrtr y out heating and cooling functions, but as a
mere conbi nati OZ of separ a%e heat i ng and cooling units positioned in
opposition to eaCRPYRHET UnlfPmity acgosS a water sypfpce)ig@ndmpprant, factomarf er i s

i-nt er posednhad Weskatdd GrcR &brost i i.s _transl ated

bet ween t he e?g%nts. An exa ﬂiogr}%]p géglg!ééhﬂagpgéec\glggggﬁsl%g%gﬂag%at’ioﬂaﬁ G 1. In
FIG 1, seRfnesilyiemparatiyes dapendeot. Imparticuler socehses thdidil namdnige@liiyng sur f ace

130 e sh t squrce..and .a,cold thermal sink interacting
Wi t hqtr5 he vvg earldvgrrsggneofga?rgllggj&rngf }eégl.enh&tcﬁg?ﬁl dimeRsion, size)hy splarging itsepar at ed or

ot herw se tetwivrgd & gesigrogaal. thub ra8 leg@cidwatd @halled BiddAld QfcufiQiciine
sem conductor wafer, the wafer is nechanically translat eél In a space

bet ween t hETFENPRS, §OntC c HIRCFARre (HMformiy seqiietienty foo wafer thesmaled functi on,
This is i nghhigehRtsyb@mstig bWﬁEEeH%L@?sR{nggﬁss flow and cl ean-room fl oor
N

space utilization, as conpared to an grated thermal nmanagenent
devi ce that per¥ar exantpie.hasheempargd andearival staglatdsn Gluirets tendpdsuredue to the

i m pati ons,:6f rf, gre is a need for nethods of efficient,

r api gé‘ conl?l}lg] gg}rég&ugrggl%ﬁ%iofgpn¢taﬁ@sﬁﬁlsev dyedred millipgters digreptert enper at ur e
range. Furwhfer reprdsentea 56%ainoRed hOemBrafRe JhA Mt I 4€5,4t he desired
hi gh perforqrggnce duri ng%both steadymgt ate and tr%?iaéefﬁ{)ﬁ%a\c{)irl\’gi%dons and t hat

is very sufICHBE BUfsgRushBe gble tpachizve sudhitemperamreunifotmity fignrees  mery.
over a wide range of process operating temperatures, typically from about 20°C to

several hundred degrees Celsius, and in a manner consistent from wafer-to-wafer.
25 Rapid thermal management over the operating temperature range is also desirable
for economy of Iprocess.

In the wafer processing art, stringent requirements for efficient, rapid,
controllable and uniform thermal management over a wide temperature range are
not fully met in an integrated device. In examples of closely related art, separate

30 devices carry out heating and cooling functions, but as a mere combination of

separate heating and cooling units positioned in opposition to each other. In these

L ORI

*G00002*




SUVMARY OF THE I NVENTI ON This invention relates to a method of substrate

t hermal managenment for efficient, 20 rapid, controllable and uni fo7rSEP 2004
t hermal nmanagenment over a wi de tenperature range. According to one aspect
of the present invention, there is provided a nethod for wafer processing,
conprising: heating a wafer froma first processing tenperature to a second
processing,tenperatuyre durin heati.ng ti.me interval: and cqoljng.th

Waf er o {AEVIFer & alsE SuBIsEPHEd Perteen Mietheatith o GaRLnE SleBRA RS c e Riet

t enper at ur getdbd 3 efen®@®. i Ng 25 time interval, wherein the wafer is

constantly held in a fixed position and the cooling is driven by an
adj ust abl e t her Amlexaiple afsnglea deviceis shewn idF 6y 1t i tlhegmigenductor s¥aferhe

toi ion th i i.ded d f bstrate th |
mnagerent | barpmeaee b el gl lety ¥ bRl B ekl SR 4 6 &
t her mal 5 soplaehel Sink (eéraBingSi itk theSwuTer att A6t iargtaial. Raktes, tagypargt s of power

30 to heating el enents of the thermal source; diffusing heat fromthe

heati ng el physiradlysepasateh omotheravisstheamalkyiselated-diom eachotfrnbe heat eperpléhy ve

material t . ' r i [ ;
T oo B SRS RSN Sl R o
waf er surf as®cdolipmsarfides atcopding &s the rigsiteinpactidnu Thistioina ffidan ok the ocessi ng
tenperature during a heating time interval by conduction fromtge heat i ng

surface fadinylaehEngaresess How apdeleamipony Hogiipase wtyizatien s comppied {2aki ng

t enper at ur J i : I i me
ntorval o RS R R ARSI R iy i cBofiPhindirs,
coupl ed to the fThes,nat tethalintations off fefatesieart, thkre sracieed foranethods ofcefhsipact of
t he present i,(gventi ?n there.is rodeed a nmethod far §ubstrate t her mal
management T2PigFRiraliahle a‘@&ﬁ‘bﬁ%ﬁg"@& PPRISCRSAEOVEL A S IPFIWRE 12085 heat i ng
el ement s OfyAndNBABL a$QEH £57 an Appdrateb fat PRATAEE BRIk hE] RighpefiBmeeEENt S
through a thernmal diffuser nmade of thernally conductive material to a
heating sudfinegbéthsteady state@nddrfansientidendidions andobetis Nerytseiplle ferpasy Bseadi ent s
of the sour Cﬁé@t heat%kgg%a waf er surface by conduction fromthe

r

her nal
heat i ndgsuwn@gbap%\l UP'ie s flowng a thermal sink nmaterial of
controll able tenperature through passages of a thermal reservoir in a

nonuni f orm manner, thereby establishing a controllable, distributed and
substantially uniformt herrrw&g&!ﬂlﬂw and cooling the wafer
with the thermal sink 15 material by conduction. According to a fourth
aspect of the present invention, there is provided a nmethod for substrate

t her mal nmanagendhis i6vdMioh 3¢181@S tgod Aethod of suisstrate therneal fiaxegknpams fdriefficient] at i ve
to a thermal source and a th sink; heating a wafer froma first

r ma
pr oces$P ng 1R pirplighle and ‘?’P‘g’é‘@d 3 BRBIREEG O¥IeYide (FRPGHPIHE S heat i ng
time interval bYAc%QrdﬁjrgotBloYlle@%&P@Fth@He@éﬂtﬁn@'ﬁﬁb]ﬂ,ttﬁer@fis POVRIEd hondthdd ok al i ty
of heating zones of the thermal source; diffusing heat fromthe heating
zones t hr osgifergprodessing|cottiptisingeheating e voffert fham adirstyproeeasing tamperatetedoiaal to a
heating surface facing a wafer, there smpot hi ng t.e rat.ur radi ents of
the. t hr s B PEE el Fritgrin dhht € R Ry bl R SRUPE SR Boac i ng
surface; amgh £RPIoBEksinEReMpdrBiurd RothiBe §dcbRd pRICOBRESEMPerRIPRIrMig Sodlingm t he
25 second processing tenperature during a cooling tine interval with the

t her mal25si fiimeniateryal, whereintthowaisbiscconstapidy beld ina fined pesitipreand the copdingigr nal
source and dif . r. i fif spect of the present invention,
there is prdgl\%%gz%awéﬁg@aﬂ%%aﬁ?%fmﬁ reg%%lg’si ng, conprising: heating a

waf er from a fi rsdcorlificRuhotgr hspeprfalicipresdno imvestian tebrpisqredidedig method
tenperature duri ng{ a heating tine interval; and cooéei ng %_he wafer to 30 the

first procd@siulsirate Hsepakmanagemenh cHBPLEURE PlpcHe A Water Hh fisehRSIMMY e duri ng
a cooling tj | nt i i A : i i i | to
neat i ng (i ey S hytal sUREE Ay i3S follilg cRRIEBR dobdliis SRR

t he wafier its heaingtedamhdnys difthelthermal sburceddififnsing iheat, fraan thet Heatinpelementsi s dri ven

by an adjustable therna ink te ratur
y J through a thermal Aiffﬁser made%?t ermgll

e. . . .
y conductive material to a heating surface

facing the wafer, thereby smoothing temperature gradients of the thermal source; heating
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According to a sixth aspect of the present invention, there is provided a
iret hod for wafer processing, conprising: maintaining a wafer in af' SEP 2004
stationary position; heating 5 the wafer by conduction froma first
processing tenperature no |l ess than about 15 C to a second processing
tenperature no greater than about 250 C during a heating tinme interval no
greater thagn ahout 120_.sec.. and cooling the wafer by conduction tqg the
first proc sw?ﬁ@r St"‘ééf)"eﬁﬁm%rsf PIORTING tgrgggﬁtar OSEE drﬁofeéﬁﬁglteéﬂﬁr@u{furi ng
a cool ing Hhr‘ﬁ?géﬁéa@th ime VRSV bY chiductiah 'ﬁ%nﬁ%eh@ﬁir%@%faé@fa&i‘n@‘%é whefval to
heating time interval is no 10 greater than about I.25. According to a
sevent h aspatcoadihg theewpfertoethe firgt peovessing temperagure gropy Geiserond propsssied] f or

waf er processing, conprising: paintainin fer. in st ati onar osi tion;
heating t bRl AdaRT e el vilh e Braial sk R inBaseP et no | ess
than abgut tehipetatii® add T66M8d e EREMENGuiRMAGdAFMes NO greater than about

250 C during a heating 15 tine interval no greater than about 60 sec.; and

cool i ng t he waf éccordingdndubird aspeetofithrepresans invgnibers skaraly nreviged amgheds r om
t he second_.pr i s i |.f i i I ein
the ratio S RarRyBrrhg TREREkHER s s R B S dTRple D Y or pUREF
greater thanhakiagtleinedfs. of Acharnmil sghréey diffisingltidat Aispeh¢ hedting kEenphesiriugh
NN R AN oM TR M R S
tenper Ei‘é ur %/a?éfrt'hgﬁbzsﬁ%@ﬁﬁ%e ggﬁtdr@ HYeﬁks;ole‘Héjth@ﬁgﬂ%oﬁl‘aE; &Qf?lllgé Delafdpe wafer
to the Tirst processing temperature Fromthe second processing tenperature
during a cemficedytcongdudtiohdronathe hehltiigesunfat & facimftbe wiaferchhmsingatthgrmakéidki n a
fixed position, and the cqooling is drivep by an ?djﬁsta | e thermal sink
{enper o ur BT ARG (i ke oese g o UbGHEL R PRBAEP RN, her o
i's provi dedngoNRhfahnd! MERSFChtabIFAY d SIniGllabIBAdStribRed Bf@bib@AnAaINRf er from a
first processfi ngﬁ;{eenplerrg;“gre to afsk%cgmr;g %ce;éi n tegpgprgturel Sliri ng a
heati ng ti upifomm theril;sinkrtdmpreratise fiold; smbeaatige threwetef withitlee theenal isingt
proces 'gng tc;r;r_’p}@#éatcur uCI.r om t he second processing tenperature during a
cooling ti M YV UPErein the ratio of the cooling time interval to
heati ng Iti mﬁ ?gAcﬁéﬁ[r}g&b aidfaumagfeetadf&ne %ﬂ&aegu ah@utligxﬂ, e is _dvitiEtB% wifted i s

t ant t , t
o ot abt L bk e renparaens B Sane P SE AU FAESY o 5 1 o
conpr i si ng L E RftrrlalYERYe At o Mo ek RERKIREE MR BASARSRL. |
for heati ngerhfpeeatuiftoa soyorelqraeesting fenipeatng duringta hehtdgetime hgervalrper at ure no
| ess than about, 15 C tpo a second fprocessi ng tenperature no greater than
about 280 EURRIVINEGORTHiklS aRPUS PIROWCRIQXE alﬁbogh@&pg@%%&%_t%ﬁfﬁnaizo _
sec.; and {5R0S, Ji&gsiﬁgﬁéat Rnd 18 SRR zoRYs HARBUGE theha Qiffili6r hbdeSds processi ng
tenperature fromthe Second processing tenperature during a cooling tine
i nterval , wemellycortductivgt inatevifl tolacheating surtpce ifaving nwafevthereby roaothing ti ne
interval is no greater. than . about 1.25. According.to an el eventh agpect of
e’ pr osentemiaRiae ndietof Bt iiies: AESS t ftet SsPe By SEFICHoREBRC] ng.
neans for RRd iMdathp kilace; MR ®olih R wifst foQR@fidst pRekdsinptempeative from theat i ng
the wafer by conduction froma first processing tenperature no |ess than
about 25 Cseend psessening nseaiwienlyring ageeling i pieyplowitle theithymahgiskit 250 C
during a heating ti it re r SEC. 3 nmeans for
cooling th awgrcoggg%aobrkecigécr%{ﬁ%ﬁtﬂ%o dhcg)hﬁllefig{]ﬁ%rt@%g% is?°g‘3"et agl(reripdenF a g‘r e from
the second procesgbriing RRftiahipeet dfThélprcbdtd irvefteN, itige isi previded e metlod
wherein the ratio of the cooling tinme interval to_heating tine interval is
no great er fPHyafeRPEOGEssNgcomprising healing Hateq Fopnb ik Prosestiigd PRSI 2HES IRod i s

to integra : |, 1S : I i ff

Accordi ng %%eg?\&dg%%%%lﬁg%ﬁ%?at%%ﬁ{rﬁg&%?@% ﬂlggtuﬁgﬁvgnglaﬂg#?(%l eﬂr{é?éfer 0
posi t i aned thé fitst proaesgingabmpéeraturé fromhthe varoad psucessigetemperatre ghsnk 4 codingo

t hermal source, and .a Eher nB| Sj nl%, whi ch are al so stﬁlti.ona%.rel ative to
the waf er diRgEEvalrrRereRdPrAtioqTthe caofipg fimeinieryal I bating Jmtgnived ¥ M0 th a
control | able tenperature. The wafer is heated froma first processing
tenperature to a second processing tenperature during a heating tine
interval and then cooled to the first prgcessi ng tenperature fromthe
second processing tenperature during a cooling time interval. During this
process, 25 the wafer is constantly held in a fixed position. Another

obj ect of the thermal nanagenent nethod is to mnimze thermal

nonuni formty across a wafer surface by diffusing heat fromthe heating
el ements through a thermal diffuser made of thermally conductive material
to a heating surface facing the wafer, thereby snoothing tenperature
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15 FIG 1 is a drawi ng showi ng an exenplary prior art device. FIG % S, an
expl oded vi ew showi ng one enbodi nent of the invention assenbly. FIlG Eg qﬂ@’ a
sketch illustrating one enbodi nent of a thermal source used with the
apparatus shown in FIG 2. FIG 4 is a graph illustrating thermal tinme
response for a particular enbodi nent 20 of the invention. FIG 5 is a graph

illustrating the snpothj of te rature dients_by. the.therpal
di ff user. er g’ainsnagautg]rg%ﬁnij F}}%‘gﬁ%%ﬂsicﬁﬁsm_ﬁbwg’t%ﬁﬁ%l I?ﬁS‘t_l ure
gradi ents 9&(01&%‘25 Hﬂ%d;i?}lSaErgécgﬁéiﬁﬁé tHIVBA sk {efBetaRir€r val during transient

operation. 25 0Dl WO 01/66821 PCT/ USO1 /06088 FIG 7A-7F are
sket ches i || ust Ascondingde petith agfect ¢ighe presentiimvention,tthere isoprpvided deneshadhi f or m
tenperatur?%fi %.l din the thermal reservoir ba/ eanS(r)%ti rhg convtect_ 'hor}. heat
transfer. DEPRITTEECTHEEERA PFRINLS: TRITYRMEAYEL TR FRIOFOANR s "etines
inventi on ki wekeesesordiubiie B aSff i8cadbiflg FerhRAtIR noSlef¢hhMabous USSC tak e
thermal nanagenment system Integrating heating and cooling units

i nt er act i ngeagnd Progessinsstiemperatua 8o graagas dlan abaut 250 Sodwing\adieatingrime

combi nati on_,of t her.maj r nd a_t.hermal..sin nabl,i ffl ckent,
Fapi d 10" Bufvehd SEHEPLAE AR 20 G Tk aP TR S o b A ST

t enper at ur grdcasiie tethpeinte Sohefie Be@nd pesdessinBrRapetatura cluriay @ doelitg thge bot h
steady state and transient conditigons and, the system apparatus is very

sui t abl e f #itervals wheesin theaptigoltheapRlmeding intgyvalde neaflg tineantervalds B89 expl oded
Vi ew shew gﬁkaf’e'?tl?%sa%@ﬂb’. according to one 15 enbodi ment of this invention.
The assenbl’y nmay be an e%ement of a systemfurther conprising a plurality
of devi ces such Azsording torassevérithi stpeat efdhé prefénBGinvention, dheells mowidsgheri ¢

encl osure or a Eer-at rmsg)heri c_encl osure, .Tt\{g cal. enbodi nents, .however,
are adapt e@EPARENEE pEee WrCRBRENPE TRANGHER Al In g SfUPnayHOSIHAR e
surface 21Qeattfd&h&Rafdr 85 bNAIckion #m 4 ARk Bﬁicesosﬂlfdﬂeﬁqu&%ﬁfre £ Goss (RALHOG:
surface 235, thermal solrce 240, thermal sink Z245,. power supply 250,
control | er 1350 taadewpdipoorsbsingempstatin g0l gacatersh@vaboah2s P G dening sheating A

preferred enbadj nent includes thermal diffuser, nad f a material, with an
ot ropfc TR S AL bR atar g Abo R ofd codltE md RakrBY cRadRlibh ites Lt o
270 subst alﬁ&-i,t?lrédéssﬁii’@@n@%rdﬁﬁ’ét% Yl sébdnarpradesyifg emistaRHusing AGbURR: a
thermal 25 diffuser nmade of a material with a non-isotropic thernal

conduct i vi tigne imepyad.avieeinitheeratinof thel cogling timennteriiat tokeging Emgantgrvabisaio t o
the wafer ate?({‘l?ania% Lfls%than about 0.100 inch'. In FIG 2, the wafer is
heat ed acr 8ss a gap between wafer surface 210 and heating surface 23 5. The
gap is typical | Aceoifding townegiat aspect ofthe presemiighenéion] tBérefid proedledatwafer gas
such as roomair, or nitrogen, or helium or_ other gasses with desirable
physi cdl pPEFEPONEOMPRSING; Ri5aRs forbertingenrafeniion adfisy REPESEING APIRGT SO dnd

gases Wi th COMRaFabyfd ¥nfeRRlR dubilg b TR tif MY GitdrVAL ¥nd BRFhsFof coolingthR!

reservoir 4
wafer to the first processing temperature from the second processing temperature during

a cooling time interval, wherein the wafer is constantly held in a fixed position and the
cooling is driven by an adjustable thermal sink temperature.

25 According to a ninth aspect of the present invention, there is provided a wafer
processor, comprising: means for heating a wafer from a first processing temperature to a
second processing temperature during a heating time interval; and means for cooling the
wafer to the first processing temperature from the second processing temperature during
a cooling time interval, wherein the ratio of the cooling time interval to heating time

30  interval is no greater than about 1.25, and the wafer is constantly held in a fixed position,

and the cooling is driven by an adjustable thermal sink temperature.
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- 7S E P 2004 WD 01/ 66821 PCT/ US01106088 220, thermal diffuser 230

thermal source 240, and thermal sink 245 have associated thermal™ ﬁaifsc’egﬂ,ﬂ’om
, Md) M5, and M5~ , respectively. The heating surface ' and a surface of
the thermal source proximal to the thermal diffuser have associ ated
tenperature fields, Td and T5, respectively. The thermal source, thermal 5

reservoir and thermal diffuser are jntegrated and in i nseparabpl e
Communi cat i on bCEHEMSEP 2 SRBPEF R thorpissedh vgRtian, fhore S REPHESDAafe 4

vol une of gllo%!s&g cfn]ngﬁﬂng%@c{n's For hihRIBASE Wk‘ér%@h@taﬁ@ﬁﬁ?ﬁ@@&iﬂé&me‘éﬁﬁ fop may
be a constant tenperature. Thus, the thefrmal sink and t t hermal reservoir
ar e typi cahé¢ayingthd wafephy adidactonfromi acfist pracdsying deraprratutanaless thamelwti on
heat transﬁf; Q her gnbodi ments 10 of the %hﬁ{mag StiQ{}i()"ﬁrcF not Iitm'ted to
a flowing 17 Uf & 2 8FORT BOCESSURIPMBRIAMTC PP gTegienihan abgit 0 [{uEnga bsating o g
sink 245 dgfefiRfeR@bnd PRalePWRh abSUIIQ0 AL shdiRed f&f coolifg tHeew4¥ed byranagenment
system The thermal mass of the thermal sink, Ms~;, may be significantly
great er t heendupkon techerfirst pepssistngoPmppratuse frem By aepend procesping emperstire 15
enbodi nent g, . | §..at. |l e L0 [. S 02..1:QL ..at. . or at
Ceast 104 P! gicdinRe CRRvapvndhindhe B3l RonES iiedhERR ehitlog
sink is a dgeditental isemeéaéithen dbvat Mb. si nk provided by a chilled water
supply in a factory. By virtue of continuous coupling of the conparatively
| arge” t her mal né§eorgngitnan elexenth pspschef the prosent pevyentiad,dhergily proviged ahe
thermal,re ' . Sub td.all : : Lally

ani 1 or 10t orasy Bidce Y, cAfoRs i RE AN oPhnaf ARAR e S, R ST

t her mal r eseanofor heaingithe afte by eatductien fronf afitshprocesshgremperetupenatess e
uniformty, infra.  FlG 3 is a sketch illustrating a part.icular, odi ment
of ¢ her rat tRBAPEE 15365 topernd PraceoHBRISTRRS i oy eas ot Aot A4 R0,

t enper at ur g hEANPU M Ferval DoGRYRE! tAsh MRRuEED Sdc.;338 mdahi€ FsFRboB g Svatdtiyace
340, power supply 350 and controller 360 are shown. As illustrated in FIG
2, thermal cemlyctien Rabe fisst pracpssing tempetaturerfifony ths ecopni pr2esingigmpharatyral

di ffus 230. Parti.cul ar enbodi nents of the thermal sour.ce require
Cont | mibus g koot R R RECHEE md e Phne SR ERET il
during Opefiﬁ{eiiﬂﬁar‘tapiswgatmﬁﬁlhﬂﬁhit m@st he thermal source. 30 Covering
material 330 is typical an electrical insulator. Particular enbodi ments

i nclude a ther w&nwbjeéts@ébe {herpelvarnagemasttresthed isdo éregratekdperainl Toureh a

preferred uhnbal sifk dndAheAl iffRe0 K 28R Ol HRGhicn G OF the QPRGN - Lhe

t hermal couplihg o e source and reservoir I's I nseparabl e.

Typi cal |y, tHehanindiffused iy geitbhed statiomare ketativel to dhe Wast Sirfite andeaipted toiat h a
relatively small thermal mass, Mb, as conpared to the thermal nmasses of
ot her %9 coFﬁ?ﬁ‘ﬁé‘rﬁO&r%eﬁ’ﬁﬁﬁ thfﬁfnlal gink,pwhich, arg; sl sostationay s LV erEnihs ,“’aﬁﬁéu?fé‘f‘?- o}

(MS/ M) i gl @R3mbin@ik efttised hbat-Qfr g’%ﬁﬁ%&l&?gir'f't_h%.%ﬂﬁoﬂgluztenﬁfere{tﬁ%.sTﬂé1an

about 10'3, or l|ess than ‘about 10-~. enbodi nents of the thernal
sour ce ar e vagatiehsted fréomsuflystprbédssieg ampsiraee toetse¢dndpredessing tamleratersi st ance
heating el enents,310 contained in _.at |east gne. heater .zone 320 to. produce a
Surface ¢ eAPEPEE APE e ER N ) od i fePleg o PEd SR Peeeng fraprertulg oo e
of such a §RSJeSERIBcRSIRAE Wmpatlre ARMBR Rblidg tim@emkr/al. ThemethRpeodgsHduct s,
Inc., Mnneapolis, M\. Typically, the thermal source is rated at |ess than
100 W 2h2 #hredwafayisicanstertly kelgpon a/fiegd positioni ng mat erial . The thi ckness of the

gener al 1y 1 ess (nefhefoBBEid et i Aluna b oo FRErRETBemaet o' °
typi cal Iy hafsrmiibaarrdds aabdru sueface be iffusiig Hebefrérhahdmdatiip sEn@htstth®dughar mal
di ffuser. The particular formand distribution of heating elenents 310

wi t hi n_heathsrmabdigiysespupde of tharmally aendetivnmaisrialde feivating Surkge froinesthe | y
control I ab l“?afé},eﬁltefe@g smoothing temperature gradients of the thermal source.
30 Yet another object of the thermal management method is to minimize thermal

non-uniformity across a wafer surface by non-uniform control of zones in a thermal

source. According to an embodiment of the invention, a thermal source includes a
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zones, enables controller 360 to adjust the surface tenperature field, TS
on a surface of thermal source 240. Further, controlling anounts off 5%"\/\&?96*
delivered to 20 electrical resistance heating elenents in the thernal
source provides a controllable energy flux which may be snoothly variable
over an interface between covering material 330 and another elenent to

whi ch the thermal .source is, coupl.ed ee FIG 2).. Feedback c ol of TS is
Acconpl 1 shBlTHy L8t S GO e irERBe poupE o brE GPa 358n BRIl n e
thermal  sowngRratiidfldE Mt sARRQMAORIMaS tdRhefm St Asef STHURBS$ dFfussesor s

and zones. A typical enbodi nent can control TS to be uniformto within |ess

than 1 C. diffusesthemnad graskignieandsis pasitipesdestationantrelstivats the wafrsifacoramis,
Generally, there is,a t erature.difference. of 200- . en the
Chor mal - SobreE Tt REFREMLE R RpE St 88 baflpliny Bt RSg We
limtatsonwafd siFaceN PO whater I éooled byt deBdl sikiboddridéda héat-eaupng ehddin t her mal
di ffuser 230, which faces wafer 200. In a preferred enbodi nent, the thermal

sour ce andwdthfarqeatrpllghle tampestitect contact. The thermal diffuser acts
passi vely, redugi i =7 . UsO1
/ 060S8 of gradi gr?? %loﬁﬁequ?eggbﬁgg?% Bglgls%lgnatgﬁlrﬁé%grﬁ&? ﬂéé@ofgﬁlglg%r%{%%élovi de
heati ng sunbrafifediitydcrdssa wafbrsduafate by Flywiny £ hemdlsimkanattialefcomtallable

Gadients in TS arise fromthe | ength Fcal es. i.nherent .to the structure of
t he t her mafCTRRSTAIRIE tOIPYER RASSALAS qféé]ger’éné FearvVanitt & PR HEAOTRGNEYCE he waf er .
The subst anichallnp 182 eRbBUIRHR 6F B dikenfibs) e § noY.Sihifbrmt REWHERS diblishs f ace
then acts to heat” wafer surface 210 across a very narrow gap ‘of typically a
f ew hundr edontradlablepdistributeddlaBd sybstantially naiforn thernalrsink tempetaguredield i me
response curves for one enbodi nent of the invention. Both a wafer
tenperature 410 and a tenperature of the heating surface 235 (see FIG 2)
are shown. The enbodi "TeRIFFDESCTAPTION OFCIHE DRAWINGSa const ant
tenperature of 8C, a thérmal source providing an energy 1lux of 45 ~Win2,
and a 0.060 inch thick alum numthermal diffuser. An air gap of 0.006 inch

is between the ral diffuser and the fer.. In general, preferred
enbodi Vr]\rgnt S spatr'qlfkg' ggsal %ﬁwfngréglgvrvéqglﬁ'neexfglﬁgaéyp{)l?r %rég ‘fl%eg or cooling the
wafer in a tineFIG!Eis\ealexpRde®d kR w shawighens enditelimditRif ¢léd ihyentiohekseaiblgpeeds
are 15 greater than 0.5C/'s., In FIG 4, the wafer_is heated fromroom

tenperature to FEBQ isrt sketeh iMysiatingenesmbedimrrip i thermpd setregused grih the
tenperature in L OB In typical enbodinents, a cooling tine is
conparable to a%@?%g t n%”gg’i? the sane tenperature range to within
about 25% FI G FBGi 4isa graptphlusiratirgt thednah gintehresppmsofoln b pgrtizhlat empediateut e
gradients by 20 tt}gr,mal di ffuser 230 (see FIG 2) for one enbodi nent of the
i nvent 2Bn. FI G O5MEIRYSRAR 4 family of tenperature profiles. The

t enper at ure profgikes; ; ! ; i ; i d user for
vari ous depths va\;I d‘[}hfhsaa{%réaﬁ% ﬁleargtrrrgtln{ggﬁ? ﬁg@%l%@éﬁtﬁ%\%t%ﬁ%ﬁfk@ss bgrdg%(i mal and
di stal to ther mhermoldiffose240 are indicated as ~ 10 and 520, respectively.
In this enbodi , . the ther source comprised electrical 25 resistance
Strips 0.040 1 nEROH e arh URerdpE Frog QTtmprERt b blen R R The
thermal diffusethépmal @RS ovBEDtiinRiifisrvAl durfily @dnsicaaSpe@dtidh. 006 i nch was
between the thermal diffuser and the wafer. As shown in FIG 5, the
tenper@fure profile at the heating surface 235 is uniformto w thin about
0.15C. FIG 6 is a graph illustrating the snoothing of tenperature
gradients by 30 thermal diffuser 230 (see FIG 2) for one enbodi ment of the
invention over a tinme interval during transient operation. FIG 6 contains
a famly of tenperature profiles. The tenperature profiles are along a
radius of a circular thermal diffuser 7 - 7 SEP 200 WD 01/66821 PCT/ USO 1
/06088 for various depths within the thermal diffuser nmaterial over a 25 ns
time interval.
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Profiles proximal and distal to thermal source 240 are indicated as 610 and
620, respectively. Thus, the profile distal to the thernmal sour ce /i SER-128} 6
is the tenperature profile on heating surface 235 (see FIG 2). In the

enbodi nentwbaer62F1 G 6, the thermal source conprised el echét/ B3 defil St ance
strips 0.020 inch wide and spaced apart by 0.020 inch. The thermal diffuser

was 0. 040 ixneh i.ck Al.. An.air gap of 0.006.inch is _between the thermal

di f f user anlﬂ&t ﬂé%é?r&s_etﬂéesyﬂwg?@asﬁ@ ogt?’el‘%"§mt"é‘hi%§eﬁﬁ%l?’f@v@?@fi le 620 at
heating suningfoem 2cthpératubd G Yn 1 itledmtl R¥%RVoif BEehpR)R Q:'Bhvo%citi interval. 10
FIG 7A-7D are sketches illustrating particular aspegts of the invention
suited to prAWSKS a uniformtenperature field at a thermal reservoir-heat
source interface (see FIG i . ction heat transfer.
Typically, the thermal si nkﬁh’rwI b@é‘d}&[ﬁﬁ - phase fluid, such as liquid
wat er .5 Al ternate enbodi nents nmay have a stationary solid thermal sink or

gaseous thermal sink. 15 Typically, the thermal sink is at a tenperature
greater than abéﬂlcomf?@”@.mé?@a‘%e thisripveation ingrajesathearbsardeandf a devi ce

froma fielgdhenal 6 NORL 7 fluid inlet
701 and fl ui d.outl.(l'alg F?giﬁfrgegﬁﬁ%ﬂéﬁﬂéﬁﬁyﬁ' i
out | et 702 osplitg units imtesanting|withda ehbstretathss engriahenivanggel dveehinige r esi dence
times vvithicrcl) i)he i hermatlh reservoir. Thﬁ differing _esiegﬁgce tinmes can | ead
20 to smal |COPRRRLPRO] Aherml SawEs and arthermal sink. gRabling eNthEpPHhal reservoir
due t10 t he cohtbitibke dntiinifemlBaimdt adAsEteH d¥r 2 WEdIREhALMLE: HEAMTRELS in the
fluid may lead to . undesirable tenperature gradients on thernmal reservoir
surfaces. Ac¥Bddhigy resformance; svachigveh during h’OFg‘}h sieadyl stoter art tramsiant t he

ther mal resghyial | €S, e ti flafluid elements. within it.
Further, t heﬁtlﬁgésngﬁ&l?iééségs\?%lﬁr&?gﬁsﬂ@rlﬁc eﬁ Zsuﬁ%bl%légri S?Fédusteowétﬁlé‘e?er ate an

i nternal fImdnsfdchoingfsetting. t o achi eve a substantially uniformfluid
tenperature withj he thermal reservoir and a correspondi ng substantially
uni f orm t enper a[i:lﬁa'e tSefy eéﬁ%%e‘{ Kievhallovriag eny asemblyr acgerdingiée wget he rest of
the tiser malenBARMANENthisHRAIGL Yhe 4365016 ) ey gture fluid
is provided by variati lgn of la flfji mgﬁl%ﬁﬁ#gtéﬁa dt&?‘llm :f?v'el ocity

t hr ough t heomprsingla pleralityefi devicEh suchrasehé ome HhustratediireFIe. 2 drea suber mal

reservoir I A fluid velocity in a manner that. establjshes a uniform
net heat fl\ég?((l’sﬁﬁ?%pgmfl?sﬁ’fedorea} %%ﬁ?%of@éﬂ’lcﬁnﬁ SRLg- EYR}FﬁEife YeRisy '
t enper at ur dowkver] fre alapted tolopkdte 2rdOn\B6hdiohH682 t PCTNSO 1106088 above,

the net heat flux consists of contributions due to conduction and
convention. Wt A8 ETGn?fWeiar 2&hpeater surface 214, thepmehieseryoie 220.cthermal r eser voi r
a subgg ant iggal¥r 230-h g{-\%ég{ ?HH Lebghr | C t her mal
reservoir surfai:e f’agiﬁ tﬁfe&% ggs’r%),e% tLgo'{r%ee??rodltﬁe%n%ra\g% rrgﬁ%pé)bvﬁér atus. 6
FIG 7B i s sappk@$Gontoler 26and aptiond! tiemmaleinboato R0 and e srakhdvas er voi r - 220,

orifices 715, i.nlet 701,  outlet. 702 and plenum 710 are shown, Fluid enters
the inlet PobrEfeEE |eé?1tl?r]‘?fm7&“f“|“ﬁﬁ“i?s1ﬂ| s, BWﬁFﬁremMee?ﬁPrﬁnﬁGnﬁh\éﬂt@ﬁ{ll et is
driven by goRopRSHEAnd Rl itPEIMMBeR der Rl EHET HatdnbnGsQHbH 2‘70 The
symmetry of the flow allows each fluid element to reside in the flowfield
for subst aStpsigntiglly HaadeapfeKaptep. — 14iterngive7enbedimentk dnclhds hothemp! a

Cros ecti L eokediaent in B G 7B FlLG. 7L illustrates
aspezsz of d?ﬁgkli ggér[]v%’lag ?lé{ségfl VOl rg?g}s}: %Ohrg lﬁrﬂéerfrﬁgfongﬁﬁtb‘flg' gﬁpl ?:l el eration of
t he i nt er ndie thermiatl diffuser thickheds perpaniidutareo thesuatet sarthdedk lads thah hisgun f | ui d
terrperatur%l\gi thin the thermal reservoir. In FIG 7C, inlet 701, outlet 702
pl enum 7100-1§Pi®Stce 716, exenpl ary streaniines 750 and 760, cross sectional
area 15 765, i nter{@ce 1sukiBce héRPd 1309 ARhiLR di ffuser
780 are shown. in 'f FIG 7C flui d ent eaﬁgs%t h%eﬂ?%?&{ggrf%%?lgﬁle’%um wher e
it resi des heating| supfass 3y Thergapdh tmicatlyiaf fewehundded midrémetes widg aadenpl ary
strea ines, to the outlet. If a fluid acting.as thermal sink 246 within

t her nj’rab} re?&@&"&l 280 f"g:haﬁs PG Pﬁ@"ﬁoéﬁ%e‘g'&eﬁP’é" 8t gﬁ’ﬁég?ﬁs‘iﬁ ¥l 11 tend to
rise under déshableGhisical gfopsriet. AlleriareGhivdimails hive AlfeAGR gt @Eand 90 since a
tenperature gradient driving the conduction is reduced.” Li kew se, when a
fluid el emBates Molreomparasivell erepeer thrsmatedonduativity ghan airs Thernml @ser¥@ir any ri se
in the tenperature of the fluid elenment during its residence tine in the

thermal reservoir will tend to decrease the flux of heat to it fromthe
4 _




surroundi ngs due to conduction. Thus, for a uniform heat flux inpu,t g‘pzhﬂe
t hermal 25 reservoir, a non-uniform conduction heat flux to the fl u§
arises. The nmagnitude of convection heat transfer depends on flow velocity
as wel | asy@of/ggperature gradient. If the velocity of a fluid flowin the
thermal reservoir is uniform heat flux due to convectionPRTIYSO¥EEBE in a
manner sim/lar to heat flux due to conduction. However, if the flow

vel ocity i €20atheanalndifiyses 230 thermahsbunce 280y end thedMaheiak Jdsupawdue to
convecti on ; -uni far tid.ng 1N, conbi natiaqp, then, a non-uniform
conduct i ona%\sggltag? It%%ﬂ an Sgeghlgﬂh’-lﬁlﬁ‘ihflbgm &Itﬁ‘h\‘}eée‘?ci“?ﬁﬂy-t@ﬁthe?thgﬁ“ﬁa%ﬁ result in a
uni f or m t erpdraatwzee fdfuihd.th@mal BoSEP p0Rhae We HBERD HeRGY LRQL /06088

According to t.h{? i nventi a variation in cross-section area 765 causes a

n
variation PP &W%E‘F%’;?Iqsﬂnt%é TsHespsetivelye Ske thoimal sovacd, dteiraal of f 1 ow

channal cr essrvoRGhd eHardkl AFH . ccel erate. or, decel erate
fluid flows. Since the fl ui%Sgﬁxégﬁ)’{é?#é}g‘?rsm‘?&rfggr?sﬁéﬁg?bg? FSUPREHFAHPDY ¢ her mmal

reservoi r, theraaineanduetion. fypicaliyo thérmab sink 844 isayvoheseibf flbwird BGiaf or m f 1 ui d

t enper at ur ik h | i ithin the thernmal reservoir having a uniform
t enper at urgfat%iemt“tgrr%’éérg ?Jbﬁieewefr?@m“rﬁt WhIFh Mee be 4 consiantitemperadle.nay al so be

subst ant i aThys, uh¢ tiefmel Ak @l itk #HerBSCRARGE P SF Ry ditd T %r Wi th
characteristics simlar to thermal di ff_userl 230 1chlel{' I'P!Iljé%:g gﬁlgy al so be
coupl ed i nCYRBHRPIFAYESR BYoconductioneandwpnyestion hest transfiert Othgr trabédifdehgr r educe any

i | 1 & ~140] i . F1G, 7D- 7F d i f
::grsr;:)gggnt s&o?gg%?hgir ma ar?gé'tel%%%d?{o? u‘i)&(*é‘g%éw&r $Heh g agégo@%gamn? . In this

enbodi mentasalidag 770, containing a plurality of orifices 715 lays in body
792, whi ch has E’It II eas onﬁ i nl 701 and outlet 702. Cover 791 is bolted
to the body, sedig?tAE™Malsink2dhdatermings thedevertgmperaticahoradof 46 | n t hi s

enmbodi ment theirh@ rhadagerdnt Eﬁ‘é&n.sﬂ{eftﬁé‘rﬂlﬂgésss&?t?é %E%a?%%}é,r@%g mnes the

change in flow channel cross-section area. a?;bﬁpparent to
t hose ski | Jigrificgntlygreaien thamthe thérimal massestof tre diserridmdnisyin adfdrentt he -

enmbogk nent I i fferent. gonfiguratj ons and enbodi nenfs can
be dgéel op%la&\%\nﬁl%lgg?\q Sﬁz%g}/et%?tn@’ ?rragrlﬁa?th]é) ’s‘lféblga%%jt ﬂ%atilmfelrﬁ%itmszo and are

i ntended tgredter ihaal Mgeth wipréfefred RenboaRRM Ofhe tthénfal AntBisSLLoARLLN bel ow. 10
- 7 SEP 200 CLAIMS 1. A nethod for wafer processing, conprising: heating a

waf er frornFEPPRRLE themmal 88k proyided b erchilled svatep supplyeio erfattpy dBe sisiung
Firor procscoruniot Sl ol [l AL LT, s sEScy B SRkt ur e dur ng
a cool i ng toitksmakresarveit 220therthsrmal feservaif may bsa ssbhadllyl bnfi@htcniin a fi xed
Forpe? ot uraosb U ARy rB e Bt Bl e 3enar fbchan mesrbments edpr | si n:
thermal reservoir may include features to further enhance temperature uniformity,
infra. .
FIG. 3 is a sketch illustrating a particular embodiment of thermal source
240. In FIG. 3, heating element 310, heating zone 320, temperature sensor 325,
25 covering material 330, thermal source surface 340, power supply 350 and
controller 360 are shown. As illustrated in FIG. 2, thermal source 240 is coupled
to thermal reservoir 220 and thermal diffuser 230. Particular embodiments of the
thermal source may require continuous thermal coupling to the thermal reservoir
and thermal sink during operation to avoid overheating the thermal source.
30 Covering material 330 is typically an electrical insulator. Particular embodiments

include a thermally resistive covering material such as Kapton.™ 1In a preferred

h



10 placing a wafer in a fixed position relative to a thernal source and a
thermal sink; supplying controllable amounts of power to heating.el QppHR
of the thermal source; diffusing heat fromthe heating el enents through a
t hermal dijf made of thermally conductive material to heati ng_surface
facing thév(\f)/va 62?%1 t her eby snoot hing tenperature gradients T %’é/of(ﬁgrmal
source; 15 heating the wafer surface froma first processing tenperature to
a second pfobedimerig theethponaltaouplingof the sounesaandgret themnal meservait idy
conductioni fsé %FQb‘iehe heati ng surface facing the wafer; and cooling the wafer
to the first pprocéssi ng tenperature fromthe second processing tenperature

during a cool i Npygitaty, ier@anedursd 240 tshen tleetidal resisAkced 8¥itBOwRKhGONt rol | abl e
20 tenperature and coupled to the thermal source and diffuser. 3. A nethod

for subst r StaIVelesmaal themivh graseriYls a8 SAmPRsH g thes thepnali messevof otber abl e

anmoungs of aﬂf\f@ i I {Qg il ..o 7 SEP 200
di ffusi ng fea Frrlt%%ht e hpggf |§nlg e %.fgmm%bsb%fi roaﬁeégﬁﬁé@médﬁ lrefsuser made of
thernal | y thendemt il 04 ara¢sethanlabbar H2henlesnhas asduate’ fadésagha avafier, t her eby
snoot hi ng radi en of the thermal source; heating a wafer

erature t . .
surface byEmﬁ‘El‘S‘fl%ngquﬂ?Wﬁ%aH%ﬁFm SQYfFE AR depsis i With SuRemilinEEr 1 owi ng a
thermal si ghedwméianic@lecticabRBtintd Rhlife El@m@ﬁtrs%tlb'"cﬁntﬁi%é?él’%%lﬂ?%?éﬁeges of a

thermal reservoir in a non-uni form manner, thereby e Ing a
cont r ol | abheater gonst320 pupreducsricdusfatesemparatare fieldihi drothenmiah soured susfacek

t enpgrat ur el d; ling the wafer with themhermal sipk material by
condﬁgt i on.?4616‘%f§mﬂgfr%g°tf%§° lgrgiStsaﬁ%eslfePkf & %@Wﬁ&%ﬁ%&ﬁm Wﬁ?ﬂjri si ng:
pl aci ng a Pwtedts, int., MinhpdliQ 0OSINI Tyhicallg) e théndlQodcé Retidkt E@UR&E and a
thermal sink: heating a wafer froma first processing tenperature to a

second pr ot¥Wi8g 2ne mperingitdea pabimeg caverEle magriel taeithicknasalof e suppl yi ng
contr | SohSBIRA SRS A ) BTSN SRR L%,
di f fuser nieskethad 0t0hennilhd themmai doass iof ehentheenadl aburice istypéatly igsssharf ace faci ng
et e BRRoHIG STRSL Al e arad fpi ol he ther ml” source
The particular form and distribution of heating elements 310 within heater
zones 320, and the number and placement of independently controllable heating
zones, enables controller 360 to adjust the surface temperature field, T, on a
surface of thermal source 240. Further, controlling amounts of power delivered to
20 electrical resistance heating elements in the thermal source provides a controllable
energy flux which may be smoothly variable over an interface between covering
material 330 and another element to which the thermal source is coupled (see FIG.
2). Feedback control of T; is accomplished by use of at least one temperature
sensor 325 embedded in the thermal source. Particular embodiments may a equal
25 numbers of sensors and zones. A typical embodiment can control T to be uniform
to within less than 1°C. Alternate embodiments may have a controllably non-
uniform T,. Generally, there is a temperature difference of about 200-300°C
between the thermal source and the thermal sink, although this figure is not a
limitation.
30 As shown in FIG. 2, thermal source 240 is coupled to thermal diffuser 230,
which faces wafer 200. In a.preferred embodiment, the thermal source and diffuser

are in direct contact. The thermal diffuser acts passively, reducing the magnitudes



ling the wafer to the first processi ng tenperature fromthe second
g?gcesgl ng 20 tenperature during a cooling tinme interval with theYtQﬁ%en%h
sink having a controllable tenperature and coupled to the thernat 7s I
‘and di ffusedo1/ded21 - 7 SEP 20D4 5. The method of claim4, 6{)\/\q/hﬁre():ygg)‘squp yi ng
control | abl e anpbunts of power to electrical resistance hedt ‘és nts in

s a controll able energy flux snoothly vari abl e over
Z :EZ; x: g&fﬁ@gﬂtggﬁl geat Basges thyopgh the difffserto grovide heatherseifacetd3e heat i ng and

d
betveon the warar oy SO fRREe RER. SRk TR ruise AR Dneeer mal
etween e
di f f user hwleﬁgnfarqmém el Stmalsme bEthe théranl tsdna&e QZK) hﬁt{e%%lgﬁéﬁc?ﬁ nmklanslm erein
greater th@]ﬁf me

th | source. )
the heating a @{% ?{gﬁ% 9@? gr%e? Swtlé‘&hwuﬁqunammmﬁ@d Fuperr--at nospheri c

d between
esshire hbe&in grfade igen\Wofs @6 hédh thafer bhreaBh o difiusal, Lot er o D
lto[]e vvafergt:gdﬁlgx gﬁupl ed t her nal sourée anc SI nir S'L%‘n et HeIoYe$ PR f user

havi ng a tBBICRRY 2 feys Bundeedsmicreimetersat of the thermal sink and greater than

that of the th I r tho‘g for wafer processing,
conpri si ng: heSgIl@%g4 ESOH e‘? #?uosfﬁaténgf therma F‘B@eéeép‘i’ﬂjet“é‘ﬁﬁérfaf @ne to a second

nwdpeerriof the itventioy Bothe dlafed terhpeiBule 18U kh 1erAfRth GG N9 the
%?gtrastsgn?e e first drjllg te erature‘bfrgr%t he secen?Fg' processi ng 20
t enper at ur'@® JEHRESY ai‘:“ogfﬁs (g £ Wrre?)l He shown., TMmbwdlmbmecomﬁns@s af the

I RE-er reat er than about
ioggmgnéltmﬂ a\[/]vg?lg\r/aalaséd(?%tﬁgl?{gn g?hﬁg}%g glb t?‘?%ﬁ%‘ﬁ%ﬁ%’f"&f NBHAY t he cooling

i s driven Bgrexlugef 45 ,eantrt]i{ag)lrﬁr?hnﬁ Mktamm?ﬁm;mir?}gi ?gﬁ?fﬁgﬁg?t T 8;1 vv(in;)er
T (;CEESPI 2%1“%@646?%”3%% F’é?hﬂog‘%gaﬂdm%ﬁﬁﬁrﬁqdr@m%afﬁ iggeperalcessi ng

t enper at urpeefemed @sisodifedis span a design temperature range for heating or cooling the

wafer in a time interval no more than about 60s. Typically, thermal speeds are
15 greater than 0.5°C/s. In FIG. 4, the wafer is heated from room temperature to -
150°C in less than 60s and cooled from 150°C to room temperature in
approximately 60s. In typical embodiments, a cooling time is comparable to a
heating time over the same temperature range to within about 25%.
FIG. 5 is a graph illustrating the smoothing of temperature gradients by
20 thermal diffuser 230 (see FIG. 2) for one embodiment of the invention. FIG. 5
contains a family of temperature profiles. The temperature -profiles are along a
radius of a circular thermal diffuser for various depths within the thermal diffuser
material. Profiles proximal and distal to thermal source 240 are indicated as 510
and 520, respectively. In this embodiment, the thermal source comprised electrical
25 resistance strips 0.040 inch wide and spaced apart by 0.030 inch-0.060 inch. The
thermal diffuser was 0.040 inch thick Al. An air gap of 0.006 inch was between the
thermal diffuser and the wafer. As shown in FIG. 5, the temperature profile at the
heating surface 235 is uniform to within about 0.15°C.
FIG. 6 is a graph illustrating the smoothing of temperature gradients by
30 thermal diffuser 230 (see FIG. 2) for one embodiment of the invention over a time
interval during transient operation. FIG. 6 contains a family of temperature

profiles. The temperature profiles are along a radius of a circular thermal diffuser



about 15C to a second processing tenperature no greater than about 250 . :
Cduring a heating tine interval no greater than about 120 sec.; _a?dSErpo le
t he wafer by conduction to the first processing tenperature fromt{he second

S processi wp digeger at ure during a cooling tinme interval, V"@%“rﬁjs‘ﬂwﬁéﬂﬁ‘a}ratio
of the cooling tinme interval to heating time interval is no greater than

bout 1.25. : for fer .processin conplj sing: .maintaining a
3@19 er in a fg%gatrfoé?lg%%ﬂ%glgf@i%%@e%l ﬁgg'{s?ﬁaat?ﬁ@ O\XEfn%#J ’B?/“%’Gr\’éFGE’la‘-on froma
first proceysfilegptedmel aidutiqaine theemal donan 220 QW indizbtell @s 816 &5PHEH, Pr ocessi ng

tenperature no greater than about 250C during a heating tine interval no
grggter tha{F\SP&B’g‘(ffy-G-gh%seél?‘? PEte disealitagthe ermat sourps iw di@uét isothet o t he

2 Cool L ng. L SR O TR IBL PR TBR et or vl

a cooling tine interval, ere e ratio o fe interval
t o heal i ng RiGné, thatlermal souscervomprieat ectiidud festdtaidt strip25.028 Inch Mage met hod f or

waf er processin f clai . ein cooling the water conprises coupling
of thept heraﬁéfp Fﬁﬁpﬂ#@ H‘]quof"rv‘\fg%tg‘?’@?ﬁi F?’W%Q‘*ﬁg!@l-tbggs"é-é@nvecuo_n
heat 1 r ansfaaap2 01006 ildteis weisitedl tfchertal GIRRE LA NEFRTAGHBIWT;E. Wher el n
cool i ng th%lwafer conprises controlling the tenperature of the thermal

sink. 14 FlG70.dhptemmgratyrs profije 63@ athsatingsurfeat @35 isrhighty snifignodvee| ai m 11,

wherein th j0n transfer rate is controlled by varying a nass
flowrate ?%&?ﬁ}éﬁt% {el%r@}éﬁ@%gervoi r. 14. The method for wafer processing of

clai nh0L1, wher eifiGt Aa- TR atedskemhes [IRSathiy FaridulhrasSIcBEBNNE i8LELLNY a Waf er
thermal management device fromdifferent inlet |locations and travelling
t hrough t h&UHEVP PECANIBE 8 Y PER femperafurg dighd at athernmhrsseruoindeatisourcaaf er

rocessi ng ' el i el further. conprises
ontrof || papiaertslt HiG, o0 o) brhio A BoctBp SR hode 2SRRI P by 10
accel er at i Hefroel dakek ar Sowving sihgleiphesenflbids swdh aatiquit alvater] 6AlteFhgte et hod f or

i frusi g SmadtheRts Bhfbi e iR RufiBrrl sk o BreanemeA f sour co.
through a Qaypidaity,itvetheimia? Ginklis attateh SR BN theh dHBIPf 0 UREG Of 2di ent s of
the ther mSllshows a top view schematic of a device from a field of related art. In FIG. 7A,
thermal reservoir 700, fluid inlet 701 and fluid outlet 702 are shown. Fluid enters
inlet 701 and exits at outlet 702 with different fluid elements experiencing differing
residence times within the thermal reservoir. The differing residence times can lead
20 to small temperature gradients in the fluid within the thermal reservoir due to the-
fluid’s finite heat conductivity. Temperature gradients in the fluid may lead to . -
undesirable temperature gradients on thermal reservoir surfaces.
According to this invention, the internal structure of the thermal reservoir
equalizes residence times of fluid elements within it. Further, the thermal reservoir
25 structure is designed to accelerate an internal fluid flow field to achieve a
substantially uniform fluid temperature within the thermal reservoir and a
corresponding substantially uniform temperature field on a thermal reservoir
surface facing the rest of the thermal management apparatus (see FIG. 2).
A uniform temperature fluid is provided by variation of a fluid mass flow
30 rate and fluid velocity through the thermal reservoir. The interior structure of the
thermal reservoir varies the fluid velocity in a manner that establishes a uniform

net heat flux into a fluid element, resulting in a uniform fluid temperature. In the



151 i i i wher ei n
15°reservoir. 17. The method for wafer processing of claim9,
cooling the wafer conprises coupling of the thermal sink and the % kep g,
r-eservoir by single-phase convection heat_tranﬁfer.fZO 18. T_heeget hod f or
‘waf er prooesosis@20f claim9, wherein cooli ng the wafer conpris
controlol ing the tenperature of the thermal sink. 15 - 7%D§I§_I5’525?P°§§. The
nmet hod for \gafe processing of claim17, wherein the convection heat
transfer rare’ ed‘&hﬁ?&ﬁ‘l”%&’“ﬁ‘?“\?&?%“&“%éo ¢anduetiontand camverhient her nalh
reservoir. Wih afigfort fRdehtire WalehitihAGS S50 Iaeé?rgli%' ar]mé‘?ﬁ?ﬂiptl rel gn;nte
residence times of fluid 5 elements entering a wal t nagent
devi ce fromnHPER neparatpssifistd tepd sstoncrtberantirdseravie lshrifg f@chﬁgm];gresfma-di\?n ce are

bstanti al gm@l thod for wafer processing of claim17,
\?\Ee?e?n coé*e?/tgg t g%%%%nrl&?g?ﬁaé?s'conpri ses controlling the tenperature ]
uni fordmity of tFeGt ABrsmbketcbSHTUE) Viehorlihe 26MEHELIAL ITHLRN rgs%fv%ﬁrer?‘“ 0g the
t hermal si lli?rr&teri%éi, 22. The nethod for wafer processing of claim?9,

i

wher ei n codFPRTCRY inatndst 70 Loutetr708 endplemuns 70 fresbowng Fauiderers ileux bet ween

t he t her maj i n r e thro a conductive mat _eri al ,
her by, omumrperny il ARSI o8I Sl i e BT S 2 e Bvor 1 23,

The net hod Pressurarasient besests the plarmrarai the d0tletWhies Sirn&ACh REAbRE Waf er
conpri ses 896{94 i.n ofd ahe L{]em%lrf sin andl the thernal ‘reservoir by
si ngl e- phasef coeﬁ\?ggf‘l(ilg "R, orf:“v ﬁ§f;§r£‘;’2§° d for théaﬂ%&g?d;?tggﬁz rerz)l ing the
rocd$¥si ng of cFeGMQAQRa WK Shdwi s & oEQD )
ltoerrperat u? of_ the thermal sink. %6 - %@W}% g@ :ﬁll?g EEHBd for wafer
pr ocessi ng" 6 8 §{Gh H3llugirrsesespectstod theaherent ieservbie s biriohaB §aeenable
an acceleration of the internal fluid flow field to achieve a substantially uniform

fluid temperature within the thermal reservoir. In FIG. 7C, inlet 701, outlet 702

£a

plenum 710, orifice 715, exemplary streamlines 750 and 760, cross sectional area
15 765, interface surface 790, and optional second thermal diffuser 780 are shown. In *#
FIG. 7C, fluid enters the inlet to the plenum, where it resides until passing through -
an orifice and to flow along exemplary streamlines to the outlet.
If a fluid acting as thermal sink 245 within thermal reservoir 220 is at rest,
the temperature of the fluid will tend to rise under the action of heat flux across
20 interface surface 790 since a temperature gradient driving the conduction is
reduced. Likewise, when a fluid element moves through the thermal reservoir as
in FIG. 7A, any rise in the temperature of the fluid element during its residence
time in the thermal reservoir will tend to decrease the flux of heat to it from the
surroundings due to conduction. Thus, for a uniform heat flux input to the thermal
25 reservoir, a non-uniform conduction heat flux to the fluid arises.
The magnitude of convection heat transfer depends on flow velocity as well
as a temperature gradient. If the velocity of a fluid flow in the thermal reservoir is
uniform, heat flux due to convection will scale in a manner similar to heat flux due
to conduction. However, if the flow velocity is varied within the thermal reservoir,
30 heat flux due to convection can be non-uniform. Acting in combination, then, a
non-uniform conduction heat flux and a non-uniform convection heat flux may

result in a uniform temperature fluid.



rate'is controlled by varying a mass flowrate in the thermal reservoir.. -
26. The nethod for wafer processing of claim23, wherein the resi<densgp g
times of fluid 5 elenents entering a wafer thermal managenent device from
di fferent wabetésbocati ons and travel ling through the devi cgcf4%01/0608
substantially equal. 27. The nethod for wafer processing o? cl a(l) r/nﬁgg,
wherein cooling the wafer further conprjses contraolling_the tenperature
uni formty of t ASCPTHEER > BVEPNARY, £ VENAUPS 10 eross-saction AG2dP> qases @rati ng t he
thermal si Rkriathen flald. veRBity e f@hﬂﬂ@esﬁ%iryﬁ&%ioﬁ%?ﬂ@@%hﬁﬁep& {sl- ai m 10,
wherein cooling the wafer further conprises diffusing a heat P ux between
t he t her maSeGHOBSFSADS ellimdersopade aesslerate ot diecslegtie Auitofteiuc tSince that eri al |

t her eby smpRidWdistit SHREA- QLS [ f the thermal 15 reservoir. 29.
The nethod of cl ain% 1, wher erlﬁlng[tﬁﬁel t@%&gﬁaléesfewgﬁgf:@@%%‘l"éﬁ’ tg‘?) a ther mal

sour cé and flaid ey resiilt §i ainiformafliid reepesdtine SWhIthe flPiH &G thedASma20 30. The
nmet hod of claim ﬁ%arv\herei %the wafer is thermally coupled to the thermal
source and TRE THEVHE 2 SIHRMDYIEPLEYE thg HERsRReCliqd &8 oo iateglase 31. A
waf er procewsREe 796 fiAPhiss 'bélgibséﬁtiallymﬁoﬁ%?aﬁogﬁ%é‘c%nﬁ?r{erﬁlgl it a wafer
froma first processing tenperature to a secon processi ng ténperature
during a hé8® with chprasteripicssymilar tathtrmalatifusen23@ ot Fi@ )heayalfebe t 0 t he
first proc i ure fromthe second ocessi.ng tenperature during
a cool i ng ?@%@Hﬁ%@w%ﬁ%#@ zr’Tl]trﬁsngéFF% mrgé‘? Fgedepny residwal i n a fixed
posi tlibon arehpgerureghiungforfitdr i ven by an adj ustabl e thermal sink :
tenperature. 32 A wafer processor of claim 31, wherein the neans for
heating a waf er - Ko Feareadrawings| aft spmponenisl o en thermalyresemoirgiubt  abl e
heati ng zoR&smpb %hi fendHa8i | rdely! ising.a heating el ement
coupled to a (_:ol?itro er. g@kﬁ%&%ﬁ%er p?ggéngs%n%f%gbcﬁﬁ{}%ﬁ%ﬁpﬁﬁ% s for
heating a whémfices 7dfriaysfin bedy P20 ehirhihag at lesgpenainéte/0ll and o&QE0THL. Pr ocessi ng

t enper at ur ur a,heatin inme.interval ; and 15 nmeans for cooling the
wafer to t 89%7?2?5 b&ltsggos%‘F ﬁ‘béyt’ 5388 Q‘FGPI@SW’&W wforpng piengrHds si ng
t epas St ur B hiy ériSoAmeR) teBrrh ool k@bac| 793 WiBd&ltAILY MRl (R the

change in flow channel cross-section area.
It will be readily apparent to those skilled in the art that this invention is not
limited to the embodiments described above. Different configurations and

embodiments can be developed without departing from the scope of the invention

20 and are intended to be included within the scope of the claims set forth below.

10



time interval to heating tinme interval is no greater than about |.25, and
the wafer is constantly held in a fixed position, and the cooling i§EﬂQﬁNe
by an adjustable thermal sink tenperature. 20 34. A wafer processgr
conprising: neans for maintaining a wafer in a stationary position; 18 '
7 SEP 2004 nmeans for heating the wafer by conduction froma first
processing tenperature no |l ess than about 15 C to a second processing
tenperature no greater than about 250 C during a heating tinme interval no
greater than about 120 sec.; and nean£lkdEMSooling the wafer by conduction
to the first processing tenperature from5 the second processing

t enper at ur e 1 dymhetlgochfor avalférpgodeissing,icomprisial, wherein the ratio of the
cooling tine interval to heating tinme interval is no greater than about
1.25. 35. A wahedtinglaoo£Bsfom LRgPsrosdshigy térsdtstufedd aaédidgirededgng wafer in a
stationary position; 10 neans for heating the wafer by conduction froma

first proce%ﬂwatal%mﬁh?taq{egﬁﬁgamlng%eltvgggn@bout 15 C to a second processing
tenperature no greater than about 250 C during a heating time interval no

great er 4han abgiin . 8frio AU IRAORSIAL GARINE dierRtendoagugyCt] o0

to the first processing tenpera second processi erature
during a cooling ti interval, .wherein the ratio of .15 the cqoljng tine
Tt erval ¢ oS Tring AenpErd e FEeiYE. G L e rr i futenield g

. Ah9. ASN. ASu. ASL. A@®. A@ L. A3. Ae. Afe. As. A. AHS. Aa@ Af . A@. A A, % AU% A;

% Aa@®. AL. AGxsdrpselyemangl the coolg is driven by an adjustable thermal sink temperature.

2. A method for substrate thermal management, comprising;:

10 placing a wafer in a fixed position relative to a thermal source and a thermal sink;
supplying controllable amounts of power to heating elements of the thermal source;
diffusing heat from the heating elements through a thermal diffuser made of

thermally conductive material to a heating surface facing the wafer, thereby smoothing
temperature gradients of the thermal source;

15 heating the wafer surface from a first processing temperature to a second processing
temperature during a heating time interval by conduction from the heating surface
facing the wafer; and

cooling the wafer to the first processing temperature from the second processing
temperature during a cooling time interval with the thermal sink having a controllable

20 temperature and coupled to the thermal source and diffuser.

3. A method for substrate thermal management, comprising:

supplying controllable amounts of power to heating elements of a thermal source;

11
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h& 1:110%

v 111 100 0 pn@’f’%ﬂ?&w?‘)ﬁr m%ﬁ/%\]éar#b%{ﬁ&’h rﬁﬁtig %%tpgm%&&)"ﬁc%@ 3 thormainke: (.-
Y1s! 10% h& ! 109& QY& fL #10% | 1.109%&
0 ety R A A A
109 E g (y 1mgr%tyte\durm<g%§om-a@}éj 511)11@ Etgtprval by supp?ymg controllalglzz amounts of ggwer

to a plurality of heating zones of the thermal source;

15 diffusing heat from the heating zones through a thermal diffuser made of thermally
conductive material to a heating surface facing a wafer, thereby smoothing temperature
gradients of the thermal source;

heating a wafer surface by conduction from the heating surface; and
cooling the wafer to the first processing temperature from the second processing
20 temperature during a cooling time interval with the thermal sink having a controllable

temperature and coupled to the thermal source and diffuser.

12
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WR "z pf: Theymgihod @f claim 4, wherein supplying controllable amounts of power to

10& 109%&' () -!6f/#109%& ()-!,f/#10%& ()-S y#10% ()-Y! 6S y#109%&' ()-Y ') 3*7,, -
7z X6 PE: electrical resistance heating elements in a thermal source provides a controllable energy
N @@10%& ()-! @10% ()-! @10% ()-! 13@10% () -!#@10%& ()-%40%& ()--.w/
0111} [<1: 1Ox 30USih(y varBle@ED ¥dhdrnal GBro@shfd&. () - S' @10%
& ()-16S @109k ()- @10% ()-1111@QB34h5dE:
10SSH109&' () --! SSH109%&' ()--!3SSH109& ()--! SSH109%& ()--S&10%& ()- 10
10h55566F77}~?E: 10F 'F10%& ()-F

0,

sov 100 () & ST 08 aiEh b e i R Cuia e KV POEGAR R ane
107 & 10%& g)tﬁermal diffuser interposed between the wafer and a coupled thermal source and sink,

the thermal diffuser having a thermal mass less than that of the thermal sink and greater

than that of the thermal source.

10 7. A method of claim 1, wherein the
heating and cooling a wafer is by conduction across a super-atmospheric pressure gap
between the wafer and a thermal diffuser interposed between the wafer and a coupled
thermal source and sink, the thermal diffuser having a thermal mass less than that of the
thermal sink and greater than that of the thermal source.
15
8. A method for wafer processing, comprising:
heating a wafer from a first processing temperature to a second processing
temperature during a heating time interval; and
cooling the wafer to the first processing temperature from the second processing
20 temperature during a cooling time interval, wherein the ratio of the cooling time interval
to heating time interval is no greater than about 1.25, and the wafer is constantly held in
a fixed position, and the cooling is driven by an adjustable thermal sink temperature.
9. A method for wafer processing, comprising:

maintaining a wafer in a stationary position;

13
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cooling the wafer by conduction to the first processing temperature from the second
5  processing temperature during a cooling time interval, wherein the ratio of the cooling

time interval to heating time interval is no greater than about 1.25.

10. A method for wafer processing, comprising:
maintaining a wafer in a stationary position,

10 heating the wafer by conduction from a first processing temperature no less than
about 15°C to a second processing temperature no greater than about 250°C during a
heating time interval no greater than about 60 sec.; and

cooling the wafer by conduction to the first processing temperature from the second
processing temperature during a cooling time interval, wherein the ratio of the cooling

15  time interval to heating time interval is no greater than about 1.25.

11. The method for wafer processing of claim 6, wherein cooling the wafer comprises
coupling of the thermal sink and the thermal reservoir by single-phase convection heat
transfer.

20
12. The method for wafer processing of claim 6. wherein cooling the wafer comprises

controlling the temperature of the thermal sink.

14
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travelling through the device are substantially equal.

15. The method for wafer processing of claim 11, wherein cooling the wafer further
comprises controlling the temperature uniformity of the thermal reservoir by

10  accelerating or decelerating the thermal sink material.

16. The method for wafer processing of claim 6, wherein cooling the wafer further
comprises diffusing a heat flux between the thermal reservoir and thermal source
through a conductive material, thereby smoothing temperature gradients of the thermal

15  reservoir.

17. The method for wafer processing of claim 9, wherein cooling the wafer comprises
coupling of the thermal sink and the thermal reservoir by single-phase convection heat
transfer.

20

18. The method for wafer processing of claim 9, wherein cooling the wafer comprises

controlling the temperature of the thermal sink.

15
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111 0109%& (20 Yfl@method for wafer processm of claim 17, wherein the residence times of fluid
109 () -, ,: 10%v& () - *109%Ww& () - " () - %#t10%E ()-| | KENFOPY Q] }}bC

llz)(lw\l/g%z ;% éis‘tﬁﬁgfgeﬁtﬁ%‘m% it E@{_ﬂfﬁla%%n&ent device from different inlet locations and

travelling through the device are substantially equal.

21. The method for wafer processing of claim 17, wherein cooling the wafer further
comprises controlling the temperature uniformity of the thermal reservoir by

10  accelerating or decelerating the thermal sink material.

22. The method for wafer processing of claim 9, wherein cooling the wafer further
comprises diffusing a heat flux between the thermal reservoir and thermal source
through a conductive material, thereby smoothing temperature gradients of the thermal

15  reservoir.

23. The method for wafer processing of claim 10, wherein cooling the wafer comprises
coupling of the thermal sink and the thermal reservoir by single-phase convection heat
transfer.

20
24. The method for wafer processing of claim 10, wherein cooling the wafer comprises

controlling the temperature of the thermal sink.
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26. The method for wafer processing of claim 23, wherein the residence times of fluid

5 elements entering a wafer thermal management device from different inlet locations and

travelling through the device are substantially equal.

27. The method for wafer processing of claim 23, wherein cooling the wafer further
comprises controlling the temperature uniformity of the thermal reservoir by

10  accelerating or decelerating the thermal sink material.

28. The method for wafer processing of claim 10, wherein cooling the wafer further
comprises diffusing a heat flux between the thermal reservoir and thermal source
through a conductive material, thereby smoothing temperature gradients of the thermal

15  reservoir.

29. The method of claim 1, wherein the wafer is thermally coupled to a thermal source

and a thermal sink by a super-atmospheric pressure gas.

20 30. The method of claim 2, wherein the wafer is thermally coupled to the thermal source

and the thermal sink by a super-atmospheric pressure gas.

31. A wafer processor, comprising:
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processing temperature during a cooling time interval, wherein the wafer is constantly
5 held in a fixed position and the cooling is driven by an adjustable thermal sink

temperature.

32. A wafer processor of claim 31, wherein the means for heating a wafer comprises a
plurality of independently controllable heating zones, each of the heating zones

10 comprising a heating element coupled to a controller.

33. A wafer processor, comprising:
means for heating a wafer from a first processing temperature to a second

processing temperature during a heating time interval; and

15 means for cooling the wafer to the first processing temperature from the second
processing temperature during a cooling time interval, wherein the ratio of the cooling
time interval to heating time interval is no greater than about 1.25, and the wafer is
constantly held in a fixed position, and the cooling is driven by an adjustable thermal
sink temperature.

20
34. A wafer processor, comprising:

means for maintaining a wafer in a stationary position;
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the cooling time interval to heating time interval is no greater than about 1.25.

35. A wafer processor, comprising:
means for maintaining a wafer in a stationary position;

10 means for heating the wafer by conduction from a first processing temperature no
less than about 15° C to a second processing temperature no greater than about 250° C
during a heating time interval no greater than about 60 sec.; and

means for cooling the wafer by conduction to the first processing temperature from
the second processing temperature during a cooling time interval, wherein the ratio of

15  the cooling time interval to heating time interval is no greater than about 1.25.

19



