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[0003) There are some ways to increase the cooling capacity of process chamber
components to address the problem, such as to design new hardware to have better
heat conductance, or to change the coolant temperature between idie mode and
processing modes. However, such designs are undesirable due to inefficiencies
and/or cost. For example, the time constant of typical heat exchangers or chillers is
close to typical recipe times. Accordingly, merely lowering the coolant temperature
will not enable heating of the tool at a constant temperature during idle mode unless
a much larger heater is provided. However, implementation of such a design would

requires a major tool redesign, as most of heaters are embedded in the tool body.

[00041 Thus, there is a need for improved methods and apparatus for heat control

in a plasma processing chamber.

SUMMARY

[0005] Methods and apparatus for regulating the temperature of a component in a
plasma-enhanced process chamber are provided herein. In some embodiments, an
apparatus for processing a substrate includes a process chamber and an RF source
120940_1
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[0007] So that the manner in which the above recited features of the present

invention can be understood in detail, a more particular description of the invention,
briefly summarized above, may be had by reference to embodiments, some of which
are illustrated in the appended drawings. It is to be noted, however, that the
appended drawings illustrate only illustrative embodiments of this invention and are
therefore not to be considered limiting of its scope, for the invention may admit to
other equally effective embodiments.

[0o0s8] Figure 1 depicts a process chamber in accordance with some embodiments

of the present invention.

[0009] Figure 2 depicts an illustrative bypass kit in accordance with some

embodiments of the present invention.
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[0014] Figure 1 depicts an illustrative substrate processing apparatus 100 in
accordance with some embodiments of the present invention. The substrate
processing apparatus 100 may comprise a process chamber 102 defining an inner
processing volume 104 and having an exhaust system 120 coupled thereto for
removing excess process gases, processing by-products, or the like, from the inner
processing volume 104. The process chamber 102 generally includes a substrate
support 108 disposed below the processing volume 104 for supporting a substrate
110 thereupon during processing and one or more gas inlets, such as a showerhead
114 and/or nozzles provided at desired locations (such as opposite a support surface
of the substrate support 108).
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o bat 11 dorplHE PRRREN of S5bGH varia s dons ey i iy fo 8 1S podraft RFBLGH
cont r ol ltha@ohtrel V202 byrELpRidde SRR RAMUNY MBI Juchh@hsh s Eaitrol valve
pr ocesmanq(g2 apparatus 100 is depicted in Figure 3. The met hod 300

rel ates 402 SopRe| a drstifiow ratgvpibiigacaplanttis istersd e Sy B cipvaIRET e
facilit géoga ﬂj@ Fogéh Ghe LBA I 2656F b fthé ?ﬁnﬁ%%r\%& rdt€s 9f the Bolant

shower hea ring processing cy cI e substrate processing
appar at usrolga. thﬂwnh‘ohmiveﬁt)&a‘nd hinee‘m»statmwgelma%‘la Wken éhe dordppyelve

in or prﬂﬁ isC osed & s£20RS [ﬁg\?vtra{e of tgreoc\élopant% Q&%letn%dtbr}ethg%%or%?e of the

coolant through the flow ratio valve 204. Accordingly, the control valve 202 controls
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[ 0031] The nethod 300 may illustratively begin at 302, where for the
sake of illustration, it is presunmed that a plasma is fornmed in the
process chmobew/ 01632 and the control valve 202 of the fIr@wUIszEaserskd t
150 is closed (as m ght occur when processi ng begins and the chanber
was previously in an idle node). The nethod 300 proceeds to 304 where
the controller 160 determnes if the tenperature of the conponent

(e.g., tanerafieoestwesan alhigh flosv fate andra tavafow rptecend mﬁlq\@dattq:)p@ve 204
t t t
et 2tk e [OECARN Qb ng 0 T8N RS eSof SRy et i on
f d
ST, o ARG TR Al ol
t enper athe a@ny ssuitablEukarisbla posHibet ealnenad:lucmm)emcaemeetallyf ;bcmitémtzil afalves

fromthe set point reac ure |.im,t

Conty ol 160 nvemtith She 381 pEPotthER) A SRF B bFstiondl aives B @ vave
shower hepgt islgosiﬂénélﬁéeétma demebétb.%ﬁoﬁomaknmmﬁ fRivheatel poBIRORLANGEa O
WO 2010/ 045538PCT/ US2009/ 060979 sensi ng device, is not above the set

poi nt ( TBFIMBY fiave raipasitiony: ExeetRs 8 svitablg flewratie ivalvep deluge nepds

processi %C’Hfa ﬁ“?“ d ikOnks ol ler 160 will continue to query,
at 304, \%fe;[ her t%][ %%gﬁuﬁ% IE) the showerhead 114 is too high. If

EESME?R&‘S@‘SF”“]@% %ﬁ‘f’*“ 360 08N 2QE W) o6 SREAIYSR Gues e fow
limt tesfeecarespending tr thet flaw retd:Ta;lIesu)ed whem tmehelwma rsodff,eandl 6refore,
Causes e BRI R ek L ARSI 2328 el
heat excsivamﬂemetW%n d highednoldrafiow nge r(arge, thesighf thena ere csritmlarheazd?2)
114 and .alnct):i\,\a/e [ow goolant f ownpa?e ?é Br ?hrtong i‘rl ?he bypass loop 208 when the control valve
202 is closed). Such high and low flow rates of the coolant may be selected to
provide the cooling corresponding to the lower heat load when no plasma is present
(such as when the chamber is idle) and to the higher heat load when a plasma is
present (such as during processing). The heater 106 may be configured to be able
to maintain the temperature of the showerhead 114 at a desired setpoint when the
substrate processing apparatus 100 is in an idle mode, for example, with the heater
106 at between about 10 and about 90 percent of full power. In such a configuration,
the heater PID control loop can provide fine control over the showerhead
temperature against the heat exchanger 128 and any reading noise from the

thermocouple or other temperature sensing mechanism, as discussed below.

[0026] Returning to Figure 1, the temperature of the showerhead 114 can be
measured in any suitable manner, such as by a temperature sensing device.
Suitable temperature sensing devices include, for example, thermocouples,
thermopiles, thermistors, resistance temperature detectors (RTDs), flexible optical
fiber, and the like. The temperature sensing device may be coupled to the controller
160, or other suitable controller, {o provide a feedback loop for controlling the
temperature of the showerhead 114 (or other component of interest). In some
embodiments, the temperature may be measured by a thermocouple disposed on

the surface of the showerhead 114. Although discussed herein as relating to control

7



[ 0032] Next, at 308, the controller 160 determines if the tenperature
of the conmponent (e.g., the showerhead 114) is less than a

pr edet er mwi@dol0o¥wEBs t enperature limt. This may occur (HCTYES300H061979
heat is renoved fromthe showerhead 114, for exanple, because of an
incorrect setting of the chiller tenperature, cessation of pl asma
processing, or the like. The controller 160 nay nake th

det er mi rYET §if EreRATalung of &9 peoweheadiiig: the pgbenLInYepiPn Ay deded s
a pr edeta‘?fvﬁh[ég%t chr&ﬁrranf tt'r‘i@ It?in{ptef%{té’n%t 'o?"ﬂf ¥ ABLde %Fnb%?' ﬁmécﬁwg{n?a(%}

a | ower tenpe he contr 160 term nes t the
act ual texapwiatar eleoffostaic eiinkd bidaadrudrating aﬁwtermra coclingt Systase with

point (Ts e .t erature differential (dTik), then

process|’%@3%gﬁ?‘%%u’é@%ﬁ%s‘{rﬁg‘d@gﬁﬁgl l er 160 will conti nue to query,

at 308, te rature of th 114.] | ow.. .

the contPB er ThooRRely araessPacprarad AU AFE piised A Snt el oo

shower head céﬂtﬂolhrsg kred epetdtion ssit capapartentsT @ﬂ)hdo;sutaétrdt@@méshmgl apedratus

limt te erature differential (dTa), then the contr | 1er 160 causes
3

t he cont bal %29, Be gandrofl %W%ﬁ?&%@' Wi oPRsRliqMLOL N SHOCERS FRRINDET,
decr easey dzh%rf é%ﬁlét t% &Bcéﬁs@&@ﬂa@éﬁ aéé&&h@go Tdé’s[?é@ Erddé%s he&bes. Part

exchanger 128, ‘there renovi ng | ess heat fromthe showerhead 114 and
rai sing qfheuqharﬁpetrat Lﬁ éonh'@k el theoEpreraldraiegeating nesunpanentse of the

t I
e eot B GEER B GOURIG URcR 0563 RLAG E o pBtong e
or the I[fldee byQaS$ dmth] 50 Hendret ey 8ther neynpomenisnwdess tempectied isyto be

whet ner SRECTEH BRI DedBrgineroyEog erEHE shower head 114)

's great[&gza} haﬂme conELroIler 160 is coupled to various components of the substrate
processing apparatus 100 and comprises a central processing unit {(CPU) 164, a
memory 162, and support circuits 166 for the CPU 164. The controlier 160 may
control the substrate processing apparatus 100 directly, or via computers (or
controllers) associated with particular process chamber and/or the support system
componenis. The controller 160 may be one of any form of general-purpose
computer processor that can be used in an industrial setting for controlling various
chambers and sub-processors. The memory, or computer-readable medium, 162 of
the CPU 164 may be one or more of readily available memory such as random
access memory (RAM), read only memory (ROM), floppy disk, hard disk, flash, or
any other form of digital storage, local or remote. The support circuits 166 are
coupled to the CPU 164 for supporting the processor in a conventional manner.
These circuits include cache, power supplies, clock circuits, input/output circuitry and
subsystems, and the like. Inventive methods as described herein may be stored in
the memory 162 as software routine that may be executed or invoked to control the
operation of the substrate processing apparatus 100 in the manner described herein.
The software routine may also be stored and/or executed by a second CPU (not
shown) that is remotely located from the hardware being controlled by the CPU 164.

[0029] The substrate processing apparatus 100 may be controlled to process

substrates as desired while controlling the temperature of desired components within

8



WO 2010/ 045538PCT/ US2009/ 060979 pr edet ermi ned upper tenperature
limt.A ternatively, upon conpletion of processing, the nethod 300
may end atwQ2Xdio/ope84] The above net hod 300 control s t RETIUSAW0I9¢)92S S
kit 150 in response to the actual tenperature of the conponent being
nonitored (e.g., the showerhead 114). As such the above nethod 300 IS
a reactive nethod. In sone enbodi nents of the present invention,

pr edi ct ithe chafmbsa toaythie Prdsterained gesierd limnitst 5 OR\FSAENPIY tF%W@Pﬁ@W"@
over 5h°%§u|9Pn§ Ich nEHS HERE B sRhtel ﬁ%c@?é?rj\_l% %Bgér‘agfs 960 WiRlosed dabr?gg

tenperature ctuations of the conponen tive method na
further mayglhedetiizes! tonconicoling dhe rtemm@mtam dédie ishowedimade Thttta within

respect to.Eiqure 3 f tat d

{ enpor attPeCEtHPER b ;o8N sl BEF Hshetnr Wik (Brpnes, fo the
exanpl e shBM@uﬁéadﬂr tepi @tfﬁerapfmielsh_ Qd cﬁ%béﬁrcmmﬁaﬂﬂé i mgyt he temperature
t enper at ur e a conpanent thin the substrate processin ar at us
o0 Tl Ty S dnats ¢ th bt et Teaesat Byl PBP kg

simlar diResyitdRe EhitRBerrbshiSondrts neAsAcRbe WHlSEsGASidehudh @ tEd s
300 is described with respect to Figures 1-2. The nmethod 400 may

i 1lustrdbeliey begin at 402, where for the sake of illustration, it
Is presuned that a plasma is fornmed in the process chanber 102 and
t he cont[p@] vaDie exempisgry nMeihed R0 Hgpeyyraling thedempetdtorseef 4 semppoent

Care ohiP iR sk BOASh IS NDENE LebRRPIENLANERY Trd MBthod
o o) meddbm"tm’éﬁfeem?'hgﬁmf (ool T nod pRCT & BCT ahr ¢
e ORtEE o e el el SR OF e apTceBE T o, sttt eed o RE it
manner %ﬁo@kﬂ%ﬁfg bpsles P \Ige \WUbSrAteSHBEEsIIRy EIDFGHEIQJSS'I@@ 3k temponent of

usi ng equation 1). Specifically, the contro uery: 1.1s T >
TSP dTULNtergst THaY haxe 3 heglse iSSiosea| i Brosmse dheicREROHAL fqrr@owdmg

actual tmpey ﬁg@&gg@ Fhle ?HQWeWa?%ﬂlﬁflﬁé [RRRVE sblﬂgr tcoF?beIlEtr dn

by at least t Imt tenperature fferential (dTuL then t
cont r ol IcmntrmBelg@atﬁmée Uh@ ehtoop) feratangrolting thé ternperatures dby §@mk>i:>nent

150 to W oni &1 Q! anS q r&@@%%ot o é ‘@&aﬁr?de%taﬁ&ﬁgcfh%' E{hofd @@ 49

t hr ough exc thereby Trenovi ng heat Trom

shower hegsgciiddd aith réspeet toBigules t-2operat ure t her eof WO
2010/ 045538PCT/ US2009/ 060979 [ 0037] However, if the controller 160

det er m negs1i harhd meethodi LGB0 heaypéiustrativelptbeymeat 302, where for the sake of
illustration, it is presumed that a plasma is formed in the process chamber 102 and
the control valve 202 of the flow bypass kit 150 is closed (as might occur when
processing begins and the chamber was previously in an idle mode). The method
300 proceeds to 304 where the controlier 160 determines if the temperature of the
component (e.g., the showerhead 114) is greater than a predetermined upper
temperature limit. The controller 160 may make this determination according to the
following:

1. isT>Tgp+dTy,?

where T is the actual temperature of the chamber component of concern (e.g., the

showerhead 114 in the above example), Tsp is the set point, or target temperature,

and dTy, is a predetermined temperature differential from the set point to reach an

upper temperature limit. If the controller 160 determines that the actual temperature

of the showerhead 114, as determined the thermocouple or other temperature
9



shower head 114 is not above the set point (-1nn) by the upper limt
tenperature differential (dTut.), then the nethod continues to a
predi cti vevgoenp4s8 406, where the controller 160 quer iPEI/GSR@VIE97% he
total RF power being delivered to the chanber is greater than a
predeterm ned upper limt. The controll er 160 may meke this

determ nation according to the follow n 3.is P> PuL ? where Pis a
power f @cﬁnémgc@?‘ﬂ@%pwﬂphgb@‘{? e sebthain Hﬂ_sﬁo%rth%éim&r disnit Jerpeeratige

the proctﬁﬁé'eﬁ{@gtﬂnggﬁaﬂ%n cﬁser?%l% i?'ﬁ’{e?md"@m wnehéo wpéorﬁﬁue o

power. In sone i ment’s may correspond t
hi ghest quewsratf 34 ovhathert thprtemnﬁaeaiuembf i emowérbaad t1d 4ais doonhugtentf tbe

enbod man ol 460 Fleags Sh e et A arRele 1 e Tibwastedt Ti4: g
del i ver eqbove théﬁselt)rp@ﬂﬁS(EFsp(} mrmaeastﬁﬁe u:pp@rrmhm teﬁgmatubeedﬁefmmed (@),

QJ’. Qe'r She@: csh% ﬁenw&fe@ E%ﬁrﬁ]%ﬁethgti?;’”g%b:ﬁg'f’? A28 @18“?%%%?8 kit A8Pite,

Pl + P2 gheh, B 308 180mcRIRENHe! flow Nt Nahe ARl RANVIRY R38R thBDREAt
pl asma sources (e.g., RE power source 148), one or nore biaS sources

(e.g., Hxebangsict28 darety 1gBYvingMese heat Sony theshovwemesd td andhiawering
el ect roqﬁégérﬂyéﬁéﬁug*%ﬁ‘é%f or the Iike. [0038] In sonme enbodi nents,

t he power be a wei ghted conbi nation of the total power

ber ng Holt? g ggess GhbeLy & RNECRt Sne Rl 5K e

as: ere’w, is a
f act or fampdrenpaet ¢.¢c ubhar showedeadf 1RF) pewmssbéiamg ajqiredaeedmed idveer
process chanb

ooy S BT PRr b i B e Pet s T iopaneel el famg ved FaRIAS shSwbiliad

148), oneI4Qr foRDERNMIaS beReHISE of ( 8n JincoRE@S sBBNET of BhE Cehillb?SlempirBgife,
RF sources coupled to other electrodes_in the chanber, or the |ike

The wei GISERAPTT QE tRIFSTBR FHRERSSINGerOrVBRY ke JAet EPHIRlieb 160t MayHaake dbis
| oad of {h&nGRSRM &k ‘tcE‘FH’erfﬁﬁéwﬁﬁd may be any nunber, positive,

negative, or zero, pen ent upon the contribution to the heat | oad

of the conponent of interest For a r-Eggesgt ld\{-e source of RF power. WO
20101045538PCT1U820091060979 0039]S or exarrp e, when controlling the

sour ceq WisTa Tyl {Ee FRENERARAC] o foatlte hth I dior e tef it (PALIES
bi as sodowestemmmhmdeﬂlmltt Hét@ﬂmﬁmﬁem@(ﬂjﬂptﬂmlm&haﬂ meaauunaiéemperature
TP R RGB! Poid Rl SORE B R babRaP LR Tt
sour ces tefipetfdrd @lffei’s?ltléh r)hmed drééem béntinRiesranidnas dohabllerf 188wl

bi as sources coupl ed to the substrate support 10 erm nati on
of the VGiBue mw.a{g?%dwhﬁteer@e (Remeraiyrg ﬁétfaﬁjagewe%\ﬁ@ﬂ s oo

PUL, mayiohe 1figcCEdhtfMEr ‘?@@'déie‘?ﬁ'ir{e)é Akt tHeaa&@Q%l‘n%ratéﬁ% e %ﬁoﬁf@ﬁﬂead

fromthe above, equation Ais rrere%/t e speci al case where all

wei ght i ntjl 4 @Cb@pg heesaigerint (Tep)ddie at least the lower limit temperature differential
(dTw), then the controller 160 causes the control valve 202 of the flow bypass kit 150
to close, at 310, to decrease the flow rate of the coolant flowing through the heat
exchanger 128, thereby removing less heat from the showerhead 114 and raising

the temperature thereof.

[0033] The above method may be repeated as desired through numerous

processing cycles, such as, between substrates, multiple processing steps of a

single substrate, or the like. As such, the method 300 may continue as depicted by

dashed line 312, where the controller 160 again queries, at 304, whether the

temperature of the component (e.g., the showerhead 114) is greater than the
10



[0040]If the controller 160 determines that P is |lower than the
desired upper |imt for power delivery to the chanber (indicating a
sust ai nablwQ 2010043598 heat | oad to the conponent of i nterk€gt)s200040€097% he
nmet hod returns to 404 and proceeds anew. However, if the controller
160 determnes that P is greater than the desired upper limt for
power delivery to the chanber (indicating an unsustainable, or high
heat | oduedeefmined ompeREnteraperpiwer 881l ,  tNisinatheetRel coRMIatioas afo

408, vm?{rgfégg%gc%%ﬁ]%ltm d(ﬁ gléﬁf?%ﬂhf the tenperature of the

conpone S greater than the

pr edet ergisled nekol FIBIGE Y56 chhibS 1nd Row B0 o0l A0 T8I R ne

t hi s det'e lon I n manner as ove
r espect aomuaJFltgmperaiur@t of3he t(cmxwmt ﬁ)lei{tg trioaitoredeferg. nﬁtei smowerheaat! 1éhe

tenperature is,ab vethelo ture im' . Spe al |

controf 145 Sty 1 Ae' Herodnit oA PRl sRatbod 1 porReshiidiRients.ef 8,
det er m rtﬁ‘ésématnvbhmrﬁcbUpiedﬁ(ﬁlwel‘r%thdcﬁ nﬁ?eiy ttfee p‘ﬁd?@@f@i h@aﬂacihla’cel avdiging
above the | ower tenperature | g[

the | owdPMPERAtHIe: QYA5EHQALE 08 ‘%ﬁhﬁf é"reeh%ﬁﬂ 29 ?rdl‘h?_d%OO'"F éwetﬁéhgé@mp%ﬁature
val ve ZOf?chﬁﬁﬂ'ghQ%f HeOS& PSR’ g\ﬁgfﬁreﬁféh@é‘ﬁ'fetWHap%HﬁeﬁH@Iu@@'ﬂﬁi@_@&'ﬂb’

and the returns to 404 cycles throu queries again.
[ 0042] | feontrolvanathod tesedesanibed| al:mvel\@mh d@ﬁ&&qhtﬂe@gwrﬁaﬁ tohiaciitate ctually

e (S aeh e ISRl ot B8R BeldsRire S BB pdi T et ur e

B e L L

flow rate a \OmpRhOAtOARBIASREILULSRAROHRGESSIAg apparatus 100. The method 400
relates to control of the flow bypass kit 150 similar to as described above. For ease
of understanding, the method 300 is described with respect to Figures 1-2. The
method 400 may illustratively begin at 402, where for the sake of illustration, it is
presumed that a plasma is formed in the process chamber 102 and the control valve
202 of the flow bypass kit 150 is closed (as might occur when processing begins and
the chamber was previously in an idle mode).

[0036] The method 400 proceeds to 404 where the controller 160 determines if the
temperature of the component (e.g., the showerhead 114) is greater than a
predetermined upper temperature limit. The controller 160 may make this
determination in the same manner as described above with respect to Figure 3 at

304 (e.g., using equation 1). Specifically, the controller may query:
1. isT>Tgp+dTy, ?

As before, if the controller 160 determines that the actual temperature of the
showerhead 114 is above the set point (Tsp) by at least the upper limit temperature
differential (dTy.), then the controller 160 causes the control valve 202 of the flow
bypass kit 150 to open, at 410, to increase the flow rate of the coolant flowing
through the heat exchanger 128, thereby removing more heat from the showerhead
114 and lowering the temperature thereof.

11



of the coolant flow ng through the heat exchanger 128, thereby

renovi ng nore heat fromthe showerhead 114 and | owering the

t enper at urEoehBeEBs [ 0043] Once the control val ve 202 BCI/ER3e09/06G90%e

fl ow through the heat exchanger 128 is increased and the rate of heat
removed fromthe showerhead 114 is also increased. Accordingly, the

met hod 400 continues, at 412, where the controller 160 determ nes |f

the teng®¥3l urldowevarni tae qpaiFeler 168, dptermingieteh Hi pribALICTRE AL phifie
than a pipdrikedy 1ed ||s°rYtﬁrat§cﬁ§pfF{ea§é'tr Goiht TTSB% bghl‘ﬁ %ér%rﬁ?rter%ggra%lé

make this determ nation acc ng to equati scussed ove
wi th respiéerentia (BT guy @eg tae nanigod smtmuersd'alal @redmchv;e qoeryrab 406y where the

query: f ont [ .
det e m el QpauElture i BE BidRF behehndBliliarB o ha camper 5
the set gmaﬂet thdapa dredatermiemst upper lioker ThHevicontrelfgrel @) ungy make this
differen dTLL t hen t? _coﬁntrol | er 160 causes the control valve
202 of t eqml Q) BeroLding fo ?¥PHose, at 418, to decrease the flow
rate of the cool ant fl owi ng thrqugh thlg k‘%at exchanger 128, thereby
renoving | ess heat fromthe shower heldF £12uahd r ai si ng the
tenperature thereof. [0044] However, if the controller 160 determ nes

that t heVReredais 3 BAer fRclRrcoprsPeRding inkeretal RE1ower bring delivered e
the set pgidts CHsRAbeP¥nd 18, | iQWEY rédéiéﬁmﬁf‘d*ﬁ@?% i O REeSG aln s me._

(dTLL), then the nmethod continu s to a tive query at 414,
the conterobodimentsn tlagi sipet limkte Poer mtalne:orr@satvndqm polwghesjemcwgerdf@piovém@d

L0t e, THIBUREE s\frchdt oot 03 SorRESHLEH S5 ThAREh: 'R tnbd M incrdfiha cooiing

controll may neke rmnation according
fol | ow rgad Esnequl?eot’?IrV\d;mme eﬁlﬁodlmemspmedm\@rrfracrierdﬂ awey simpty be ofie &fal

power. The | |, i,m t ma ede ally or, via
model | nd?OWet BERCElE wéh?grgqq%@cg Fox exarbae, P gy og pelediam
to a |l owest power factor that s |_I es suff] CI ent heat to a
conponent of interest such™that d'd tl #al --cb6lhi ng | oad is not

requi red. The_po ctor rm ned as  di scussed abov
W ? h resHRe '?8'54 B. FEF[a(E’G’M‘?f |qe|ng§¥|¢ ‘?g‘i’ g Pi%?sﬁé%r@ﬂ?il%zy ?ﬁfs
greater diake.t fer deshprRd P, owes +1 i nk b, frRay e&\ﬁ@épdﬂﬁl tb\"tﬁé)boh%rfdgﬁvered by

chamber (indicating an unsustainable, or high heat |oad to
conponerRNEPr i MAteplasMp, souReas fere. RE e seuifentt&)oome or Mo blﬁé sources

queries @rocRd nower source 138), other RF sources coupled to other electrodes in the
chamber, or the like.

[0038] In some embodiments, the power factor, P, may be a weighted combination
of the total power being delivered to the process chamber. For example, P may be
defined as:

B. P= ZLUiPi = WP + waPe + ... + wyPy

where w; is a weighting factor for the particular source of RF power being delivered
to the process chamber. For example, w1 + w2 + ... + wy May correspond to the
power delivered by one or more plasma sources (e.g., RF power source 148), one or
more bias sources (e.g., bias power source 138}, other RF sources coupled to other
electrodes in the chamber, or the like. The weighting factor accounts for varying
contributions to the heat load of the component of interest and may be any number,
positive, negative, or zero, dependent upon the contribution to the heat load of the

component of interest for a respective source of RF power.
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WO 2010/ 045538PCT/ US20091060979 anew. However, if the controller 160
determnes that Pis less than the desired lower |imt for power
del i very tworbw/gisasrber (indicating a sustainable, or |RGV e/ obeayl
to the conponent of interest), then the method continues to 416,
where the controller 160 queries if the tenperature of the conponent

(e.g., the showerhead 114% I's lower than the g}redeterm ned upper
t enper atl0§38] | i er examme cunen sPNERIinG therigmpririere Rl Hegehvameed i1of e

the Si m\kﬁgtw%‘tﬁo@%r‘@ﬁcﬁ)@&dsm& 'tL%)hacf &5 REE shbRrefreidr ??@ rﬁéx]%gdf

except t etermnation Is t e tenperature 1S bel ow t
upper t enigleerdhan édtiolhiRF) biaspeuices @auplﬂi to e sdrstnate bepparalOGukeranother

actual (RRIRE: ihet sPRTRE s SEg AR o D RBUOTHL SR B sdodn
t enper atpgdestdl M08, the. Weightimefaaedr foORFtpdwlarBbupdesscdupieduptae shbW'ethead

tenperature differentjal (dTu then the co roI valve 202 re
open to br‘len‘éﬁtbef'ﬂ‘f’%“é‘ﬁ‘”ﬂé%ttqfh# BlESIIRRICES ROV 1O thn dubHeeteratm

returns 1 4ddrARRticy of @% Qm&}&ﬂe?ghﬁnﬁﬁéﬁsa§%”%s ﬂw@Wde'rfpower limit
however, the controller 160 determines that the actual tenperature of
the shovdwheaay beadetermiaed QfﬁétﬁlC@'heODp';tﬁamQC‘@Hb@Jr afaraan berseepefrgmn, the

t he set t NTTe)e ' i
(aruty)  FRNEeavkiRh R 1o Doty R Roia cBbe WhERES! koo aialb fbelie
fl ow by pass k|t 150 to close, at 418, to decrease the flow rate of

t he coolant flow ng through the heat exchanger 128, thereby renoving

| ess hegbodor onif ttlhtecemtwuer Héactielérmmml thai%tsnlgmehmaremedmmdmpper limit

nuer ouopPabeb e e R i SR BdcRfh Saueeliatls 4 den hant 194t B he

pr ocessidinsirps chf irder@sNgliRers URST fatitbd Pstukme th 1 43 o %)!cts‘déed&h%ew
nmet hod 400 may continue as depi cted by dashed |ine 420, where the

cont r ol |AOWaYSS, §dAe otelere 60 determines ihal Rel rRater dipihg Gesiras UppRr
componenimif fr powet BE]|\E£%Y@fﬂée&%rﬂﬂé)(mﬂ§c£{i§%h%fns& MablRe or high %at load

pr edet er m ned upper t erature li1m't rnative upon etion
of pr ocdeshegpmipheentsathntaresd) thesythendethod ¢Qatlnt{e@dagl]08l, whemathammé“oller

nmet hods, r d.dTLL varj a iy :

cont r ol 1L BB I, Borioten B ory R BtoRhe Bidie Mg b BubfRBH P
respect dreatehehshaherdredetetraimperloter ¢empaciturg litviti rthepconteslierntBo hay
additi Onrhal%é]?hig%%\(grmination in the similar manner as described above with respect to

Figure 3 at 308 (except that the determination is that the temperature is above the
lower temperature limit). Specifically, the controller may query:

4, i§T>Tge—dT L ?

[0041] If the controller 160 determines that the actual temperature of the
showerhead 114 is not above the lower temperature limit (e.g., the set point (Tsp)
minus the lower limit temperature differential (dT..)), then the control valve 202
remains closed to prevent further cooling of the component, and the method retums
to 404 and cycles through the queries again.

[0042] If, however, the controller 160 determines that the actual temperature of the
showerhead 114 is above the lower temperature limit {e.g., the set point (Tsp) minus
the lower limit temperature differential (dTw.)), then the controlier 160 causes the
control valve 202 of the flow bypass kit 150 to open, at 410, to increase the flow rate
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WO 2010/ 045538PCT/ US2009/ 060979 par anmet ers and equi pnent constants,
such as the power factor and weighting factors nay be adjusted for
di fferent weedpnsssas desired. pow Thus, nethods and apPOTAIAS09f060979
processi ng substrates have been provided herein that provide inproved
tenperature regul ation for conmponents in a plasnma enhanced substrate
processi ng apparatus. The flow bypass kit of the present invention
provi defdhe saplapstlowiagdhroughrtae | at p¥ehangpandd tharsbyTemayisoners heat

ther mal Ofﬁgﬁ'ttﬁé)%hdv@éiﬂ alh iAo l@b@r’@/fﬁ% tIeH\"f)eF’cﬁﬁr‘egtHer%fof heaters

correspon 0 suc conmpone restricting the coolant flow

during 'Jﬁié) ”D(gn‘??ei He EQ &r\%\?ﬁpﬁer??ﬁﬁr e fow! tH%J@ﬁaﬁh%r é’é{té%éhaﬁéer

idle ma e greatly reduced and re save signrticant energ
The predi2® isviecrased dndritehcde of i et oemdvee ririnm the shbeerreeskdi é‘l/tb |s also

i mpr oved erfo nce b reventin ature rshoot

w1 ot HRE B S oREe B HER R eth D EBaN s 8t BYZHEF Ry s chptotier 160
I nvent i qfpte@tings |f8tﬁd témpbi‘mureecﬁﬂlﬁdl dopmohent (4.5 th@‘éﬁﬁiveméaﬂﬁm 41965 less
devi sed wi thout departi n?q fromthe basic sco er eo scoge

t her eof than fepradeterain fempenature, ity oITﬁ%W’O”t'W%'t 1 5% n@yam%t th
1. An a%ﬁlH&@PéC&ﬁ@ﬁ@?@'é&Qaﬁoﬁ ‘éb%%__rd@c%ssé‘@ﬁp&}egbvﬁlg re%)é?ﬁ %?@%re 3

chanber source“to provide’ energy to forma plasm
process atr@ﬂbérgeczi:ceﬂmﬁmgmtmihesmewem t he process chanber so as to
be heated by the plasma when fornmed; a heater configured to heat the
conponent ; 2. isT<Tsp-dTu ?

As before, if the controller 160 determines that the actual temperature of the
showerhead 114 is below the set point (Tgp) by at least the lower limit temperature
differential (dT..), then the controller 160 causes the control valve 202 of the flow
bypass kit 150 to close, at 418, to decrease the flow rate of the coolant flowing
through the heat exchanger 128, thereby removing less heat from the showerhead
114 and raising the temperature thereof.

[0044] However, if the controlier 160 determines that the actual temperature of the
showerhead 114 is not lower than the set point (Tsp) by the fower limit temperature
differential (dT..), then the method continues to a predictive query at 414, where the
controlter 160 queries whether the total RF power being delivered to the chamber is
lower than a predetermined lower limit. The controller 160 may make this
determination according to the following:

5. isP<P?

where P_ is a predetermined lower limit of RF power. The lower limit, PL. may be
determined empirically or via modeling. In some embodiments, the lower limit, Pr,
may correspond fo a lowest power factor that still provides sufficient heat to a
component of interest such that an additional cooling load is not required. The

power factor, P, may be determined as discussed above with respect to 406.

[oo4s] If the controller 160 determines that P is greater than the desired lower limit
for power delivery to the chamber (indicating an unsustainable, or high heat load to
the component of interest), then the method returns to 412 and the queries proceed
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a heat exchanger configured to renove heat fromthe conponent; and
a chiller coupled to the heat exchanger via a first flow conduit

havi ng an wo,laifo43sBHw control val ve di sposed therei n agTAINRYBASNST9

| oop to bypass the flow control valve, wherein the bypass |oop has a
flow ratio val ve di sposed therein. 2. The apparatus of claim1,
further conprising: a controller for turning the controllabl e valve
on or ofgnew.3Howgeerajiiie 'é‘?ﬂl@”@f1@@&?@@,‘”%&%%@@ lessrpransthgglesired lower
t enper atjur: [ ' L-Rdl ead; f

componer e IRGOREE BRAGHb U Khaln Pt RlEathd & SR ook HeaL load to
f ol | owi he wontpookenpat kterest).sthenfthed metfieg contiMuésoives’ & ovitarelthalsoptroller

val ve if < Tsp .z.dl I C | val ve r ' : t
! erper au 1R TERE i e RreCoting PonBPubel Gl bR i, D1t R
g i f fT ﬁr enhsgn tr@élﬂréﬂ'%tém?iﬁetﬁ ugp@?l%t‘rﬁrhemétumiliﬂnﬁy\érhé eomerliat 16€ nahy frekertaie.
. e appar atus o] alm Z, urther conpri sing: ) a tepgperature
measur i FIREYNBEONSI 15 IR0 TARBFCEY Qea%ﬁip@tg&w@h 5?8&8&53%%& i,
and 304 :((ébﬂjéb( Shat Hed deRenfiitiohols! ati e EAlddrgtuEdI8s RANGK B8 BSpdr0
the plasma formng el ectrodes or groups of such el ectrodes;
wher ei n tengessure lonitle rSpagicalin thebentraliee mayedentcor ding to the

follow ng control paraneters:
6. isT<Tgp+dTy, ?

[oo4e] If the controlier 160 determines that the actual temperature of the
showerhead 114 is above the upper temperature limit (e.g., the set point (Tsp) plus
the upper limit temperature differential (dTu.)), then the control valve 202 remains
open to prevent further heating of the component, and the method returns to 412 and

cycles through the queries again.

[0047] If, however, the controller 160 determines that the actual temperature of the
showerhead 114 is less than the upper temperature limit {e.g., the set point (Ts,) plus
the upper limit temperature differential (dTu.)), then the controller 160 causes the
control valve 202 of the flow bypass kit 150 to close, at 418, to decrease the fiow
rate of the coolant flowing through the heat exchanger 128, thereby removing less
heat from the showerhead 114 and raising the temperature thereof.

[0048] The above method may be repeated as desired through numerous
processing cycles, such as, between substrates, multiple processing steps of a
single substrate, or the like. As such, the method 400 may continue as depicted by
dashed line 420, where the controller 160 again queries, at 404, whether the
temperature of the component (e.g., the showerhead 114) is greater than the
predetermined upper temperature limit. Alternatively, upon completion of
processing, the method 400 may end at 422.

[0049] In the above methods, the parameters dTyL and dT. may be variable to
reactively control the flow bypass kit 150 by feedback to the controller with respect to
the showerhead temperature reading during processing. In addition, the above
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if Zw,P; > PuL and T > Tsp - dILL open controllable valve ifw, Pi <
PLL and T < Tsp + dTut close controllable valve where Tsp is the
target tenperemioswd3s dTuL is a predeterm ned upwards t emearisHeewpec0979
difference, dTLL is a predeterm ned | ower tenperature difference, Pi
is the power consunption of one of i =1 to n plasnma-form ng

el ectrodes and/or groups thereof, where w is a weighting factor for
one of ipatametess kb gALPE ST WmsHBler SUdl @5 e PPwebdatier tang pieirdisg

chamber ., Bills g b%ﬁ?{j&qg& F‘dr@nﬂ_ﬁ?nt%eﬁga'aF Yekirb@r summed powver

consunption, an s a pre erm ower Timt for sumred power

TSNP T Rl SR oA Bl

further "con ve accor ng control
par anet dreseini thall provics impaled . tepeeratore regulattmnefor atongparen® i @splasma

ATUL 1 5 SOBPER R NBa CIVAT Y TOAMSERA: urBoaley diees Nt ToF LTepe s

pr edet eriniditidn! oeites GMBRT st sasyirbfrefitttheEexpands current component thermal
control range without changing the design of heaters corresponding to such
components. By restricting the coolant flow during idle modes of the processing
apparatus, the heater output at idle may be greatly reduced and therefore save
significant energy. The predictive control methods disclosed herein further achieve
improved performance by preventing temperature overshoots.

[0051] While the foregoing is directed to embodiments of the present invention,
other and further embodiments of the invention may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims that
follow.
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6. The apparatus of claim1l, wherein the conponent is a showerhead
for injecting gas into the process chanber or an electrostatic chuck
for retaining a substrate. 7. A nethod of controlling the
tenperature of conponent in a process chanber that is heated by a

pl asma when formed, heated by a heater, and cooled by a coolant fluid
flow through a heat exchanger, the met hod conpri si ng:

provi di iyhat scelpimedis: a first flow rate to the heat exchanger when

t he conponent res a first .cooli rate; and provi di ng the
cool ant bt a%%@?ﬂfawﬁcﬁw@?%%emﬁeg%@? SHRRERE: when' ¢ he
conponent hroBSsPciERtesrd cooling rate, wherein the first flowrate
and the secon flow rate are both non-zero and non-equal 8. The

met hod of cl &nRF sourserieiprovide R enargy: wolceAte I?'ﬁ%ﬁﬁi'%ch?er?P%F‘e%Cf’tarWQﬁi'gh
a first flow N:-OfNO i

t herein and erepﬁﬁ%ﬁ}%?‘g&ﬁg ltnhg{es%@c?%%&\ggglﬁg%{ gl?l ul ?Fovs%?%{?? e

conpr i sgdasma when fommism ng the first flow conduit by closing the

fl ow control val 0 t .through a bypass | oop

having a fl o p%q ?r Cc{/r{j\'wredmﬂ%@iﬂl?fﬁﬁ*@%ﬁt’to set the second flow

g at}g: toha ra@héeﬁ%&chmrfcbﬁﬂgjwedfto fdrogve et frondtheldwmparidngcinal ¢l ai m
, further ris

1 Ni th f
conponent |s ré'éﬁréro%f)'ﬁ’gﬁoéihe UB%‘E;’{ @nlé}qﬁt i taf|°|‘H? nc@ﬂ&%{yﬁ\@%mén@ﬁe
control g ¥8nird @le 'd%ots@@ tﬁ&%kraahdaé bw@ssf Iobp! tof byst ahe - flobP corfiél

met hod of claim8, further nﬁrlsm
valve, wherein the bypass Ioo as a flow ratio valve disposed therein.

2. The apparatus of claim 1, further comprising:

a controller for turning the controllable valve on or off.

3. The apparatus of claim 2, further comprising a temperature measuring device
to indicate a temperature of the component, and wherein the controller operates

according to the following control parameters:

if T>Tsp+dTyL open controllable valve

if T<Tgp—dTwL close controllable valve

where Tg, is a target temperature set point, dTuL is a predetermined upwards

temperature difference, and dT._ is a predetermined lower temperature difference.

4. The apparatus of claim 2, further comprising:

a temperature measuring device situated to indicate a temperature of the
component; and

input(s) into the controller indicating the power going to the plasma forming
electrodes or groups of such electrodes;

wherein the controller substantially operates according to the following control

parameters:
if SwiPi>Pyrand T>Tg—dT open controllable valve
if SwPi<Pand T<Tg +dTu close controllable valve
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determ ning that a tenperature of the conponent is |less than a | ower
tenperature limt; and closing the control valve to provide the
coolant at the second flow rate. 11. The nethod of claim8, further
conpri si ng: determ ning that a power factor is greater than a
predeterm ned upper limt, wherein the power factor corresponds to
the total RF power being delivered to the process chanber;

det er mi n¥hgjet hatis ihe tavgel lempesatyre, (e ¢ BpRRERETMegr WWRTHS terRetature

| ower t reclimt; ' PG QW e
cool ant ed;?&{?ﬂéél’f ?Pét .Q}% (g)\];v r a?@ﬁﬁﬁ@qg&%genﬁ[%}hgugé gyﬁég‘gg?émoq'll,gq\ﬁﬁg@e\’? %
t he powssorsaniption &fwaksoftite 1stenn pfasmasksirging elgcfredisoand/ongoupsdhpmér
applied froman, RF source coupled to the process chanbey Jfor a RE
Sb0r ces iR Sais o PR (YR B apTT 236 STAREE B boleipahe
further «ivdrddsionte process cHgNhBENTM| NY & paideterping uppet kit ifér s@emed
than a predeterm ned | ower Limt, wherein the power factor

cor r espdiRIET SORMEMGNaANRFPofke@ BERdsierauned, dowe imit 1os simed grower
chamber ;congumptiofl€t €rm ning that a tenperature of the conponent is

| ess than an upper tenperature |limt; and closing the control valve
to provide the coolant at the second flow rate.

5. The apparatus of claim 4, wherein the controller further controls the control

valve according to the following control parameters:

if T>Tsp +dTuL open controllable valve

ifT<Tgp—~dTwL close controllable valve

where T, is the target temperature, dTu. is a predetermined upwards temperature
difference, and dT,, is a predetermined lower temperature difference.

6. The apparatus of claim 1, wherein the component is a showerhead for
injecting gas into the process chamber or an electrostatic chuck for retaining a
substrate.

7. A method of controlling the temperature of component in a process chamber
that is heated by a plasma when formed, heated by a heater, and cooled by a
coolant fluid flow through a heat exchanger, the method comprising:

providing a coolant at a first flow rate to the heat exchanger when the
component requires a first cooling rate; and

providing the coolant at a second flow rate to the heat exchanger when the
component requires a second cooling rate, wherein the first flow rate and the second

fiow rate are both non-zero and non-equal.
8. The method of claim 7, wherein the first coolant flow is provided through a first

flow conduit having an on/off flow control valve disposed therein and wherein

providing the second coolant fluid flow further comprises:
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14. The method of claim 13, wherein the power factor equals the sum
of a weighting factor tinmes the power applied froman RF source
coupled to the process chanber for all RF sources coupled to the
process chanber. 15. The nmethod of claim@8, further conpri sing:
determ ning that a power factor is greater than a predeterm ned upper

limt, wherein the power factor corresponds to the total RF power
bei ng del i vebygasaing e Prsdflewscasiditat losing the figat @Qnﬁ%vab{etarﬁi flgwing

t enper a [ r r
e ot el BEo GBI P PN 5 e MBI Yo s
fl ow rattlae second flowd edte toaraiegessh Htanahe dive flofvarateor i s Iess than a

predeterm ned lower limt, wherein the power factor corresponds to
the total RF power being delivered to the process chanber;

determ g ng timatmathbaapeladh W, furtfer cbmpeigimponent is | ess than an upper
tenperature limt; and closing the control valve to gpl_row de the

cool ant at tﬁ@tq@g@ﬁg thaloa, teperature of the component is greater than an upper
temperature limit; and

opening the control valve to provide the coolant at the first flow rate.

10.  The method of claim 8, further comprising:

determining that a temperature of the component is less than a lower
temperature limit; and

closing the control valve to provide the coolant at the second flow rate.

11.  The method of ¢laim 8, further comprising:

determining that a power factor is greater than a predetermined upper limit,
wherein the power factor corresponds to the total RF power being delivered to the
process chamber;

determining that a temperature of the component is greater than a lower
temperature limit; and

opening the control valve to provide the coolant at the first flow rate.

12. The method of claim 11, wherein the power factor equals the sum of a
weighting factor times the power applied from an RF source coupled to the process

chamber for all RF sources coupled to the process chamber.

13.  The method of claim 8, further comprising:

determining that a power factor is less than a predetermined lower limit,
wherein the power factor corresponds to the total RF power being delivered to the
process chamber,;

determining that a temperature of the component is less than an upper
temperature limit; and

closing the control valve to provide the coolant at the second flow rate.

19



14. The method of claim 13, wherein the power factor equals the sum of a
weighting factor times the power applied from an RF source coupled fo the process

chamber for all RF sources coupled to the process chamber.

15.  The method of claim 8, further comprising:

determining that a power factor is greater than a predetermined upper limit,
wherein the power factor corresponds to the total RF power being delivered to the
process chamber;

determining that a temperature of the component is greater than a lower
temperature limit;

opening the control valve to provide the coolant at the first flow rate;

determining that a power factor is less than a predetermined lower limit,
wherein the power factor corresponds to the total RF power being delivered io the
process chamber;

determining that a temperature of the component is less than an upper
temperature limit; and

closing the control valve to provide the coolant at the second flow rate.
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