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SUBSTRATE THERMAL MANAGEMENT SYSTEM BACKGROUND OF THE | NVENTI ON B2 @00bf

the I nvenyigdiierddsi s i nvention relates in general to the fieb@rafoiaia"
processing and to rapid, uniform heating and cooling of sem conductor

waf ers during integrat L i Lng i I 10 Di scussion
of Rel at ed A?t: Tegpermgf%#%mw&é&é%]@ﬁtwﬂg s an
important factor in nmany integrated circuit fabrication steps since rate
processes used in fabrication are generally tenperature dependent. In
particul ar processes, thermal non-uniformty 15 can adversely effect a
circuit elenment's critical, di j I-Zeby ail.ng. it relative to a
design goal. Thus, as tremgbé ..ﬁr’?&@. N Circuit critical

di nensi ops continue, tenperature uniformty requirenments for wafer thernal

management systems will beconme increasingly stringent. For exanple, as
conpared to cBield efithednyentions, current tenperature 20 unifornity

requi renents of 0.4, .C.across ever al ngy e illimeters dianet waf er
represent a 50%in 8éréveenaﬂnf%ﬁ%@frégfﬁeégt}ﬂ%%ﬂﬁﬁt?ﬁW%f BIOCH¥EIRG %‘F{oﬁ’nd
cool i ng uni t sapids tnifern? Me&tidglarRl Bodling SFkehhiddHAREOR WT&s (Wb ifefpatdd gur es
of nmerit over a w de range of process operating tenperatures, typically
from about 20@chi manpéacaring indatticulasgr ees Cel sius, and in a manner

consi Stﬁ t fromwafer-to-wafer. 25 Rapid thermal managenment over the
operati (g tenperature range is also desirable for econonmy of process. In
t he waf er pr ODRewdsitth éFRelatdrARgent requirenments for efficient, rapid,
control | abl e "and uni lformtﬁer_mal _managenent over ‘a wi de tenperature range
are not fully net Tempgrature eeifrmity apsqss@ewalensufaceis e imporan fattor ine| at ed
art, separate devi ces . M. QUL ating and caoolin ungti.ons ut as a
mere conbi natrfl%g' ’%ﬁ’\égagegd;crl%tﬁ{é f%%élé"? %‘?{85%9?&“’286%‘? Bﬁ’%ﬁ%%&ﬁh‘%%@g a?en ,
opposi tion t geperllydémipsratulddépagdent. In particula? pficEsséf) Wherial heretnifemiff er i s

i nterposed between the heating and cooljng elenents and is transl ated
bet weenld he egaBadvessely pifeck arpircuit slementls citigal, diseensiongyizs by enlapging i1, | n

FIG |, sem 1 h I . and: .J ng. surface
130 are shownCivFF8 g ot Phusr SR el S8t hegBRE G BT T C
wi th the waf etimensionotontiueg tafsstatuia uli€srmitynfiquire@eins Vor cedfeyy tiegmal at ed or

otherwise thermally isolated fromeach other. To heat or cool the
sem conduct orm¥Ragement systerpsrveill hegome dppreasingly stringeis| ated in a space

bet ween the heati | i r gl o] j nction.
This is ineffici e%’?g’%"?‘ﬂg 2 bo é%%‘??"ﬁﬁ%‘%&%é@% bv%hgg’é‘dg%eéeﬁg?‘%’gm f1 oor
space u20 | i zainifonmityequireneenpoofali] (@ aaoss Adevarah handred atillinheters Hdgrerent
device that perforns both ting and cooling function Thus, . due to the
linitations O\yat{srer%ﬁrmnh?t{a%awgasp dn ée‘H%eéEF“?%ng%‘FﬂﬁdgvﬁfFr _B‘F?t}fkﬁi , ’
rapi d, contr QbR ﬁnﬁd\ﬂué{mefaﬁferfb%E@Aucm?ﬁ?ﬁ%tuﬁﬂ%ﬁﬁitﬁﬁp%ggof gRerature

range. Further, there is a need for an apparatus that prov t he desired
hi gh 15 per f cywenasddeangangf protéss speratiyg sipemtaes] typically ifeont alomnt @0tC ems and

t hat i it | f i t hi f t i tti . SUVWARY
| Nt DR g Eeere el P I dbn S s Chlr MR LS,
ef ficieps, rapipld teARAr Rhhaaehentedr tal dpefathg REASERAurs g’ﬁf&& deyighla W de

tenperature range. According to one aspect of the invention, there iIs

provi ded a wdbeecaneamnef proeasagenent devi ce, conprising: a thermal diffuser
positioned stationary relative to a wafer surface, the_thernal diffuser
havi ng a diffuser nﬁh%ﬂer’?ﬁ?éﬁﬁgosc,esw art,, FEngem JequiFrmenty fﬂree%F'QPH ¥dover a
heating surf agatrehaile ahe ahiforidenBilfharfgéhandvera Wik RipeRAiE tigQ@ed t i oned
stationary relative to the wafer surface, having a source thermal mass, M5,
| ess than or nedelly met bauintegrated fevigsdn gxamplpe phielosedy felated agysaparats ur f ace

pr oxi to the.thernmsl diffuse TS...different fromTd ; thermal. sink,
havi ng- 20 si midtFies Sas mud beadiiRing dopiima tynerfing byt S o BPROOT BT ¢ ne

waf er surf aceep@aty heatingadd Ssblingainits positioned iNBPpesitvd (8 eaclE oMby, Oh trakd e
tenperature, Tsk , the thermal sink thermally coupled to the thermal source

and thermal diffuser by heat transfer across solid materi al Bmmllmmﬂﬂmm

liquid and solid materials; and at | east one controllable p
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- 2 SEP-2004 supply connected to the thermal source. According to another
aspect of the invention, there is provided a wafer thermal nmanagepeggP 2004
device, conprising: a thermal reservoir having a reservoir thermal mass, M
, positioned stationary relative to a wafer surface, the thermal reservoir
internally 5 containing nmedia having heat-carrying capacities; a thernal

di ffuser positioned statjonary relatjve to the thermal reseryoir and a

waf er surf‘g“tYé",eS’t%@aﬁeﬁésrlH’&Fp%F%P?f&'E?n h’ﬁjie e '@Pﬁ’é@e{nﬁaﬁsﬁﬁ Yass, M,

| ess than Mn<Bih BetlvesBE dlcdietsf | €l d Td over a heating surface which heats
the wafer surface; a thermal source interposed between the thermal diffuser

and thermal resAngsampletodfguchrdaevade is shoverinhEd. dgnaFl6h dr semiconsdugter 10 nmss,

Sur t ace pr BRFERl Oabe e PREY Rl i Frotble Trhel SERRAR Eporgfiedet <, °

t her mals si gar&0drad @ldthefmflenik i@RkAcying Qvithetle ¥afdriabe sotemogratekd| Rither,
tenperature, Tsk , the thermal sink substantially contained by the thernal

reservoir ey areRysigplly sepetasrdeer ateerivise thermahy isobied frem caplepihgl. Todwal voi r
and thermal  di . r | i al.s across
liquid 15 2 oggq%?sgﬁlﬁ% g{r&ﬁ%ﬁ g?{egwgé fe?ésgﬁ?&qgﬁ%ﬁl(‘lz}gtﬁ%ﬁf%ﬁda aeSpg%?Ner supply
connect ed bawehethe mestiny arsiaioblisg svkéaes sicoglif@toapeadesi@d dideionzBlgest of the
invention, there is provided a wafer thermal rranagemﬁnt devi ce, conprising:

a thernal weffcient forfhe manufasturiag Rrocsssilgw prg gleprseoomy flgonsppes utdizatiabe . t he

ther maﬁl_o ddi id éb%?aﬁé@%' andnid ?de tH ail lgﬁﬁ%@en‘?ﬁéﬁce M $erﬁﬂﬁils PBthehehgAper ature

field over eating slrface s the water surface; a thernal
sour ce conmd siohigg furptional ity of zones, the thernmal source positioned

tati I i to t | f hayi t I ,
V5 oas t han SRS e itathes of reBiEL R thert b B RIS Hlel o over
surface prepficiaat, rhfid! dRtrbeB18Bhd GhifdrsBErmal Sanagihdr bO&a WideMenferatuydrer ei n

the zones are adapted to provide differing anounts of heat; 25 and a
t her mal si rangpdirthen tleate &t aanded dar an anphratusibatipsovidessthe desined digloi ng

Cemper 4t ur Botoraipned kvl REFLCTRR 8BRSt BBt e BRI cource

and t her makor@adyf wseerithiy a heatufichidgisefingcr oss solid nmaterials or across
liquid and solid materials; and at | east one controll able power supply

connected to the thermal source. 30 One object for the thermal nmanagenent
device is to integrate a tgﬁ@@ﬁ{f%#ﬁ‘m‘ﬁbﬁ( and a thernal

di ffuser. According to an , a thermal diffuser
is positioned stationary relative to the wafer surface and coupled to a 2a

- Z SEP 200 therpmml, source and a. thernmal sink, whigh are also statjonary
relati¢& to the LWWsriBYendignelatss torfhermal managerast foref F?Tséaé’l‘ii cﬂ’été‘?lflaé ryi ng

medi a wit halgd GRARIrhPhb AR $ndnB BRAGR LYES: whIRAbRBEraRid BGke Of the thernal
managenent device 1S to mnimze thermal non uniformty across a wafer
surface by non- decémding toont espectédf the inysntion, therésmravidebaumeér therwel di ng to
an enbodi ment of the i.nventian, a thermal. . diffuser i.s positioned stationary
el ve 1 GATREEY drvict,cpipE g GTRAaiTRst RORRndi OBt o,
~ 4" i \WerQMBa1&) theThermdl Siffask mRER LETSSChiBRRMbsd, her,mal asi nk, which
are also stationary relative to the wafer surface. The thermal source
i ncl ud@s atesnperatire fjeld fu pvaracheating sustpce Whighoheatsehe wafes spslaccapiheanal of heat
and a control| . er f I ace . i he t her nal
i truser el RefidRABRBhY T (e O Y Hard sSHIIRRRE X sifnd
contr ol | abln@st, P essathaner ekl K-atdmSCR| (P) &Ml OfenidbatiRAMNGRralsGifade i s a
drawi ng showi ng an exenpl ar@i priaor S{f devi ce is.a aﬁéglggd d view
m

Fl 2
showi ng on®rEWBatotanthegnalidiffuses, & end Seomm y2 t%fﬁn?ilsék 8 et ch

illTustrati mg{go ' : ; SRY ' &Rpar at us
shown in Flrﬁ%\rf?”.3 Gmél%sﬁ%&g?gtghgﬁr?&g%r at F’?Ee ?&E@?%’F&t@ icﬁ)rle%qugsggnse for a
parti cubar heatadiyirgrhedia withen ¢amtrelable tempperaBure5 Tics thee theraph sink thegmaHy i ng the
araph 1 17 ugPrEIER bt e SRR Shereh SERAT oaegl BenetHree RS G Chermal
di ffuser ovgfterduld biRrésIURLMPANdAGIiH Rehtdriadd) ah@ B leAR Bh@bdriibllable Gowbd- 7TF are
sketches illustrating aspects of the invention suited to provide a uniform

tenperature field in the thermal reservoiy by enploying convection 20 heat
transfer.




DETAI LED DESCRI PTION I n contrast to other teachings, this invention
integrates a thermal source and 25 a thermal sink in a substrat-e tsger
managenent system Integrating heating and cooling units interacting with a
substrate has attendant advantages over a nere conbi nation of a thernmal
source and a thermal sink, enabling efficient, rapid, controllable and

uni form t her nal mana%gmegt over. a W de tenperature range. This desired high
per f or mancBIPPLY QRRFHSLE theithergalisoritest eady state and transient 30

cond: 1 ons. a1 A Ben RS MARRLTENS AR RILER B B LRep L ", 2
an expl odemandgementivicegcanprisisg rithgriat esedoiriavingameseevdio thermeaitmass, t hi s

i nvention._ The assegblg%ena ble,an el er’rfent f a syste furthertco rising a
plural ity M BRHoned saeRarygelptive 19eWaler Sace, 1R thepme reseryoipntem

at mospher i i i i fes A W er JOIHIGRU

enbodi xnt?n@%ﬁhg\?\%b\r/dgI,i’e[vg?geﬁéé\g-g%r{%gé‘?%ﬁhgggr,fia;[tﬁl@at roomef:(ﬂ)-ndi tions. In FIG
2, wafer 29atjonanf elativartd thesha ] restryoiraind pawdensorfac 2ige themea] wififuser f f user

230, heatipg.surface 5 her mgl. sour.ce 0, thermal si 45, _power
suppl y 2501?&'%? figﬁ’lsgrztﬁ%ﬁ 8}%% ’ﬁSﬁa{ﬁar{ ﬁg?%? pern}Ps?ﬁarné’ieg%id %"?g"eﬁ d 275 are
shown. A pr&tiag s@daRach AE the Reafetdbasface; bRl sdlirdd ntepossd detwebn the
material with an 10 isotropic thermal conduchwtgé1 such as Cu or Al, and a

t her mal i ntharmaalsliffgseoardthermaliresgrvajr, thedhemnal Rapeohaving asewenterpa

enbodi pent s i n¢lu her mal . di.ff r 0 I i

non-i sotr olﬁlla%S’ %é@ﬁ%@la}é Sheftré l fov%bto ?Péiw%%l %/{en&ﬁgﬁ%rg gll r ﬁ%‘f%%\g Fser

t hi ckness pkigdldsd eid thérnad diffigendf pdiffotent from T8 o therdnal biak catmptitinga100 i nch.
15 In FIG 2, the wafer is heated across a gap_between fer %urfﬁﬂéf 210
and heat i nBeabGrERag mesiia with @ cgatsoljable temperatyre, T +taGMermal ek oS Der

w de and f] 1 [nTeTaaBe=1 It | 4 or

ot her gas s%idt%g%#%te}lg ?}rl%gﬁle?%ﬁ?g??g? pr o%‘é‘? '? ?ng?ﬂxlt?ggﬁg?ae&gﬁgg’dt}iﬁe@ﬁls have
di ff erent gagveirdhdsheamal ¢jffass byibicht tcosfea rapbysiliy matetdle or adressiliguid
conductivity, than air. Thernmpl reservoi 0 220, thermal diffuser 230,

Cher et sotd ol ntetates ol rapt <OF RS sbfihrret suoRly GPTieeldy B heiilos, w
, M, Ms, ahf.dvBk;, , respectively. The heating surface and a surface of the

thermal source proxinmal to the thernmal diffuser have associated tenperature
fields, Td and AsgordingpeegiinehgtheiTispeatiof thedhversionctheretinpravidedraskater oi r and

thermal diffuser are integrated and.in_inseparabl e conmuni i on by 25
thermal co Eﬂ?{ﬁi Iﬁ?ﬂagﬁ}ﬁ?tc‘%l‘qcﬁ’, CpRAISHRE aélilwagquglis? 194 5\918%41%%5) n%p{ ow ng
fluid mat efdlalvewb bivafemutfatd, a eininaetfiglething\h diffuseifieideal a8 Qig) amid
tenperature. Thus, the thermal sink and the thermal reservoir are typically

i n i ns@par abepcsyHiAiale v PYer Reating srdce Srhiehbratons sefsrshripeeas ther@akt er .
such ae o QR b Hsind EpRAITBEacHG i@ R sohlc¥iphSHohl dardrdty Bhgiypt! ¢

det er mi nestd the watsvesurfaenpelrtavinge soarcedheinal hesg, Ay, feds tirmnaggnatd Mymitlem
The thernmal mass t he ther si nk, c;, hay. be 4 oy Ten - oy - 2 S E
P'2004 WO B IPETIB IS eTREE? gg@e%"e_éﬁaﬁlﬁﬁe@é?ﬁlﬂ%l B thermeldiffutsielvher mal
masses of UlifrQitHRin € SWRBIeth the Roflsldr&h@ptecaBPesl i MkRrinMBhouht ofhedteast

10, or at least 102, or at least 103, or at least 104 tines greater than
Ml. | n2&a peedetheeniaksitiopbsitioned statienarfyeelative toi awafes uadecgming processingper at ur e
thermal sink provided by a chilled ter suppl.y.in a factory,. vi.rtue 5
of conti nySB%S?%‘cB‘&@ iag‘ﬁa%‘farliw 28 %%Wéﬁ’&?%@%é@?%@t}lﬁl S"fréléest%?na(lhe
thermal si gigkltRerbdafY ¥BhplEE fAthY Hermalddurdel@d the maRdiflueseyM@at trifyerbe a
substantially constant ‘and substantially uniformtenperature thernal
reservoi r. afess sadidimatedath oriaaresstliquis andolid meaterials; mad et leastongggntrellaplede
features tq f t ‘ niformty, infra. 10 FIG 3 is a
sket ch i||@8??‘2%‘&?5/‘fﬁ’rﬁ%‘g‘??‘??u‘ﬁg?&@ﬁ%%g&?%ht of thermal source 240. In FIG

3, heatspng el em@iie objdet fdrehd thegnal ameagfenttdenioe istountegmenstherldSoucoyer i ng
mat eri al 330, thermal source surface 340, nger g(g{gg}% 350 and controller
£ Hothen

360 are shdhimahgink prda thepmalfliffrser) Agcopdin FRET3ADIVENtQR B ed to
thermal r e%l’?erlﬁﬁgl diffasd iﬁg&iﬁ&ﬁﬁﬁ%ioﬂhﬁfrb'l%ﬁ{/e &e wWRR SLGHAMIRBRRds it s of

the 15 thermal source y require continuous thermal coupling to the
thermal reservoir and thermal sink during operation to avoid overheating
the thermal source. Covering material 330 is typically an electrical
insulator. Particular enbodinents include a thermally resistive covering
mat eri al such as Kapton. TMIn a preferred enbodi nent, the thermal coupling
of the source and the thermal reservoir is 20 inseparable.



Typi cal ky, thermal source 240 is an electrical resistance heater with a
relatively small thermal mass, MS, as conpared to the thermal nass&§P oi04
ot her conponents shown in FIG 2. In different enbodi nents, the ratio (Ms/
Ml) is |ess than about 10'', or |less than about 10'2, or |ess than about
10-3, or less than about 25 10'4. Particul ar enbodi nents of the thermal

source are_heaters with sub-nulli r sized netallic.electrical resistance
heating el bREwmlisowspa ﬁf@ﬁﬁ%‘cﬁlwr&g‘ﬂﬁﬂ %agéoéﬁélo??é&f%?u otﬁélt‘%‘%%fo produce a
surface te t r SR ERedl WidtLcoihdilakie exanpl e of
such a resggﬁgﬁégkgh&hgénggg ?ﬂ%??&?%é Twlﬁggfer #rons ncg Product s,

Inc., M nnempetatwe. MN. Typically, the thermal source is rated at | ess than

30 100 Win2 | | ; | Kk f
the ther mal _souneambroties of ftodial BRpegiieEh idied s s midris e r 55 G oy
i s geneyal ﬁﬂdfo'?mlty?acf%@? a $afer YRR B/ RAPultfolEndol (8éRds th@Stherdtb@BoltedS 1 N.

The thermal nmass of the thermal source is typically |ess than about one
tenth of tAecarfisgrhenn pmbedigfent oihe invention, dithermebdiffuzerds pesitionedl ar f or m and

ghfnt);'rbgtrnhqg‘i‘%@rﬁ% a%tfvgg ﬁlﬁc?v”?é}%%% ?/n c%o egqg ttgl?mépﬁ%? a%g zgzceist hgnabl es

controller 360 to adjust the surface tenperature field, TS on a surface of
t hermal source 240. Further, controlling amounts of power delivered to

el ectrical resistance heating elenents in the thermal source provides a
control |l able energy flux which may be snoothly variable over an interface
bet ween covering material 330 and anot her el enent to which the thernal
source is coupled (see FIG 10 2). Feedback control of TS is acconplished
by use of at |east one tenperature sensor 325 enbedded in the thernma
source. Particular enbodi nents may a equal nunbers of sensors and zones. A
typi cal enbodi nent can control TS to be uniformto within less than | C

Al ternate enbodi mrents may have a controllably nonuniformTS. Generally,
there is a tenperature difference of about 200-300C 15 between the thernma
source and the thermal sink, although this figure is not a limtation. As
shown in FIG 2, thermal source 240 is coupled to thermal diffuser 230,

whi ch faces wafer 200. In a preferred enbodi nent, the thermal source and

di ffuser are in direct contact. The thermal diffuser acts passively,
reduci ng the magni tudes 20 of gradients in TS as heat passes through the
diffuser to provide heating surface 235 with a substantially uniform
tenperature field. Gadients in TS arise fromthe | ength scal es inherent to
the structure of the thermal source 240 arid can lead to non uniform
heating of the wafer. The substantially uniformtenperature field Td over
the heating surface then acts to heat wafer surface 210 across a very
narrow gap of 25 typically a few hundred mcroneters. FIG 4 is a graph
illustrating thermal tine 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 nent conprises a thermal sink
at a constant tenperature of 8C, a thermal source providing an 30 energy
flux of 45 Win2, and a 0.060 inch thick alum numthermal diffuser. An air
gap of 0.006 inch is between the thermal diffuser and the wafer. In
general, preferred enbodi nents span a design tenperature range for heating
or cooling the 6 ., WD 01/67505 PCT/USO 1 /06281 wafer in a time interva
no nore than about 60s. Typically, thermal speeds are greater than 0.5C s.
In FIG 4, the wafer is heated fromroomtenperature to 150C in |less than
60s and cooled from 150C to roomtenperature in approximately 60s. In

typi cal enbodiments, a cooling tinme is conparable to a . 5 heating tine
over the sane tenperature range to within about 25% FIG 5 is a graph
illustrating the snoothing of tenperature gradients by thermal diffuser 230
(see FIG 2) for one enbodinment of the invention. FIG S, contains a
famly of tenperature profiles. The tenperature profiles are along a radius
of a circular thermal diffuser for various depths within the therm
diffuser 10 material. Profiles proximal and distal to thermal source 240
are indicated as 510 and 520, respectively. In this enbodinent, the thernal
source conprised electrical resistance spgips 0.040 inch w de 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 diffiiser and the
wafer. As shown in FIG 5, the tenperature profile at the ;<.. 15 heating
surface 235 is uniformto within about 0.15C ,




FIG' 6 i's a graph illustrating the smoothing of tenperature gra ig&tiq&gy
air‘gap of 0.006 inch is between the thermal diffuser and the waf®t.

shown in RvGo1&7soshe tenperature profile 620 at heating surbag¢Risépdsss
highly uniformover the transient time interval. FIG 7A-7D are sketches

illustrating ' r of._ the inyention thermal .diffuser 230 (see
FIG 2) for oﬁgé@r%m%ggfé *{iﬁ"e&f‘tﬁ%ﬁ{ CX%VS\’%&%W%‘?@“@H?'MC@EP& ng

transi ent opersaiuceinclidesia fluralifyt ¢fiZdgesadaptél ty pRivideliEARS MhBumt 8F hifs. The
tenperature profiles are along a radius of a circular thermal diffuser 20

for various dépgasoniallsble temperatyes figld ovrriarsusface preximel talthothermal diffuses t i ne
i nt | . Profy ' ad. i st.al t hes nal 40 i ndi cat ed
hs 610 and soctte el Bormiies f18hda heleiaid Wiyn § Bt lisbledetbiabit ° ©

source i FIG 6 is the tenperature profile on heating surface 235 (see
‘FIG 2). In the enbodinent for FIG 6, the thermal source conprised

el ectrical resistance stk RIEF DESCRIPEION;OF THE DR VINCH) apart by 0.020
inch. The thermal diffuser was 0.040 inch thick Al. An 3 0 suited to
providing a uniformtenperature field at a thermal reservoir-heat source

“interface (se&I6l Gis 2drabingeshoviig BY eLdipl@stprion aRetickr ansfer. Typically,
the thermal sink is a flow ng. single-phase fluid, such as |liquid water.

Alternate 7 FlGp2 an explogded yiew showipg one embodnewmfithe investis assamblyl. nent s
may hav st gf 0 j ; , i e hernal  si nk

Tyoi cal I ¢ e Cro R e fulBiin e SlSaon BPE QiBud SR e Bimene 40 ¢
FIG 7A shows apparafos shewn ficFEh@t i c of a device froma field of related art.
In FIG 7A, thermal reseryoir 700, fluid inlet 701 and fluid outlet 702 are
shown. Flui d &iPef & aeraph dfustrating,therraalitinae respanse fasta proticularembiidimentent
fluid el ement | ing differing residence times within the thernal
reservoir. Thg’fg??ﬁ{ééfrﬁ%g' residence tines can lead to snmall tenperature
gradi ents in tiE. § s graph flhistratifigethe Broodling eftemperaturel geadients hethel ui d' s

finite ggat C nduc;{iil.\éqiuté/. Tenperature gradients in the fluid my lead to
undesi r abl e tgli‘ﬁf@la W8 Tgr adi ents on thernmal reservoir surfaces. 10

According to tHGSe ihgaph Alustrhéif e B | h !
reservoir equalizes .r%Fdengé t'?'[i?grres o? ﬁ"ﬁ%ftg@gén%ﬁgggﬁtdﬁw%&{h@Furt her,
the thermal r dsemabdiffuserravet atimeiintedas donimgitransient opdratiat.e an i nternal fluid
flow field or tapljsh nan i formflow i s achj eves substantial ly
uni form f 1 ui dﬁén?é’rfgtsa&? gkw%eﬁ:ﬁﬂus}rﬁgng ?FQFFF&P}:B‘@S}BYWF’ sﬁmf‘a@ Rrevide&pondi ng
subst ant i al | y ufFhie? feePAtRR fl8 il iRirfhaPrhsdroi i L§ surface
facing the rest of the thernal rranagerreﬁt gppgl?g%gg{@e%ég?@e&gﬁ A uniform
t enper at2r e f heatdransfepr ovi ded by variation of a fluid mass flow 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
uni form 20 net heat flux into PETANMERDESRIPTENN/ ting in a uniformfluid

tenperature: In the above, the net heat flux consists of contributions due
to conduction and convention. Wth a uniformtenperature fluid within the

thermal reservoir, pallyv.uni formtenperature field resultg on a
thermal reservoir ggr ace tggﬁe%eag}ﬁlg&r&&m&n%gﬁém?%ﬁgf‘rﬁp‘% SRS

appar at 23. 25alhdrmal/sink b 8subsehte thetinaPmbfigeiefidySiem? e SaRAShERMN - and her mal
reservoir 220, orifices 715, inlet 701, outlet 702 and plenum 710 are

shown. Fluid epglingsunitsdnteracting iwith asubstiateubas attendant adyantages ayer ahmerpl enum
to the outlet .} i \V [ ragdien ween.t he.pl. enum and t he
°ér’r‘r§r€i?‘?§}&g?ftghté‘g&?’%\%ﬁgﬂ%F%g LeRRl S "GRBe BB " e

outlet. The sy OWS edc

flow field focomtdiablamhd ahifymi therraa mankgdient 3Geralvidde TEmpesatreh@leC Thishowi ng
a Ccross-secti anal vi.ew of the enpodinent in FIG 7B. FIG 7Cillustrates
aspects of th@ct¥sdrgh pegfosmaunger 1ssachiqvigd(during; bath stepdy| Batgrandctransiendt | on of

R

manufacturing setting.




fluid tenperature within the thermal reservoir. In FIG 7C, inlet 70! SEP 2004
outlet 702 plenum 710, orifice 715, exenplary streamines 750 and 760,
Cross sectwomakrsesea 765, interface surface 790, and opti onpeTA86006381
thermal diffuser 780 are shown. In FIG 7C, fluid enters the inlet to the

pl enum where it re$kdags: unti L h,. 5 an.orifice.and to fl ow
al ong exenpl ary st ?Zg' ilrﬁezgH te%pl?ﬁéedsgll}?‘i tg{‘]é%g %n ?‘Issﬁfné’%é@ff% Ngst% RBF nal
si nk 245 wi t hembbdiatennof thie frevextior. THE BsserBbBimdyElsd an didiferit 9F R Sysedmy Rigthet t he

fluid will tend tqQ rise under the action of heat flux across interface
surface 790 sFomprising aRbwakity afcdeyicss suakt asthe one flustrated dn &Gt 2 om ai ibr educed.

FIG 7A any. Pesphdic R G SRR PHA, (ol TTBice FRPRGIPic” "

residencg ti nmhowevdrareabiggtedio opetete MGobmWohbitiogld t o decrease the flux of
heat to it fromthe surroundi ngs due to conduction. Thus, for a uniform

heat flux input tol®FEG:havater 200 svafergiurface2 hthermal seserviodn2Rfs thesmaheat

flux to the fluy i . T [ of convection heat .t sfer depends
on flow vel oc?#@ggéﬁ%%?atf@%ggggg %%@?@allﬂsgur&? 2%@’&%?@3?15%%3893’@ ty of a
fluid flow i nsipply 250 comtolle£260 At dptiofial Widrinal MsulBeai 270! dnd 298 ard showanvect i on
will scale in a manner sinmlar to heat flux due to conduction. However, if

the flow vel odiRrgferredembodiment ingludes adhenmal diffuseemade of p material withuign due to

o P e o 4wl hehemel difoeegedo of £ 1A dt
Conduct in honpepl e cahdlertil, B8 d QPR AICHER el indig bty ol

in a uniform subspatiallymeadel of KaptéaCYr Alitergative thbsdibievininchide £ theafadt i on in
cross-section _grea 765 causes a variation in fluid velocity in the thernal

reservoir. Vafiteergnads offa paferabwiiap nepdspsropicthermal serductixityelypicalder st ood

t o accel er at e,Qr, " ; i i id. i i

non-uni form W%%%%&ﬁé%%%s%gé%ﬁgﬂtﬁg}%n\g%ﬁh%dé{éc?fs\ggés% é)'ugS fluid
may result in0d00mdhorm fluid tenperature. Wth the fluid within the

t hermal _reservoir j uniformtepperature, the tenperature field at an
interfadé surface %%%%I@%%ﬂﬁ%ﬂ?ﬁ%ﬁ@%?%#& a66¢21¢Aae second
thermal diffu : %ﬁ&fé% S T : e r 230
(see FIG 2) ﬁ%‘“é SO %ﬁ%%lr}g{eg%bﬁ%bﬁ%ﬁxl?nﬁs {e&‘ it“gr{dtr en{gﬂéﬁ%m rq%éée%{@cgi r,
acting to furfiled withduges such as esomd s, oB Qittogen.corchaliuen, oo rotheridassesiwigh Fl G
7D-7F are-drawi n of copponents Qf a thernmal reservQlr sub assenbly for
one enbodi nen%’l\ésu%ﬁep Y%C@E{?Bﬁﬁ"ﬁ% &fe“f‘aft‘?ﬁ“ ,°%ﬁ%"§i Srentgap mﬁ@m 9 WO
01/ 67505 .. | jacac o) 24 fq -nL:body
792, whi ch ha% at tggg?‘%%%gvﬁ%’%&%&‘gﬁg&ggﬁﬂ‘@%@f&@%ﬁ%ﬁs“:@ ol t ed

to the Body, 2205lthengnalhdiffestya2ilsnthemmadnbufeer 240)gard droumel7 $k 246 thave

embodi nent, the form.,of hody suffa 793 stanti al | eterm nes_t he
change in fl of§Seidd themps d‘éé—sise Tp @ﬁ’ %{ﬁé‘&.ﬁ%@u ’iESRﬂCY‘Y"% A58 SuRser ent to

those ski || edajdat §iRfaR6 toft thetthetthal doW¥RNbIcRImAISto Ble tHefhhediffiRef Mave
enbodi nents descri bed above. D fferent configurations and enbodi ments can

be devel oped #sediated tetepsmatutefiglds; Snandikhs, wspgstively. Theethemmal souroe, therthahr e

i ntended to be _included w t,hi.p.the scope, af the.clai set forth bglow 10
I REr 200 clestrieir A theb i Bodel Bre 8BS any I nbeicdilc SShmiRichflon

devi ce, 2s0npr fheimal: condbnTalypibiaflly UhefmaAoshit DO ¢4l a SIodirh® BEMOWiRE Fdiye to a

waf er surface, the thermal diffuser having a diffuser thermal nmass, M ,
and a tenper amatesial wathgcontroekle temperature gvhigh fmayebeovai constantitesnpenasumgaf er

surface: a thef (Rl SOUGS1 BRR! PR dnSHAh 1NN L By’ R iGhE"

communication by conduction and convection heat transfer. Other embodiments

of the thermal sink are not limited to a flowing fluid, such as a stationary fluid or
30 a solid.
In FIG. 2, thermal sink 245 d¢termines the lower temperature bound of the

thermal management system. The thermal mass of the thermal sink, My, may be



10 surfaee, having a source thernal mass, M5, |ess than or equal to_about
0.1 (M- and a tenperature field over a surface proxinmal to the t het AedtP 2004

di ffuser, whowersisf ferent fromTd ; a thermal sink, having g§iwdehbas Ml
mass, Msk , positioned stationary relative to the wafer surface conprising

a heat-carrying.fedji.a wth 1 ntrollable_.te rature, Tsk,..the thernal
si nk t her mal ISM%B#I%?? erttﬁ@ ?’ﬁgﬁ)%af)%ﬁsteégf%llﬁg&ﬁﬂe‘?lﬁﬂf’nﬁi difterenty heat
transfer acr @afbodipents, Vil Rrat Rhast 107 oras 162861 (2] St adN®® Rlat Rasfottib@ls: and

at | east one controllable power supply connected to the thernal source. 20
2. A wafer tigeqaterl tham Mg e tpreferred embodimsnt.sthegthermal heinkhds ar eorstandi r ‘

having a res | . . pesitioned statiopa relative to a
waf er surfacg%d&ﬁ%m{eﬁérr@ Sl{r@é@r" {/dglﬁrb yiaﬁ&g ﬂéYalteg; SE%¥H}?1F%M Hﬁvi ng
heat - cary yi ngf canmaois daplimbofahd duaipaedtively(1hrgs eerMaThiss @A R thiridal QAR Y
relative to the thermal reservoir and a wafer surface, the thermal diffuser
havi ng a di f fQfermalieserir 3295 the thagmal fesaroir map beia substantially sepssantand e fiel d

Td over a heajy . L t he wafer,surface: a.ther source
i nt er posed bg%%g‘ﬁl gﬁéﬁfﬂ?@% Pg}a‘{&%faé}gﬁal SRgVeE | aﬁﬁ?“’r‘ﬂl e“?"é’?&?ﬁfﬁ? {)T?tlhf he
thermal sour gigerimaMiesgvéir Ry ikdudelfedtiRt thster dfhandetemptrafile QhifGMIB), t O
about 0.1 (MJ) and a tenperature field over a surface proximal to the

thermal difféds®, TS, different fromTd ; 11 - 2 SEP 2p04 a thermal sink
conpri sighg a heat rgyd | | o) A e I sk , the
t her malslogi nk subst@ﬁt?’ﬁ ?%‘eg%ﬁ?lgf%%%ﬂ@fp #ﬁ@lérhégk%;afﬁF@ség{@%ﬁﬁgﬁlgc hermal | y
coupl ed to thRe0tIFIGaB, heatihg €leniche B b heatseromi 3200 kinpergturedensord $255er by

heat transfer across soj Ld materials or across liquid and 5 solid

materials; afaveiing wgteriah3d0c thermal sere syears 340ppPryer suprlrt 2 @8dt he
t hermal sour e t ' I .S1.NG1.10 a
t hermal di ffngétfgibe(r)???"?%ﬁ%lg@vgté@%ﬁ%&%@.izvgﬁﬁﬁgsng% er dslércp gglgc} t he
t hermal di f f testherrhal\resegvadr 20(F dndstherniah diffiakr 26405 Partivlar embddindnepithat ur e
field Td over, a heating surface whjch heats the wafer surface; a thermnal

sour ce Ponpr thermgl sourieTRay feayire eontinyaus thempalicaupling todhe thegmplasserveined

stationary gh@lhifal Qixﬁchﬁl.lxjfé\?étﬁ eritibd 36 GvBfAo ML 8 Wk ifal Teodr T T

mass, M5, less than or e and a contro tenperature field
over a surf a€Cevenmgamatetial 330tik&ypidadly am leledirichlimsulatof. Particlildrfentiteydimeéntom Td ;

wherein the zones are adapted.to prqvide djffering anou of heat; and a
ther mal si nk (US4 DREEA BT PUIR REE HEHT) SO BASRARPE ot o AGBTRG
processing cepbbsinief] @ erfitR coffinybthe Wt Md theAmeARAI didBirds 20
tenperature, Tsk , the thermal sinkthermally coupled to the thermal source

and t h&0nal diskpargtde. by heat transfer across solid materials or across
liquid and solid tf?'}n%

gfl}zri,l fhernial dsourcc 240 is an electrical resistance heater with a
relatively small thermal mass, M;, as compared to the thermal masses of other
components shown in FIG. 2. In different embodiments, the ratio (My/ My) is less
than about 10”, or less than about 1072, or less than about 107 , or less than about

25 10, Particular embodiments of the thermal source are heaters with sub-millimeter
sized metallic electrical resistance heating elements 310 contained in at least one
heater zone 320 to produce a surface temperature field T; on thermal source surface
340. An example of such a resistance heater is a Thermofoil™ heater from Minco
Products, Inc., Minneapolis, MN. Typically, the thermal source is rated at less than

30 100 W/in? and may include a polymer covering material. The thickness of the

thermal source in a direction perpendicular to wafer 200 (see FIG. 2) is generally



at | east one controll able power supply connected to the thermnal uz;] 2p
4. The wafer thernmal managenent device of claiml, further conprisi §

| east one wbenswEesi nsul at or i nterposed between the thernal :p@tm;ggl/mlthe
thermal sink. 30 5. The wafer thernmal managenent device of claim1, further

conpri sing at : | i rRosed het ween t.he er mal
source and th%aelsgfa r(gaﬁﬁ&’%@-@aggﬁigéﬂhfhtggﬁﬂﬁesguﬁcﬁ& hﬁlc 5 thﬁ?n
devi ce of CIaahsnuipnémm}kmfthedmmnhlsxinasscﬁ&héﬁx@ﬁhal(mﬁ‘uskbermi' insul at or
I nt er posed bet vveen_l_iihe ther source _and the wafer and at | east one

i

t hermal insul at or FB?‘E‘GE@H %tmé@mmwpwéhmnmw Bl Gywithintheateher mal

sink. 7. The o) g,]gﬁlﬁg f clai rel n the
t hermal i nsul g?{)rg |2Es) su st ant I a ¢ g&e\ﬁ# 8ﬁlap BWﬁt&f%[ﬁfoe“%blev% 4818 The
waf er thérnal zms,agmbiaastcoml&allue%ﬁ‘ tochdjus the suHRELtethpbitifekfidld 1T, Dn dhe

waf er thernmal l}%ﬁ g%nt device of _claim1, wherein Ml Msk<O. 01 15 10. The
waf er thernal § a§ Fnalfoysce 240,tFurthsr, spntroliing amownts/sf mwexcﬂeth@ered ta1. The

waf er thermal 0 the d| ffuser
e e of ot o o e R cemE el e meBl e YA < BSROTARE et o

t her mal managereegyt floe which méy bé anm’thly ViltiabRi dVet B irftéric@®etwWdnldosefing S made
substantially fr 13. The wafer thernal managenent device of

claim1, wher®af§m qu@ﬁgﬂae FIRERIdP whyhrfh@@eanalrmr@«p is:goupled fseg FIG.

non-i soffyopi c C FAY r I nagenent device
of clai trlnbl elrilgl&glﬁgk% %ﬁg n(gefsz %faccﬁlﬁp ke r’r&p{l %?é%gé&?ﬁe engT cular to

t he wafer surﬁeascﬁ 3% dndmddcd]mrthéiﬂleﬁnél%urcachrﬁaulér ¢mbodirhents may?a Sfuidl 2pp4

15. The wafer t mana nt device of claim1l, wherein a thickness of

the ther mal dRYRb %P %rAWI%h@nmms%nfcae@olugt@bsgnﬁm 0. 050
inch (1.3 mm i f:
wherein a thitgk‘glé%g 18% t he ﬁeAtltg] ?l %’Pﬁ@g‘?‘%g%f’gé%g?‘zéu ecog{mﬁ%tﬁ% n\?/ﬁ? er
surface is | essfarmaifi;,. (G@@Eallynaheré Gs @4temperaniré. diffenvaberabblxe20BRB 0o agenment
devi ce % claim1l, ein.,a 10 thickness of the thermnal dlffuser is | ess
than 0. 190 i nRgwesn @%‘e 2 soyice apd the themmahsinknaltheyehdhis fimue isenoffa cl ai m
1, wherein thl {theggral source conprises at | east one tenperature sensor
enbedded within the thermal source.

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
20 of gradients in T; as heat passes through the diffuser to provide heating surface 235
with a substantially uniform temperature field. Gradients in T; arise from the length
scales inherent to the structure of the thermal source 240 and can lead to non-
uniform heating of the wafer. The substantially uniform temperature field T4 over
the heating surface then acts to heat wafer surface 210 across a very narrow gap of

25 typically a few hundred micrometers.
FIG. 4 is a graph illustrating thermal time response curves for one
embodiment of the invention. Both a wafer temperature 410 and a temperature of
the heating surface 235 (see FIG. 2) are shown. The embodiment comprises a
thermal sink at a constant temperature of 8°C; a thermal source providing an
30 energy flux of 45 W/in?, and a 0.060 inch thick aluminum thermal diffuser. An air
gap of 0.006 inch is between the thermal diffuser and the wafer. In general,

preferred embodiments span a design temperature range for heating or cooling the



15 19. The wafer thermal managenent device of claim1, wherein the; hermal
source conprises nmetallic electrical resistance elenments. 20. Thé £Br7m

thermal nwogeevees device of claim 1, wherein the 20 ther mcSesriGs1S a
thermal source rated at less than 50 Winz (7.8 WcnR2). 21. The wafer

t hermal mana t urce is a
t her mal sour gg@ﬂ%ne%ﬁé% gegiéal O%mflﬂwllg éﬁ(@s ﬂ%‘ﬁ%@) nﬂ%ﬁ%‘a@?eegsn%r ®waf er
t her mal nmanaggrestet thde\i. $°€/0findFIE. ™, the Wafk & Heété’tﬁfrbﬁﬁfd@& tenipekAifrel 2

thermal source rated at |ess than 20 Wi n2 (3.1 WcnR). 23. The wafer
thermal nana ét“’dé‘?ﬁﬁc@aﬁf 6Qs and, coolegh &oat i 5PHe tohrraml tempematize jig a

t hermal sour ( 0 24.. .The wafer

t her mal rranag &%ﬁgt 3; 66@2’? t§é’Fal m ,O\Q{V\[/h%?tsél ng?cﬁmgvtﬁg? %ﬁi?‘)’g%fﬁ?t@g Cénpri ses
a plurality dfeatmgiﬁmemdenﬁxb;samﬂémpérhﬁhﬁ angd Mﬂtzoo %%&bg}?\t%%.; anctehheat: ng

el ements distri but i.,n zone 4 - 2 SEP 20 : e wafer thernma
nmanagenent devi ce Pﬁ% el lglangrgpp ‘Iéd?gﬁté‘ilgwm@w&“)?%%OﬁWGMLﬂadlﬁmmb&r at UL e
fields. 5 26.q,4he1 Wohs I t ' of aiml rein the
t her mal sour(}g conpri SEEQ%%F{/%EI?I@Q 'rg;ﬁg n%‘ﬁirﬁ%nt O\Eéﬁé fnvenlté?rhgi&ngnagerrent
devi ce of cl aiontains avfermibi oftehq)emarermbﬁ&@urmeh@armrprsﬁmaﬁe ﬂ@ﬁ%ﬁnd' cul ar

to the wafer o Iesthn004 fnch 10 (1.0 28. The wafer thernmal
managenment dé@‘glh‘%o CIEq @EFWWM@’Q‘!&@ ;&Ji%fbmf(béthmabdlf&wquq_ﬁss
er pendjgul ar, h e
\a/afgr t Gérma %ﬁ%g@%ﬁ;%@%}%g@?d}sw% Hlfggv\ﬁg{r}%? 24;@ ﬁ§ mw?}?é urce has

a thi ckness pedj20despettively. dn thieembbdiment, tHeab@mahsurd: afriseCéeélcd M) . 20
30. The wafer thernal 8\ neg\é‘flgew ce of: claiml1, wherein MSlM] is no
ipg D 04t ige

nore than abdEiisteReg s and spaced apsgbydhOdthinchrd069dnel:. Theai m 1,
wher el n MBI Minerhal I8 Svab 0003 thick A1An oif Bariér 0. 00100 bRL beRLI

managenment device of claim 1, wnerein the IS a rd State
thermal si nk the@al diffusercind the Wefeneds samage FEG! 5, dba/teﬁ@emﬁmelpmﬁlbaﬂthev,\her ein

| hip. 34. The waf
t her mal DranadEHEiE SHBGT 4 iSgiomip PG B ISHE ¢ her mai sk 15 ol  qui d
thermal sink. 15 FI6. 81§a'§rd:f>h2i(ﬁ%tr§ﬁrg the SmbBhig S YRhRlaniR WRARLR by devi ce

of claim 34, wherein th
thermnal 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
20 for various depths within the thermal diffuser material over a 25 ms time interval.
Profiles proximal and distal to thermal source 240 are indicated as 610 and 620,
respectively. Thus, the profile distal to the thermal source in FIG. 6 is the
temperature profile on heating surface 235 (see FIG. 2). In the embodiment for
FIG. 6, the thermal source comprised electrical resistance strips 0.020.inch wide
25 and spaced apart by 0.020 inch. The thermal diffuser was 0.040 inch thick Al. An
air gap of 0.006 inch is between the thermal diffuser and the wafer. As shown in
FIG. 6, the temperature profile 620 at heating surface 235 is highly uniform over
the transient time interval. |
FIG. 7A-7D are sketches iilustrating particular aspects of the invention
30 suited to providing a uniform temperature field at a thermal reservoir-heat source
interface (see FIG. 2) by employing convection heat transfer. Typically, the

thermal sink is a flowing single-phase fluid, such as liquid water. Alternate



thermal 'sink is water. 5 36. The wafer thermal managenent device -og chlPalzﬂr%
1, wherein the thermal sink is a gaseous thermal sink. 37. The wafer

t hermal nyoeereost device of claim|, wherein the thernmal spawWuSABEEs1
tenperature greater than about 0 C. 10 38. The wafer thermal nmanagenent

devi ce of cl g] : ' | &) A, tenperatuyre greater than
about -30 C. %ﬁoﬁﬁ%ﬂ%ﬁf&g&a& gﬁ%&%@ﬁﬁ%@%ﬁ% gg%@(c%g ¥t eFFP%,SI&ﬁerei n a
gap 15 bet wedlypidatlythe tieminalkiflf isaes teaijdratire geeéthaCioat 040 &0 IFIGA9A The
waf er ther mal rranagerrent device of claim1l, wherein a gap between the

thermal diff $BeWS aep VY seeratic ohe slevise frogna figld pf relatpdavtaln Biéhdidet i vity

greater than | e f Lc_conditions. 20 41. The
waf er ther mltﬁ&ﬁ%ﬁ%&éﬁ%ﬁ{t @gvﬁ@g]? @F ?@1 la%n%q%lc{r&gtﬁ% ?@? aEeos?ﬁgwlns F ﬁr'éé guters

super - at31os pligies 70 1pnd exits 8t cukler TR wigidiffereitchiid elehRni@kpériendidg dith@ingaf er
thermal managenent device of claim1, further 25 conprising a

sub- at mospherfsidenpafmes wathin the herma] resaevoitaT ks differing msidancertimessandesidng

system conprj sl : ’ r 4h | agenent device of claim 1.
3070 A var o Sty BhoceER AR, Ble ShRELABln FR AP R EE et
managenment ddlid's finiteHeat corducivanTeethpefaingp Qradients in @it AR MEY Ydadagnent at

room condi tions. (16 - 2 SEP 2004 45. The wafer thermal nmanagenent device
of claim2, whdesiiahletp@periiregradigntnonctbemmal seservir surfagesredi um and t he

fluid di um f | ows . : . LN hermal reservoir. 5
46. Thgi% waf er therA W%PFﬁgggg@#e}hf&gegﬂggug @I%gﬁl&hﬁ%gp@ﬁ??e@%? IR PHer nal
reservoir i nehudlizes residerseitimesud flaiddlemhedts Withf it.iFukBér, el théraR$ rdsevofrhe fl ui d
medi um 10 47. The wafer thermal nanagenent device of claim45, wherein a

cross secti ofdrctareds dgsigned toaceelpratesangaieanal fhuid Sew fleld gr establishasnyienay. 48.
The wafer thermgl, qﬁfge,% V] i ' f HI: CONPI |54 second
t her mal diff&éer |@g’?pose hggﬁ%gﬁ)s 1e8’k her ma f;%lg?%ép%rn: H}‘é télr%mal 15
reservoir. 4¢herfinkbreserveir anth ercortspondiag cuistintidty uaiomh tahparauie fislenei n a

tenmperature of the thermal sink_ is a controllaple and substantially

const aﬁt5 t enpehermal ée.seli’@‘rSSO‘.r% 6 Eacngrthe ’qsh@fﬁ?ﬁlth?fﬂ}?im&ﬁm%\ﬂ%@'a&s claim
1, wherein tlaﬁetlz{?g(@jgl, source is a spatially uniformthermal source to
within less than 1 'C. 51. The wafer thernmal managenent device of claiml,
wherein the 25 t hey nmforantemperaneafiaidis previdédbydyaribfion of a fluddimass flowm 52.

The wafer thernal agement  devj ce of claiml1l, wherein the
rate and H%El \ge?ocny througfx the tﬁcrmal reservoir. The interior structure of the

thermal reservoir varies the fluid velocity in a manner that establishes a uniform

20 net heat flux into a fluid element, resulting in a uniform fluid temperature: In the
above, the net heat flux consists of contributions due to conduction and convention.
With a uniform temperature fluid within the thermal reservoir, a substantially
uniform temperature field results on a thermal reservoir surface facing the rest of
the thermal management apparatus. '

25 FIG. 7B is a sketch of a top view of one embodiment. Thermal reservoir
220, orifices 715, inlet 701, outlet 702 and plenum 710 are shown. Fluid enters the
inlet to the plenum. A fluid flow from the plenum to the outlet is driven by a
pressure gradient between the plenum and the outlet. The symmetry of the flow
allows each fluid element to reside in the flow field for substantially the same time.

30 FIG. 7C is a sketch showing a cross-sectional view of the embodiment in
FIG. 7B. FIG. 7C illustrates aspects of the thermal reservoir’s structure that enable

an acceleration of the internal fluid flow field to achieve a substantially uniform



di fterence between thermal source and thermal sink tenperatures |Zéa%out
200-C. 30 17 - 2 SEP 2004 53. The wafer thermal nanagenment devi t 2004

cl ai m 52, wikhemerses a waf er tenperature in a range bounded bwmoﬁ}oexsmal
sink tenperature and a thermal source tenperature is achieved in a tine

i nterval of dhake aRRMt t nt
devi ce of cl gf?ulﬁgg:ﬁ v]ﬁere in a t\%lg?%ernn?legﬁ%%ryg{yjlp‘éﬁ%?&ﬂﬁétrom gﬁ‘@%% Cto
about 25 C i nplenum &0, orifee Vab, erxenmiaemtwamlhmm?ﬁbmw765)$cro§§secﬁ'b&l‘wd‘aer

t her mal mana evi c laim 8, wherein a 10 tenperature varies
at a rate of mtergace ace1§8 and opgenal Aasedﬁvrr.n &“ﬁf A80are shown. In
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FIG. 7D-7F are drawings of components of a thermal reservoir sub-

assembly for one embodiment. In this embodiment, ring 770, containing a plurality
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"10% | r| & () - 3&10%|a&hérhra¥ Sdurce positioned stationary relative to the wafer
10  surface, having a source thermal mass, M,, less than or equal to about 0.1 (M)
and a temperature field over a surface proximal to the thermal diffuser, Ty,
different from 7 ;
a thermal sink, having a sink thermal mass, M , positioned
stationary relative to the wafer surface comprising a heat-carrying media with a
15  controllable temperature, T , the thermal sink thermally coupled to the thermal
source and thermal diffuser by heat transfer across solid materials or across
liquid and solid materials; and

at least one controllable power supply connected to the thermal

source.
20
2. A wafer thermal management device, comprising:

a thermal reservoir having a reservoir thermal mass, M, ,
positioned stationary relative to a wafer surface, the thermal reservoir internally
containing media having heat-carrying capacities;

25 a thermal diffuser positioned stationary relative to the thermal

reservoir and a wafer surface, the thermal diffuser having a diffuser thermal
mass, My , less than M, and a temperature field T, over a heating surface which
heats the wafer surface;
a thermal source interposed between the thermal diffuser and
30 thermal reservoir, the thermal source having a source thermal mass, M, less
than or equal to about 0.1 (M) and a temperature field over a surface proximal

to the thermal diffuser, T, different from 7 ;
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3. A wafer thermal management device, comprising:

10 a thermal diffuser positioned stationary relative to a wafer
surface, the thermal diffuser having a diffuser thermal mass, M, , and a
temperature field T, over a heating surface which heats the wafer surface;

a thermal source comprising a plurality of zones, the thermal
source positioned stationary relative to the wafer surface and having a source

15  thermal mass, M;, less than or equal to M, and a controllable temperature field
over a surface proximal to the thermal diffuser, T, , different from T, ,; wherein

the zones are adapted to provide differing amounts of heat; and

a thermal sink positioned stationary relative to a wafer
undergoing processing consisting of a heat-carrying media with a controllable
20  temperature, Ty , the thermal sink thermally coupled to the thermal source and
thermal diffuser by heat transfer across solid materials or across liquid and solid

materials; and

at least one controllable power supply connected to the thermal

source.
25
4. The wafer thermal management device of claim 1, further comprising
at least one thermal insulator interposed between the thermal source and the
thermal sink.
30 5. The wafer thermal management device of claim 1, further comprising

at least one thermal insulator interposed between the thermal source and the

wafer,
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thermal insulator is substantially made of Kapton™ material.

10 8. The wafer thermal management device of claim 1, wherein

My/Mg<0.1.

9. The wafer thermal management device of claim 1, wherein
My/My<0.01.
16
10. The wafer thermal management device of claim 1, wherein

My/Mg<0.001.

11. The wafer thermal management device of claim 1, wherein the

20 thermal diffuser is made of material with an isotropic thermal conductivity.

12. The wafer thermal management device of claim 1, wherein the

thermal diffuser is made substantially from Al or Cu.

25 13. The wafer thermal management device of claim 1, wherein the

thermal diffuser is made of material with a non-isotropic thermal conductivity.
14. The wafer thermal management device of claim 1, wherein a

thickness of the thermal diffuser perpendicular to the wafer surface is less than
30  0.100 inch (2.5 mm).
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15. The wafer thermal management device of claim 1, wherein a

thickness of the thermal diffuser perpendicular to the wafer surface is less than
0.050 inch (1.3 mm).

5 16. The wafer thermal management device of claim 1, wherein a
thickness of the thermal diffuser perpendicular to the wafer surface is less than
0.025 inch (0.64 mm).

17. The wafer thermal management device of claim 1, wherein a
10  thickness of the thermal diffuser is less than 0.100 inch (2.5mm).

18. The wafer thermal management device of claim 1, wherein the
thermal source comprises at least one temperature sensor embedded within the
thermal source.

15
19. The wafer thermal management device of claim 1, wherein the

thermal source comprises metallic electrical resistance elements.

20. The wafer thermal management device of claim 1, wherein the

20  thermal source is a thermal source rated at less than 50 W/in? (7.8 W/cm?).

21. The wafer thermal management device of claim 1, wherein the

thermal source is a thermal source rated at less than 40 W/in? (6.2 W/cm?).

25 22. The wafer thermal management device of claim 1, wherein the

thermal source is a thermal source rated at less than 20 W/in® (3.1 W/em?).

23. The wafer thermal management device of claim 1, wherein the
thermal source is a thermal source rated at less than 10 W/in® (1.6 W/em?).
30
24, The wafer thermal management device of claim 1, wherein the
thermal source comprises a plurality of independently controllable electrical

resistance heating elements distributed in zones.
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25. The wafer thermal management device of claim 24, wherein the

zones have unequal temperature fields.

5 26. The wafer thermal management device of claim 1, wherein the

thermal source comprises polymer material.

27. The wafer thermal management device of claim 1, wherein the
thermal source has a thickness perpendicular to the wafer of less than 0.040 inch

10 (1.0 mm).

28. The wafer thermal management device of claim 1, wherein the
thermal source has a thickness perpendicular to the wafer of less than 0.030 inch
(0.8 mm).
16
29. The wafer thermal management device of claim 1, wherein the
thermal source has a thickness perpendicular to the wafer of less than 0.020 inch
(0.5 mm).

20 30. The wafer thermal management device of claim 1, wherein My/M, is

no more than about 0.01.

31. The wafer thermal management device of claim 1, wherein M/M; is
no more than about 0.001.
25
32. The wafer thermal management device of claim 1, wherein the

thermal sink is a solid state thermal sink.

33. The wafer thermal management device of claim 32, wherein the

30  solid state thermal sink is a thermoelectric chip.

34. The wafer thermal management device of claim 1, wherein the

thermal sink is a liquid thermal sink.
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35. The wafer thermal management device of claim 34, wherein the

thermal sink is water.

36. The wafer thermal management device of claim 1, wherein the

thermal sink is a gaseous thermal sink.

37. The wafer thermal management device of claim 1, wherein the

thermal sink has a temperature greater than about 0° C.

38. The wafer thermal management device of claim 1, wherein the

thermal sink has a temperature greater than about -30° C.

39. The wafer thermal management device of claim 1, wherein a gap

between the thermal diffuser and the wafer contains air.

40. The wafer thermal management device of claim 1, wherein a gap

between the thermal diffuser and the wafer contains a gas with a thermal

conductivity greater than that of air at comparable thermodynamic conditions.

41. The wafer thermal management device of claim 1, further

comprising a super-atmospheric pressure chamber surrounding the wafer.

42. The wafer thermal management device of claim 1, further

comprising a sub-atmospheric chamber surrounding the wafer.

43. A wafer processing system, comprising at least one wafer thermal

management device of claim 1.

44, A wafer processing system, comprising at least one wafer thermal
management device of claim 1, adapted to operate in an open environment at

room conditions.
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Ug910% L& () ]4% JilherzL Qvagr thermal management device of claim 2, wherein the
thermal sink comprises a fluid medium, and the fluid medium flows through at

least one passage in the thermal reservoir.

5
46. The wafer thermal management device of claim 45, wherein the
thermal reservoir includes a plenum and a plurality of inlet orifices for the fluid
medium.
10 47. The wafer thermal management device of claim 45, wherein a cross-

sectional area of a fluid passageway varies along the passageway.

48. The wafer thermal management device of claim 2 further comprising
a second thermal diffuser interposed between the thermal source and the thermal

16  reservoir.

49. The wafer thermal management device of claim 1, wherein a
temperature of the thermal sink is a controllable and substantially constant
temperature. |

20
50. The wafer thermal management device of claim 1, wherein the

thermal source is a spatially uniform thermal source to within less than 1° C.

51. The wafer thermal management device of claim 1, wherein the

25 thermal source temperature field, T, is non-uniform.

52. The wafer thermal management device of claim 1, wherein the
difference between thermal source and thermal sink temperatures is about 200°
C.
30
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5 54. The wafer thermal management device of claim 52, wherein a wafer
temperature varies from about 21° C to about 25° C in a time interval no greater

than about 5s.

55. The wafer thermal management device of claim 8, wherein a wafer

10  temperature varies at a rate of about 1° C/s.
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