+ ;e3e }4< 6R T RzZ4WD 01/ 66821 PCT/ US01/ 06088 METHOD FOR SUBSTRATE THERNAL
MANAGEMENT 5 Field of the Invention: This invention relates in general to
the field of wafer processing and to 10 rapid, uniform heating and cooling
of sem conductor wafers during integrated . circuit manufacturing in
particul arWO46835si on of Rel ated Art: Tenperature unifor mpeyssdsss a
waf er surface is an inportant factor in 15 many integrated circuit,
fabrication steps since rate processes used in fabrication are generally
t enper at ur e depeVi#aH QD! FORFBUBSERATET RRAT E, w&eAé‘EMlﬂe,?.- uniformty can
adversely effect a circuit elenment™s cr .|ﬂ$—d¥wm' e by enl arging
it relative to a design goal. Thus, as trends toward smaller integrated
circuit critical dinensions continue, tenperature uniformty regqu
for wafer thermal nmanagenent systens wi |l becone increasingly smm’,mmmmmmmm
For exanple, as conpar eBAGKGROUNDIOE THEIENVENTION ent . tenper at urg, 20 25
uni for%n' ty requirenents of 0.1 C across a several hundred nillineters

r

di anet waf er represent a 50% increase in tenperature uniformty. Wafer
heat i ng andrigRINftheInehtigniTust be able to achi eve such tenperature
uniformty Tigures of merit over a w de range of process operating
tenperatures, typlgaveytidn wiatetiogené@otthe Sieldestakabrpdeagindegidags Cel si us,
arid in a r@ﬁgeﬁnifo nsJ st.ent fromvvafpr-t.o- fer. Rapid thermal managenent
over the opéfatrng e#‘ﬁ? 12 A $oplingy et semicondyctar dvafers during integratedmy of
process. | rvifchie maabhREtUBRE Gep&tiOdadr t, stringent requirenents for efficient,
rapid, 30 controllable and uniformthernmal managenent over a w de
tenperroature range are not fully net in an integrated device. In exanples of

closely relmt&aisidhlof REERES %,g devices carry out heating and cooling
functions, hut as ji nati on of separate heating and cooling units
posi tioned in opisopetatun uniforvighabised wafeh sirfiRe s dn impdMand 2:£6H831

PCT/ USQA / 06088 .devi Cgfsii’gcq?}fgﬁ'ier' is interposed between the heating and

cool i ng el SWEN{ReHAY JLPRYHeRsetnge & Pireesstsareshindzbritatienxampl e of such
devi ce i i - ! fer.110. heat |
a device i gef etnpefatiire dépenhéht.ﬁbg!gnguﬁéﬁ g{%\g\%@gﬂ&%@@ %’éﬁélemr]%,m y eating

surface 120, and cooling surface 1 source and
a colld t hecampderseky pHedraaeirduitelevnert’st risicaladietensior stwetbyl el@gimt #d. Rat her,

they are p i I r gt or_otherwise thermally isolated fromeach

other. To Eéggetl&egt%’ aéﬁg%igﬁ’gﬂ% 2@‘?‘?‘? %So‘ﬁ?f@gf%‘?’afaa% er Iptggratrdcareuit sriigdd hani cal |y

trans| at ed dimemsicnpaogting, weaperhtie: 18FsmRE AQdir&RGE 16 ?erfratﬁéﬁna‘}ccor ding to
a

the desired function. This is inefficient for the manufacturing process
flow and cPERRSTRHBEFYsEERY Wilbbasame anaressinighnstiingent.as conpared to an

integrated therpgl JBAALE | that perfornms both heating and cool i ng
functions. Thus, due 'Zggi %Qfoﬁ%@%@gf?%ﬁgﬁlg SFOAEEE g WFEnt ERBPENTE 2 need for

nmet h@ds of ueiféimityeneqyirenapitdof @ b1 aabisabiescrahBundiéd QilMirehed dRmepRNageNENt
over a w de gee erat ure yn}gcg. Further, there is a need for an apparatus
that provi GEETIRECICNE 2 p0dp IGEaSE i tTBPerapiea formity i Wafescheating @ady state and

transient eesliighinifmusité dblttb achieve such temperature uniformity figures of merit

- 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 'process. |

In the wafer processing art, stringent requirements for efficient, rapid,

controllable and uniform thermal rﬁa.nagement 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
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- is very suitable fox easy use within a manufacturing setting. SUMMVARY OF
THE I NVENTION 20 This invention is a nmethod of substrate thermal nanagenent
for efficient, rapid, controllable and uniformthermal managenent over a

wi de tenperature . range.. One object of the thermal managenent nethod is
to integrat'@%/%%&r nal source, thermal sink and a thernal dACTUSEPE088
According to the invention, a thermal 25 diffuser is positioned stationary
rel ative t alevices, walefer iintaapmedbetween fecitbatify and BEIMB! clGMMCAARd a ther nal
si nk, which are gl SO sta.éionary relative to the wafer surface. The thernmal
si nk conpr i"@B¥latgdbetyecnhs slemeitsedi a with a control lable tenperature. The
wafer is heated Sfind ! IS r atilneat second processing
t enperature duri% a hé%?fi‘%ghfgpgnﬁeﬁgﬁtservaﬁrﬁgﬁd?'tlﬁel:(ril(}bgg?[@ffofxgucg%e first 30
processi ng waserpd Daheating Surfaeetl B, and covlihgmurfeesisionge sompe Adiottherilr i Ng a

cool i ti ' val.. .During.t.nis process, the wafer is constantly held in
a fi xer% pog? ﬁcgﬁgaalweﬂﬁéggﬂwﬁﬁ%ﬁ)@i%wg@ AR HEFerged. Bathepf t he |

ther mal rankgeire ptéydi@lll?(%épdr&ea er m@meztﬁe&m;v Hﬁullaté'd)f}bfﬁrgaf:}%tﬁl?{ ¥qacross a
Yy

waf er surface b i ffusing heat fromthe heating el ements through a thernal
di ffuser nég¥ Gicophtherpgmisondneiauweferghermabariiametianicaligatansigted i hace f aci ng
t he wafer, is rat ur.e gradients of .the thermal source.

Yet anot hef b %E;bgc eeglﬁf? ﬁ%‘nﬁ g%écﬁa%?%ﬁ‘ér&ecﬁgmcoﬁﬁ?%@&ﬁ? desirgd h’l“ﬁp?ﬁ-ze t her mal

non- uni f or fihisyis deefficisntefore afanafachuaiag pRite oMW id AEAR-RBAF i) sPfcezOnes in a
t her mal sour.{;e.. According to the invention, a thernmal source includes a
pluralty &f ’?&ﬁé’saséﬂﬁ'é‘?%é 1 &0 infresedtbermal mapagsment davingthas poformsat and a
controll ab'b@th%aﬁﬁ@ﬁﬁd@édﬂﬁ@ffuic%i'oﬁs,OVer a surface proximal to a thernal
diffuser. The therial diffuser 1s diffuses thermal gradients and is

posi tioned st at ([bnardue te dhealimitatians of hedated bty thererif aceed fd mahgdsed to a

thermal so nd a,thernmal..sink, ich are also stationary relative to

t he wafer Efjﬁr:c %{lg’efa%ecﬁrf%@?‘bli:san?o %ﬂbﬁ}‘cgnflhgﬁaﬁﬁgenﬁnﬁli’v%ﬁp‘ﬂ%es a

heat - car r y ksnper@ticaranpt.(Fattepnthere! ik abhRdtBIRE apbathfs R prstidan@Eher obj ect
of the thermal nmanagenent nethod is to' mnimze thermal .non-uniformty
acrods a wésdied ighrnestermance davipgboth sterdyrstai¢ and transient eonidiionodnddbait.r ol | abl-e

t enper at ur A r.eservoir in a non uniform _
manner . Ac%o‘%e |%g&ltg%) Egggnvgﬁ{lﬁh%ln%ggéﬁégl%ﬁq%?ﬁ'f orm fl ow may. establish a
control |l able, distributed and substantially uniformthernmal sink 20 '
tenperature field. BRIEF | PTION OF THE DRAWNGS FIG 1 is a draw ng
showi ng an exenpl ary pri A HEINVENTION, expl oded vi ew showi ng
one enbodi ment of the invention assenbly. 25 FIG 3 is a sketch
illustrating one enbodi ment .of a thernal source used with the apparatus
showd0i n FI G 2Thisligyentioh és zmgthag lof Fubistrate tladrinabmbugemeht fot sfficleagponse for a

particul ar. odi t..of thednvention. FIG S is a graph illustrating the
snoot hi ng 5%@@%@5@@&? gnéruﬁ’cﬁ’%ﬁ%mﬁ’ﬁp maBagemest ppey ‘3‘5@%9%‘1“.3- FIG 6 is
a graph iltaagérating the snoothing of tenperature gradients by the thernal

di ffuser over a time_interval during transient operation.
One object of the thermal management method is to integrate a thermal

source, thermal sink and a thermal diffuser. According to the invention, a thermal
25 diffuser is positioned stationary relative to the wafer surface and cbupled toa
thermal source and a thermal sink, which are also stationary relative to the wafer
surface. The thermal sink comprises a heat-carrying media with a controllable
temperature. The wafer is heated from a first processing temperature to a second
processing temperature during a heating time interval and then cooled to the first
30 processing temperature from the second processing temperature during a cooling

time interval, During this process, the wafer is constantly held in a fixed position.
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+ WD '01/ 66821 PCTI US01/ 06088 FIG. 7A-7F are sketches illustrating aspects of
the invention suited to provide a uniformtenperature field in the thernal
reservoir by enploying convection heat transfer. DETAILED DESCRI PTION 5 In
contrast to other teachings, this invention integrates a thermal source and
a ther mal WM a substrate thermal managenent system |RQTAGS0AD60A8)
heating and cooling units interacting wwth a substrate has attendant

advant ages over Aaofker 6bi€RBPtHaakd : rmal sink,
enabling efficient, rarj)i d, 10 cgﬁltlalr%H%B%gﬁgxﬁgh%ﬁg?%&%u?%rt%ﬁngﬁanagerrent
over a wi dBOn-BRHEHY dEwss amgéer sufdce byl diffusing Heatfom erefteatrardendss achi eved

during bot t d transient conditions and,the system apparatus
is very su?’t"é%%%g“d?‘é?‘%@a‘?@ g?ema\}\cn%t itﬁe%\na. 1Yr$é’ﬁﬁ‘f%{8’9 JPAFTER é‘é?ﬁ\eﬁ%’?g FIG 2 is

an expl odeslrfice faciiotht nafanthase sibythagaendemtire phdie@88r 42 teirhadi ment  of
this i_nvention. The assenbly may be. an el enent of a system further

conpr Psi ng® - urality of devices such as the one illustrated in.FIG 2 or
a sub- . at nospief hkotBAHSY S (B HRASHIPSL AL i ¢.enclosur.e. . Typical
enbodi nents, . however, ._Hglre aéapt}%gi?loﬁg%%eg?épg@h?gd%?%glr’i?ili“flfzeons. In FIG
2, waf er 2thgmglappruniomiificacr@is@, waftraurfate byeserwiiorm 23frol o esEglin 20

di ffuser. 230 eating, surf.ace 235, thermal source 240; thermal sink 245,.
power suppl éaeggg,spurg&{ﬁcgrc{uég t.oé%ﬁwﬁ?ﬂf’?pg%egﬁ%tllm‘t“ﬁ%f%des.QHISEHI%X ors 274 and
275V are Shoutnes aqipRkCTd ofoVadh QTR ainBEhy deshé LT Mlonflbiidiser made of
a material with an wisotropic thermal conductivity, such as or Al,, and
a thdPmal teAYGrasire ficld pyes atsyrfase praikimal topmthermalf diffaparohd thermal t er nat i ve

enbodi nent g ncl I Lf er de.of .a material wth a

non-i sotr o%#élg%crﬁggﬁ:ﬁa%egcgﬁég%t %rig/clﬁfr% %%’l %oasﬂ?%?,ed Staupgacy. feﬁ%tfvr‘?eff’vt\%‘i ffuser

t hi ckness wefepeurfice ahdrcotpied toe thehes! ssureé amba therha Skl Waithakoalso 0. 100
inch". In EFIG 2 [ﬁtll'{e vva;gr i s he ed_@cross a gaf) bet ween wafer surface
210 and heltTHETSIHFHEL0 Sag wa e“ugté?)e'i WP 1) 9opled byeanthstralr ek ni cromet er s
wi de and 3cdhnpriset 8 demida thoOA&diS Wet i itrogen, or helium or
ot her gasses éNI t h desi r.ggl_e physi cg|a%39gggﬁl?§?pcgﬁﬁ%‘gr nat e enbodi nents have
di ffdfent gap wyelk awtiesdbiges of the thermmanpanageimest methodds e ntimierizal

conduct i vi ' Thermal reservoir 4 - WD 01/66821 PCT/USOL /06088.
590 S her riapeidtAn Bhlrorst RPLERS o ERE et B foing adherme! Sk MEISHR 245 howe
associ at edoft toeurotableaaspsratubd-throddh pd¥iages v aMBermal rERIRACH ¥Gloy- The
heating surface and a surface of the thermal source proxinal to the thernal

di ffuser NEVOTRSTRIE: AGCordingetoathgr@ventisingsuchrd momeuntformr fioweansy vel y. The
thermal sol68sh thES 1 QI d rmal diffuser are i.ntegrated and
in i nsepar aE#escc?mmﬂr??Aclgtg }%ﬁ%ﬁ%{}g@h&er%a S‘%%%&E%H dlﬁ?fgﬂﬁ;‘%rgﬁ?ﬁl her mal si nk
245 28 a viempamtwé fitldowing fluid nmaterial with controll abl e tenperature,

whi ch nmay be a const rature. Thys, the thermal sink and the thernal
reservoir are typi 'ca.ﬁ%E.}'ﬁﬁ)ﬁggm JUNC(S%?%M&%y conduction and
convection heat transfer. Qher enbodinents | 0 of the thermal sink are not
limted to a flowi ng fluid, such as a stationary fluid or a solid. In FIG
2, t henzal & Aks 245wiag shawving gn exemplenyepriqramtpleviceur e bound of the ther mal

managemnent t. s.Qf the therpal. sink, Msc;, may be

si gni fi canﬁl%%r?ggf%ar]gﬁ?gﬁ&?%iéo%gro rrrlglemkﬁg%?,SmF veptigrbessembli¥ents. ~1n
di f f @fent FI 3dsbekitcteillustratiyineiemtaidih@aSE a thddmaPousde Us€@AthkR2, or at

| east 103, or at keastrhé?é times greater than Md. In a preferred

enbodi ment3PPArafYFSHPWR L s¥nk' is a constant tenperature thermal sink
provi ded byic4Ghi LiSH iMakEE i T onti nuous
coupling of the cgr%arlati velflgHﬁgr%leﬁr?%gﬁskrgﬁ?ée%gasp%ﬁc%hﬂgﬁoggﬁgt' sink . to
t her mal r exféheiventis0, the thernal reservoir may be a substantially

ot a0t 5. 30 S uPRh A Gy el SPRE RS graSRIBy ™"V

30 thermal diffuser.
FIG. 6 is a graph illustrating the smoothing of temperature gradients by the

thermal diffuser over a time interval during transient operation.
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< thermal reservoir may include features to further enhance tenperature

uniformty, 1Yif7 Cl. ~. FIG 3 is a sketch illustrating a particul ar
enbodi ment of thermal source 240. In FIG 3, heating el enent 310, heating
zone 320, RE@LuUre sensor 325, 25 covering material 330, thermal source

surface 340, power supply 350 and controller 3 60 are shomﬁqﬁ@o‘/ﬁ’qo%trat ed
in FIG 2, thermal source 240 is coupled to thernmal reservoir 220 and

t her mal di f FlsheA-2Bere sigichpeilivstratiogiasntcsofithe infentioe stiteltoptovider ce nay
require congl: o) i to the thermal reservoir and thernmal
sink duri ngﬁ%gééfr?’gtéﬁng?g‘%pggg\?@‘g%evtggfﬁggﬁs?f&mfﬁ@ TREPHRE CUYETI8. 30 Coveri ng
mat eri al 33kbeat watsfgri cal |y an el ectrical insulator. Particular enbodi nents
include a thermally resistive covering material such as Kapton.TMIn a
preferred 5 WO 01/ 66821 PELLSHLEBINSRCRIMHONent, the thermal coupling
of thegsource and the thernmal reservoir is inseparable. Typically, thernal
source 240 is an electrical resistance heater wwth a relatively smal |

thermal mass, MIn a@stresh bpetherdedcbingt)chit ineemivh inagraes a dferrpil ReNredargonponent s

shown in FI&&X{;Z: I n diffeésg%l}t Errbo i ments, the ra&io (M5/. MJ) is Less' than

about 10' i ,* S¥TRASInKIR 2 5ubsiRals thewna) mapsgementsysiean [njewsaunehvatng &1 | ess t han

about 10'i.cd3#ihg ugith RiteraBMQOWIR Atstibstiite Eﬂ%ttkﬂ@in’?%ﬂvmn%%éﬁ 8%@{ fefleaters with
ea

submi | limeter sized netallic electrical resistance Ing el enents 310
cont ai ned i $PERINAtoRset pithermahsacezanden BROM2lxigs, caablingaeffiorehaeapitenper at ur e

fieldyds o : I 10 340 . An.exanple of such. a

resi st %—ncen%ogg? 1g,érg?él W@%ﬁc&ﬁ%ﬁ%&wmﬁ ﬁg@%fﬁ?‘ﬁ? f?&ﬁ%ﬁgl,‘s I nc. ,

M nneapol i sdesivtdl higtppedibrimyanct he attievededuri@USARE stdady akRel 2l th@sient han | 00
Winz and W i ncl u%ﬁ &Epol%rrer covering material, The thickness of the
thermal soufRdtions £nd; the SEM ARRERY it Yerar swgblafosreagnoisg sthimiag 2) i s
general |y | @asufhdigiindsddimmd N- The thermal mass of the thermal source is'’
typically less than 1S aboutone tenth of the thermal mass of the thernal
diffuser. ~ . ThEGa? ti$ enl ewpldded miew cshowitgr arbassentblpfacttedingng @leenent s 310

Wi t hi n heat er, w. zones , 320 nd {.he nunber. and pl acenent of | ndependently
contr ol | abIeénk??gg{l?’ﬁ@%WsleXg’giPn'e%ﬁ?E‘b oY '?‘b‘lrie@%g‘fﬁsﬁfﬁ“h fhe surface
t enper at ur ecohripeisthg alSlurdlity f 8&VidedGactOhs ﬁl@%ﬁ@@hus‘ﬁ?ﬁéﬁqgfgé% of ishiber

control ling anounts of power delivered to . 20 electri cal resistance
heating el étBAsAeric gnelpgure 9e p supersnesphens endlefase. Iypisal eobddimknts,  ener gy

fl ux which ﬁ% I e oaver .an interfacebetweencovering
material 3 axgﬁano é{%hé é%%tt%%h)oo\r/\xmom&%% t hermal source is coupled
(see FIG 2). FdediécR, oafer20D, wifed Surfaze 2C0,0RBin S hedrky: 282 dRtmat | east one
t enpeyat ure,.sens 325 .enbedded .in the thermal source. Particular

e nbog(ﬂe nt sd@éifr ?tg Qoficsting §“frcﬁi Ps %Fn%léﬁ%ﬁ F48ngemam sink 15 ppvenl

embodi nent &afly2801 ddatrolle: 260 aH@obkEana%%m ultr ) 485 5 LRI C

Al ternate enpodi nrents may have a control [labl'y nonunitorm TS. &enerally,
there is a4 omjered embodimentineludes ofhembal \diffR@0 nBAO Gf hehateré) witheart-her mal

source and .the thermal, sink, .althoygh this figure is not a limtation. 30
As shown i RE%O ' g’,enflﬁle?c?@ubté‘(’f ré}é&g%EPs‘"(ﬁA&ug{‘%& g é?ﬁ#‘équghq user 230,
whi ch f acesub@hstiallZOhadd bf Kaptd, ©F 8RO iiBRRimentd iR A Rhersqur ce and
diffuser are_in direct contact. The thermal diffuser acts passively,

reducthg t Heifissgmads @& & mepteriawyithy wwgisatrqpsTihesnal/cosdssivisy. Dypictllants in TS
as heat pa QG Lif : ' ing surface 235 vrith a
substanti aﬁ??ﬁlﬁﬁ? 1or m te}e?rﬁr;%@gésﬁ gﬁb F%@é’?&@{% ?feegg‘%%lcﬁ satg‘?nsazoofl omthe

| engt h scal®eH)0iinblerent to the structure of the thermal source 240 and can
| ead to nonuni fcir rp%geg\t;gn%?f .the wafer. The substantially uniform

t enper at ur e ‘i el’8 ¥ ontof Walerishagtediacrogs & gan betweemwatensurfice g1 fard  waf er
surface 21GeadkPaGfie\¥35Y TRARS 9pR i -

micrometers. G 4TS a g?axg# ﬁ@}{?aﬁk&ﬁégﬁér@ﬁ{oa%t%g%égg%dnse curves
for cite entfdtednwith acdastsheh anwoent kionor BodEena onatlbum t @ngberadadses willd) and a

tenperature _of .the heating surface 235 (see FI G are shown. The

embodi nent d@%‘Fﬁ?ﬁel @B@m Qfﬁgeﬁ@r ﬁg?mgﬁeﬁwbéimgn@gﬁgq é#?re%%@é’?"&?‘éﬁ’éd of 8C a
thermal  SoWaes KON EibaRskivally SrRekSihefhdl CoRfuctPity Yhh BR, TR aPrefPAP 1 nch
thick alumnumthermal diffuser: An air gap of” 0.006 Iinch is between the
thermal diffuser and the wafer. ~ In general. preferred enbodi nents span a
desi gn tenperature range for heating gr cooling the wafer in a tine
interval no nore than about 60s. Typically, thernmal speeds are 15 greater
than 0.5.Cs. In FIG 4, the wafer is heated fromroomtenperature to 150G
in less than 60s and cooled from 150C to roomtenperature in . A
approximately 60s. In typical enbodinents, a cooling time is conparable to
a heating tine over the sane tenperature range to within. about 25% FIG 5

. o, B M B -




. FIG 6 is a graph illustrating the snoothing of tenperature gradients by
30 thermal diffuser 230 (see FIG 2) for one enbodi nent of the invention
over a time interval during transient operation. FIG 6 contains a ~ famly
of terrpe.r%Fll(grﬁg rofiles. The tenperature profiles are along a radius of a
circular thePHEI®2Hiffuser 7 WD 01/66821 PCT/ US01/ 06088 frrT/vsoiiossss. dept hs
within the thermal diffuser material over a 2~ ns time interval. Profiles

proxi mal aRd0dittermbl diffustren | the@ikl CRUA4024, Ginki Qﬁéef?r?rag l%ﬂg(g%zr;%é%y%ngl 820’6 s

respectivelg%/. .T? S th@n@grofile distal to the t

t he t enper &WFE Eﬁﬁ%ﬁfﬂa es, NeaManlfs.s0d Mic.aepctivelys T ekffag A)rfacé N t he
enbodi ment ah@ra Budflde offihet e ce conprjsed electrical resistance
strips 0.020 inch w de aﬁdﬂgggggge% asa}?r?%{%x,a‘?dgorgg t*‘?{gﬁl diffiiser thaverml di f f user
was 0.040 iapRoRizteiterkpeshture/elds, Ty graipl,, ebpddti@iDh The el sB&L¥aELLhe t her mal

di ffuser a [, ..shown in FIG 6, the tenperature profile 620 at
heat i rsisg su?%ggéﬁﬁéﬁ%mﬁ]i@ﬁ? AR iLRtE8rALRE and i ipseparable spamunicatien byt er val . 10

FIG 7A 7Dtmmmabiicnbes. Myblesily Ahbi) R 3603l BSREGISQlint ;g | NVeNti on
| ~a

suited to providing a uniformtenperature field a X7 tuid
reservoir- Eg’é‘i” SUfceontratleble demparatuee, Midch gy by eqisani tegeeauect i on heat

transfer. § I ink, . .is a, flow ng single-phase fluid,
such as |i ;fg?%q&gtt%errfnagﬁ e%ﬁ’g{%l: .tﬁeé%{)msﬁ%’ﬁ{rsafml??éb’éndnmqb@iary solid

thermal si pdmmunigagerobys candeactioy arfli ddkivectiod heat YiRh&a), Ofn rtena%ohnx?énwl‘ sink is
at a, errperf&xurteé&ragat er than ,about--40 C. FIG /A shows a top view
scherdti c of 8 Rrsrksink arg motlimited 1o aflowiag ftuety sughtas alstatiBhaBy fluidor t her mal
reservoir g8, fluid inlet 701 and fluid outlet 702 are shown.. Fluid
enters inlet 701 and exits at outlet 702 with difFerent fluid el enents
experiencing di ¥4 Agthemyal sigk 845 tictemsinesthé iwer tehpetdn@E BRInd &KL VOi 1. The

differing Ldepnce times can bead . 20 to small tenperature gradients in
the flui d_{/}'\ﬁ%éh?r?l g R RIRR, %e_e'gmag .%%Oftée theemalisink, M masnbe e heat
conduct i vi significAieiypgereattuthen 1@ @i infasbedd- dfike Sthib He B 1R 2

unde $rabl e-tenpperatyre %radi ents on thezr mal reservolr surfaces. According
to thes i riPRRRGUBRRtS (M 1 A daastid), oratrlesst Ui eorat leastd 0F, e riedst 1 65@ny0i 1 '

equal i zes gesbOed) i i l,enent ithin it. Further, the thermal
reservoir %5 str ug%jet}FE r%éfseysgeegnbt%gf ?Qéﬁ’g%@’%ﬁ‘%f%? fOPStapy i d 1 ow
field to dempewerathersalisisk pravidediby awhilfearwitd sty fnear'ﬂR&E)?/[. B%%Met hin the
thermal reservoir and gﬁlc& escggndi ng substantially uniformtenperature
field on 2 CREFHQNS FQRERE ef the compartivelyangn ghermal mass of thé thetraltstdr mal
nmanagenentto Rkl tsvdisER), Heh 1 rature fluid js provided
by v%i ation of a fl,uild MASS. felrgg/ai/l%egerg&lfgﬁg%tﬁggﬁ)sfﬁgal%@nﬁ@m?d[ hrough t he
therfl r S¥B¥Rially uniiern) temperatyre themuad reseworfPartimldr bR OBinehRSTINOI I -vari es
the fluid ' ' nercthat establishes a uniformnet heat fl ux
into a fl Lﬁ{ e 1-eetrsr%rr‘{%)ﬁl Hr?agg%{i ‘t“%nfﬁati"ﬁs 1o %F’b GedrapsraMsepaformity, 1 n 't he 8

wo 01~66saifr@CT/ USO 1 /06088 above, the net heat flux consists of
contri butions Efg&t ho condtigitéi on and convention. Wth a uniformtenperature
fluid within t & Arafetshedluptpasing a partcianearhoditént of tiekmahsduegeper at ur e

field resuv4bsiorma@ 3t I i cef.acing the rest of the thernal
management appar at uéh@c{é Ieg ?E@}{g t‘%@ﬁ%%@ -’(}L’EH}P%&WFQWW%% |

enbosh nentcovering makeriab 80y diermal Souros istiifa@s 370, Spoviet ﬁppY}Dll’:’SOoél'H et 702 and
pl enum 71Q A8 srggavn Iﬁl uid etners éhe inlet to the pllenum A fluid flow
fromthe pPenu £HFSnENDy 2t Uiustrefed e RIG 2, thepnalsource 240 éxtanpledbet ween t he
pl enum ando tHeemalitkiegtoir TIeansint ifRis: .each fluid el ement
to reside in the flaw field Rl iRl 2R Féﬂp%lg‘lés‘gﬁd"?’?ﬁ‘é."ffﬁ FIG 7Cis
a sketch &EHRhipuEcedpasERiee comtinabus/themna otplimgaotiedthemnd réservchG  7B. FI G
7C illust s 0f the thernmal reservoir's structure that enable an
accel er at %gélqg?ﬁﬁgﬁ}kng%?nﬁapp?rﬁﬁ?%tq IaSW%f Prkpatine 4bsitkarmah seutsst anti al |y
uni f3r m f Qoiveringemperialt 3306s Wiidailf ab BRc i ' i 7C, inlet
701, outlet 70f plenum 71,0t:ypori i'ceﬁ7?&%{ﬂ§£<laétﬁg?§{t§msa% F@gﬁﬁlﬁegtss 7S50 and
760; cros®elided ‘gﬁ%‘l‘a”é(rfé%SthCS:Wé&!g matesial such as Weapaome™ [A90prefeteedopt i onal
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
fl ow al ong exenplary streamines to the outlet. If a fluid acting as
thermal sink 245 .within thermal reservoir 220 is at rest, the tenperature
of the. fluid will tend to rise under. the action of heat flux across 20
interface surface 790 since a tenperature gradient. driving the conduction
is reduced. Likewi se, when a fluid el enent noves through the thernmal
reservoir as in FIG 7A, any rise in the .tenperature of the fluid el enent
during its residence tine in the thermal reservoir will tend to decrease

o, - o - v o o o




+ 30 ‘heat flux due to convection can be non-uniform Acti ng i n conbi nation,

t hen, a non-uniform conduction heat flux and a non-uni form convecti on heat
flux may result in a uniformtenperature fluid. 9 WO 01/ 66821

PCT/ USQO1/ Qg§§8 ccording to this invention, a variation in cross-section
area 765 CHuS¥¥®Y variation in fluid vel ocity i.n the ther nBFT/USER6Q85i r .
Vari ation of flow channel crosssection area is well understood to '

accel er at eembodiment, ¢hatlernhblutahplihg we. thSisreree BAE the flebthdl MRLQGILY 1N
non-uniformwi thin the thermal reservoir, the net heat flux to the 5 fluid
may resul t PPN form fluid tenperature. Wth the fluid within the
thermal reservoTypibaw, A } r e field at an
interface surf acfép TQ%I n%ﬁgrggd@%ghggggﬁﬁ#gﬁ §ésli}§?“%§;ﬂr%g{e§tﬁ‘”{%‘p%i onal
second t heraigiivelygsmalLithermaignassj Ms, ashangatesl fosthe densizhinasges tof otteer mal

diff 2 E 2 - al be~ led i imty to the th I
M eservor r PRy b B ARED. Pledtingtotniiag e MM et e
non- uni f or thah Wboutl1G', Gteskthall #oddt PO%, BYfesOhak APHRNGI! & 18s tgax'i hsgural
reservoir —~ sub assenbly for one enbodinent. In this enbodinent, ring 770,
cont ai ni ng!@ " priticalar exbesiments.pf theghermalsopesy gre heatsoyitiv @th-mittimeter-has  at

| east one : . - r. 791 ..s bolted to the body,

seal i ng. t hg%ﬁgég%ﬁﬁz S} I%E%Ssga?égﬁ%mp \é%ﬁn r%n%]fd_o cggta}r}?ﬁﬁﬁiagle Y1988 nent, the
form of bolisates aorfeci20 17 pddscdrstuaats Rinpyraties REIATTNES theRRal GHARE Surfade T | OW
channpel cro -sectio[‘n. rea. It wl| be readily apparent to.those. skilled
in tﬂ§ art %ﬁﬁ’tﬂ TATE %’%@Bﬁl%ﬁﬁlsf@% eatqriipi { bermadoil t heatemfisorniMinge s

descri bed. prog@y eac, Dirfdnes MROR{ b e A5, - ' n

be. devel operc? Wi t out dep@@%%@ﬁﬂg%ﬂfﬁﬂ% ,.“scglgsg g?@%%d%{%sé%@?on . 2D and
are i nt enddd Woinpend imeyl indlade wi polymert dosesiog pratenfal.t Tre thickiness ofsRéforth

. bel ow. 10 [ 6687 CLAI M5,.What. is clainmed js: 1, A nethod for
waf er ‘proctggrsr%%g? ‘pr%%l arﬁ%gch]'xgr} PEETIRYY) B aEE @Qéﬁ?erﬁd%azmgéperﬁubm a first
processi nglesetigre 0ASUREThOtRrALCANE TS BRahilkobRENS HAiMHIE KW iRy & heating

tinme jnteryal; and cogling the wafer to the first processing tenperature
from he Bﬁweﬁ?’b‘gé’géfﬁfgemﬁ&t)ﬂhétW?hi}ffaSQtooI'i ng tinme intefval,

wherei n the waf o Y3 i i ition .and the cooling

is driven by anﬁ%cﬁhggdtugﬁlc@ﬂt?%er r%gt?"bts}@r?got{tﬂeaar‘r% éa{%('ﬁg%tpggdwﬁ “RSH f or

subst r at e zomey 324, and iwgemset and plapernait g indepaneily goesltabl Reahe - anount s of

power to heatin ql ementﬁ 05 t hey mal. source; 15 diffusi n% heat fromthe

heat i ng elzf?r?gshtegal? fi¥ GRRyFPLse ﬁ@r‘ﬁﬁ&“ﬂ?-?}‘ﬁﬁé‘éﬁacm%ﬁmﬁh@?lﬁal byoncdnduct i ve

mat erial - t@rficd Grahdrihl SetréPL®. Fathdidedh Sllmgfaﬁ{glmn{s.%?gg{&\ér &%?}e?'tg' g
eatin e ware

tenperature gradients of the thermal sburce; surface by

‘cond¥tt i oreleairind resistaneshdating slemeatsen fhachermat svarasgirevidessnebn@llsol i ng t he

thet her my e b iR kS i ] BRI By Bo B S e R
managenentmatedai360 ahd@iotisd Rlekyenn Wikeh thelthedabPsodrleyitsuphid @\, to heating
el ements 01). Feedback control of Ts 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 Ts to be uﬁiform_ :
to within less than 1°C. Alternate embodiments may have a controllably non-
uniform T;. Generally, there is a temperature diffcrenée olf 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




' , 25 diffusing heat fromthe heating el ements through a
?hfa?ﬁ%lrm::li 1‘519322(: made of thergal l'y conductive material to a heating surface
facing a wafer, thereby snmoothing tenperature gradients of the the][ mal
source; heglijRed; Waf er surface by conduction fromthe heating surbac_e y
facing the vvao?er; 11 WO 01/6682i PCT/US01/ 06088 fl ow ng BCTiySo1mEbsssi n
material of controllable tenperature through passages of a thernal

iroi . iy h ids R | 1 abl e,
reservoi r o4 ggdisans-ind} &mempmemélroughhﬁéﬁbfuse@%ﬁawdéBgd%%%?%r?é&%ﬁ?i erd: Cand 5

' ' : ial ly uniformthermal sink t _ :

cool 1 ng. t he SHSeBHARERY i orteerti d.Gedientain hywisofiot e lergth 4. A method
for substr ataes inkerend tortas ag@IBRtor tH@{mﬁhé'éagfcc%Bp&Ing H%Bﬁtﬁlrn%lgé)ﬁrc: L a
anount s of nger tg a EI ural i téhOf heat i ng zones of "a ;

di ffusi ng HBAPTH hegting RethR swafarnihesbetentidilyanifbrra tdner e fdid T user made of

' | [ [ fer, thereby
thermgl |y gndug t,Q_a at rface..fgcmgawa ,
sm)o'[rﬁi né 2 errpgﬁi g&?fég%éxgrgé%n osh%%tfwé}ﬁresuftﬁger aCEsE A YErY NaEawigap of . waf er

A . . _ " SNy fer
by typicediy atfewhuhdredrdibremeand.i ng surface; and 15 cool i ng~t he wa

Smp{Laget hgr‘rral " k havin g,contr.ol | able. tenperature and coupled to the

t hermal source EL ﬁi’Ffaljg%P. itlustrating ﬁhémmidmélrcsmn;a é?wﬂg?rg?gbnce neati ng

| yi ng. i S \ to e rica nee. -

clonent s i bt her i e MCHRReBh o w8 Bkt 311 s Semhemaye of ox smoot hl y

-vari abl e B¢dieating suréacai@B s SeneridE. Qmmiamwnzqhé.enmoﬁﬁﬁmgo&g?sﬁ ;t rate

h I e af ri.sing: w . heating or cooling af

E:oﬁ{jggtigﬁ&gg{r?osé a® %g&f*ﬁ&ma@?ﬁ%%?e ?gé &’ﬁog@ﬁnﬁe%mrpmhémgadrea andI a o«

coupl ed t hereriy floafi4seAmlasd 41,068 iRntlIer Mabnidlied [SEH JIAKLNG A8 her mal

i ¥ t her mal
h t hat .of the thermal sink and greater _ t he :
lsgﬁfcte o gap of B0 Holf Fedveantbstthermal diffnsen andainagarenln g&REMN i Si Ng:

prossure dar e oot o SR G RRtR e 7 bedbeoncaalpsdi bet ween

t he waf er Wafdr it @ mslintriaheo medre $lm:rﬁ?g??§|' qigg}sgll*,gggﬁ%ﬁg%@hg{ef 1; ?SteL e12
Y\ﬁe(r)%n’%afs%l?%ﬁﬁ%@yg%geg??% ﬁgﬁv %’H £ Weftiﬁé‘CQHQérfm reQu rtcmperﬁureﬁme met hod of
claim 1 wisoeCnint ks thid ®09TarldNodlOP Adt 14078 198N entperdiia in"9 1/ ™

emperature in -
interval is no greater than about 1 L -
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 0.1 5°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



5 9. A nethod for wafer processing, conprising: maintaining a wafer in a
stationary position; heating the wafer by conduction froma first
processing tenperature no |l ess than about 15 C to a second processing

t enper at ur er than about 250 C during a heating tinme interval no
great er th%agggﬁg 10 120 sec.; and . cooling the wafer by EGRYSEYIHH to
the first processi terrperature from the second processing tenperature
during a coffiVAGOws ‘?gféﬁ}sﬁi"él'ﬁ%he thermat diffser meaterid cmraf’btﬂmnmetﬂtemg time

interval tophgadd RexindTBnd Q;s@arly@{hehﬁalggurgé ggtﬁ]?rrglt b%,\glzoeq-lnd%%ﬁ 1 S10. A

met hod for wafer ‘processing, conprising
stationary {f@mettuvglry Thasat thmgprbﬁb mmfaEIto b}ye &Qﬁdg{cgdum for oy ag fik gt
processi ng ess .t han_-about 15 C to a second processing

re no
t enper at ur eterrlﬁ e l?%tpé%t# H’é‘r%’%ﬂ%?“’%@ 285 seifdg- 3. e e Eﬂgbcitdlrlttentl fat erval no
greatef t haHI@.bi;)ltﬁc them?4) s6@ce coxﬁﬁ%eﬁ%@cﬁrf&gl %E'ﬁta}ﬂ\@e s@rrl ?(5) ﬁxgg(:t Lon'to the
e

first processl ng tenperature fromthe secon process rdfletjre during
a cool i ng t@&?eipﬁ?ﬁdeamalby QufvdYiaeh Tﬂah@uenaahdnffun‘ermeooa@incagmt:km Amterval to

heating ti &L tha ut 1.25. 25 11. The nethod for
waf er procggis g oqag%if%g é)bﬁﬁ{;vg %t}fﬁm %ﬁ%ﬁrﬁn%@tﬁlwq{? AHShoWR & - conpri ses

coupl i ng of Fithé, theeempératira srofits10ne hbiRieBtad£B8NY Righl ﬁtﬁl phase
convecti on &Sgt t.ransfer. 13 WO 01/ 66821 PCT/ USOlﬁ%’G(}h%n EHfllgle met hod

for wafer TBDUFRIIRE STYalof ¢l ai s 6- 10, wherein cooling the wafer
conpriges controtjqnmybearg%ga%gﬁgtl% e &.’Qﬁﬁéﬁgéﬁgﬁﬁ%ﬁe 13. .The net hod

for wafer processing of claim ere HYSPHQR anst er

rate is contuited feprobidinga yhifgratempemnid Heldnes ﬁaehﬁaltrbé%n%ut-ﬂﬁ’é BRlrcd €S€ervoir.
14. The rretlgpe for m]ff@eﬁ cess n of claim 11, wherein the residence
times of fluraaet &ifn t & °g °é’ ga FIVeEtiRny heat traastegchrmicallyethce from

di f f erent lthémiallstimﬁis ArEowiRg strghBdst nhid NG c{ﬁo WA

substantially equal .” 10 |5, d for vva cessing o
wher ei n CO(ﬂni“f?&“lefgs ey ave grstaionary salid t}@esalcsmﬂt mogdsedng thérenal €ifRer at ur e

uni forgm ty accel er d celeratlng t he

t her ngln si nlf(}fpxéah?eéggfe%%l .Juﬂéﬁ Yﬂ‘*ﬂ?@%‘“?%ﬁ“‘ﬁ&rg}aﬂﬁg%@égl of G- 74 ai m 6- 10,

wher ei n cochpwgattb view! sthefatit ben devio®frones fisid| Jfsiand . IE#iGf JAX bet ween

t he thernal res rvoir, 35& riqxg tg?rmal source through a conductive material,
1

t her eby snoBFHR Efs?ré(ﬂ‘ﬁ tA 9] e Suigk Otttlﬁém%%c sleownr. §dwid eofers . ~
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: gradienfs 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 temperafuxe 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



14" 17. A method of processing a wafer, conprising: providing heat to a
wafer fromat | east one thermal source; snoothing a gradient of at |east
part of the heat; and renoving at |east part of the heat with one or nore

t her mal reserv0| rs; maintaining a uniformtenperature fluid in at |east one
of the theYRdi’®$8Eervoirs by conbi ning at |east one non-unPdUSHIOGIBEUCE i ON
heat flux and at |east one non-uniform convection heat flux. 18. The nethod

of clai m 17abowd)ehectien hamiflog ammistsg)faonﬂ‘ibxftith\IeQHE&[d%EﬁHneanﬁ kbﬂxﬂné@ i ncl udes
bri ngi ng a\},hgrmal fdlffuser |nf§’£ommte§)ﬁ he .at | east one t he thernal
resources. T8 aTRUIORR Harperture flidrwithin éh@rml BesETYORI msnlgﬁtaltxahiw form

t enper at ur eurfiforth derhpérahted fidld edsuidesy é{a{e){hz{l% r@ﬁ&?&é&%&},&’ﬂ,s 30 a&g; at | east

one of the thernmal reservoirs. 15 20. Frocessin
conpri si ng:t wf@vpahrngnqgera@mta@paanu@,f er from at | east one thermal sour ce

snoothing a gra e art of the heat nd renovi ng at | east
part 25f t he hea'(t:# I\?\? :7?? lfgﬁgk%%h ?r‘ﬁsﬂté)gtvﬁ%"}’ Pner?igtéq'd;?i?rfta'rh%ﬂnf&ﬁ%% ning a
uni f or m t erg26y aifides 71 5,Unlet 700, @ltlel PESAnd ulf 710h& %B%rﬁbndrg irs by
conbi ni ng at, | east one non-unj form conduction heat fl ux east one

non- uni f or fEbIR Bt plermeAdluid fiow frem thehplenim tordiienowtien nm@pv,embyl dorm

t enper at ur ast _one f el ocity of

fluidin tﬁperéggwe%erg&si%ﬁtt(}%?égp%@g@her%lf’l% hegb glg?’\)ﬁf PLIMSEY ?%%e'l%é" net hod of

cl ai m 20, Heweparhtfhiid tlement t weside ir maﬂbwrmtd foy s:BERtA McBdme Aitre, The met hod
is at least part]y decelerated. 30 23. The

of clg{m 20, V\:h(%l’@l[}thef ng‘ltsﬂ
met hot of cl ai m20; /GHEF S shawine ‘HO?Sl’rﬁF%@k"lﬁ‘t"q féhesembadiment iy | e- phase
|1 quid, 19 FIG2B. FIIG 7080 iieghe0honedibithe henhliGedehithch dlGhiideS %‘Ebl%]eaSt on

gas. 25. A nethod of processing a wafer, conprising: pr VI eat to the
waf er from2a aswﬁeraupm of &e intermalpfuid dow grelcimmamweackusstmauymglfmnes of one

or nore th r adi f at part of the heat

in at eas?f g&a r ggﬁ P{tﬁ%ﬁyxé@m%tﬁerg%& ersg%{fl ﬁ&lﬁo 7Feé[§?te7§§r?“laﬂ 79%he heat with

one or nor gldneat 71, nkﬁce G, eempldie sERinlaRs 950 &APTI. &8ss WBEIA] fepr OVi di ng

heat .ncl uc}gg Ereow di a_energy fl ux smoot hl'y varying over at |east one of
rt

the drle or teFRgs Ces?)%r ptional sqgpad tharmaldifnses 780 are ggwmrer ei n each
o e Urti o ok ndensie e ot L DR SRER BRCE"

f eedback. 1s 28. The net hod of ¢ erein a
plurality ém Otlﬁ%M@é}QW ylocg)cvtmqﬂmdtrbzaamdsgo fengset. ncl udes- a plurality of

U al iy o 200 ARl Tt Rl i it Badeival emest Tk giresione. sensor
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.



+ 30." A method of processing a wafer, conprising: providing heat to the wafer

froma plurality of independently controlled heating zones of one or nore

t hermal sources; 25 snoothing a gradient of at |east part of the heat in at
| east a ra.g‘,ioaolugiai< ection; and renoving at. |l east part of the heat with one
or nore heat” sinks, and wherein a first thermal mass of at RCZAS%01/8¢088 of t he
one or nore thermal sources is no nore than one tenth of a second thernal
mass of at | eastAcnording to this inveation, armnetxdsremtcréb@-s&trblﬁsa;eal’ﬁis caddes alhe net hod
of claim3 r. aldflrt ther of ,at | east one of the one or

eSS 8 i i i s il v ot of oveelecn

nore ther rral sourc g ewserd t her nal

mass of at seetéuitareni vadll GRS t@rac@@?éx%tehﬁ%Ecééﬂa!ésﬂuxc’la?lowghﬁnggh-réOd of claim
30, wherei [}}U&gggpfl rst thermal mass of at | east one o e Oné or nore

thermal so 4BHig neprusiform itdinthe Meosalrdsenvar, teaictihex dlurdo theer nal  mass
of at 4 eastqRNgaof hod of clai m 30,
wherein said fi ragtresﬁlﬁgrrl%g Ifgﬁansg&gﬁea?&%tgg%t gfldlwﬁh‘f‘nﬁé g”ﬁém@r nor e

" thernal souc%'ssm ba\nmg mrefdrﬂnaﬂan@emdraonhe a&ﬁp&amie sigiddatsac aigshdaer mal nmass
- of at Ieast

eor mor sinks., 17 .A3h.A3. A . A (?. A
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CLAIMS
What is claimed is:
5 1. A method for wafer processing, comprising:

heating a wafer from a first processing temperature to a second
processing temperature during a heating tifné interval; and
cooling the wafer to the first processing temperature from the
second processing témpcrature during a cooling time interval, wherein the wafer
10 is constantly held in a fixed position and the cooling is driven by an adjustable-

thermal sink temperature.

2. A method for substrate thermal management, comprising:
. supplying controllable amounts of power to heating elements of
a thermal source;
15 diffusing heat from the heating elements through a thermal
diffuser made of thermally conductive material to a heating surface facing the
wafer, thereby.slmo'othing temperature gradients of the thermal source; - .
heating the wafer surface by conduction from the heating surface -
facing the wafer; and
20 | cooling the wafer with a thermal sink having a controllable

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; _

25 diffusing heat from the heating elements through a therma]
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

facing the wafer;

11
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5 cooling the wafer with the thermal sink material by conduction.

4. A method for substrate thermal management, comprising:
supplying controllable amounts of power to a plurality of heatmg
zones of a thermal source;

10 diffusing heat from the héating 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 ,
15 : cooling the wafer with a thermal sink having a controllable.

temperature and coupléd to the thermal source and diffuser. -

5. The method of claim 4, wherein supplying controllable amounts of *
power to electrical resistance heating elements in a thermal source provides a

controllable energy. flux:smoothly variable over:a.thermal'source surface.

20 6. A method for substrate thermal management, comprising:"
heating or cooling a wafer by conduction across a thermat
diffuser interposed between the wafer and 2 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. -

25 7. A method for substrate thermal management, comprising:
heating or cooling a wafer 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
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heating the wafer by conduction from a first processing
temperature no less than about 15 °C to a second processing temperature no
grater than about 250 °C during a heating time interval no greater than about
10 120 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 time interval to heating time interval is

no greater thg.n about 1.25.

15 10. A method for wafer pf,ocessing, comprising:
maintaining a wafer in a stationary position;.
heating the wafer by conduction from a first processing - .
temperature no less than about 15 °C to'a second processing temperature no.
grater than about 250 °C during a heating time interval no greater than about 60
20 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 time interval to heating time interval is

no greater than about 1.25.

25 11. The method for wafer processing of any of claims 6-10, wherein

cooling the wafer comprises coupling of the thermal sink and the thermal

reservoir by single-phase convection heat transfer.
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convection heat transfer rate is controlled by varying a mass flow rate in the

5 thermal reservoir.

14. The method for wafer processing of claim 11, wherein the residence
times of fluid elements entering a wafer thermal management device from
different inlet locations and travélling through the device are substantially

equal.

10 15. The method for wafer processing of claim 11, wherein cooling the
wafer further comprisés controlling the temperature uniformity of the thermal

reservoir by accelerating or decelerating the thermal sink material.

16. The method for wafer processing of claim 6-10, wherein cooling the -
wafer further comprises diffusing a heat flux between the thermal reservoir and
15 thermal source through a conductive material, thereby smoothing temperature

gradients of the thermal reservoir:
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removing at least part of the heat with one or more thermal reservoirs;
5 maintaining a uniform temperature fluid in at least one of the thermal
reservoirs by combining at least one non-uniform conduction heat flux and at least one

non-uniform convection heat flux.

18. The method of claim 17, wherein maintaining a uniform temperature fluid
10  includes bringing a thermal diffuser in proximity to the at least one of the thermal

resources.

19. The method of claim 17, wherein maintaining a uniform temperature fluid
further includes varying a cross-section area of at least one of the thermal reservoirs.
15
20. A method of processing a wafer, comprising:
providing heat to a wafer from at least one thermal source:
smoothing a gradient of at least part of the heat; and
removing at least part of the heat with one or more thermal reservoirs;
20 maintaining a uniform temperature fluid in at least one of the thermal
reservoirs by combining at least one non-uniform conduction heat flux and at least one
non-uniform convection heat flux, and wherein maintaining a uniform temperature fluid
further includes varying at least one flow velocity of fluid in the at least one of the
thermal reservoirs.
25

21. The method of claim 20, wherein the fluid is at least partly accelerated.
22. The method of claim 20, wherein the fluid is at least partly decelerated.

30 23. The method of claim 20, wherein the fluid includes at least one single-phase

liquid.
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25. A method of processing a wafer, comprising:
providing heat to the wafer from a plurality of independently controlled
5  heating zones of one or more thermal sources;
smoothing a gradient of at least part of the heat in at least a radial
direction; and

removing at least part of the heat with one or more heat sinks.

10 26. The method of claim 25, wherein providing heat includes providing a energy

flux smoothly varying over at least one of the one or more thermal sources.

27. The method of claim 25, wherein each of the plurality of independently
controlled heating zones provides feedback.
15
28. The method of claim 25, wherein at least one zone of the plurality of

independently controlled heating zones includes a plurality of sensors.

29. The method of claim 25, wherein at least one zone of the plurality of

20  independently controlled heating zones include one sensor.

30. A method of processing a wafer, comprising:

providing heat to the wafer from a plurality of independently controlled

heating zones of one or more thermal sources;
25 smoothing a gradient of at least part of the heat in at least a radial

direction; and

removing at least part of the heat with one or more heat sinks, and
wherein a first thermal mass of at least one of the one or more thermal sources is no
more than one tenth of a second thermal mass of at least one of the one or more heat

30  sinks.
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mass of at least one of the one or more heat sinks.
33. The method of claim 30, wherein said first thermal mass of at least one of

10  the one or more thermal sources is no more than ten thousandth of said second thermal

mass of at least one of the one or more heat sinks.
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