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TEMPERATURE | N A CHUCK SYSTEM Related Applications 5 This application
clainms the benefit of U S. Provisional Patent Application nunber

60/ 658, 452 March 4, 2005 and U.S. Provisional , i cation
nunber }Jé%@gg‘g‘g%ﬁ, |l ed on April 8, 2005, the contents %E@k; Qgre
incorporat ed herein by reference in their entirety. 10 Background of the
I nvention Integrated circuits are _sybjected to a series of test and

eval uation steps to ensure the highest quality. This is particularly
inportant to the sem conductor industry, where it is inportant to screen
def ect i xppARAINS ARDMETHOR FOREONTRODRING JIEMPERATURE BN aAppHUEK One
inportant test step is to tenperatyySERMreen the wafer. A thermal chuck is
used to provide 15 precision tenperature control during the

t enperat ure-screeni ng process. In a typical configuration, the thernal
chuck hBelated Agplicglens, n a stationary position while the vvafer i's

subj ected t o prpﬁmoﬁ SRS B ROV, PRSI GMFPatdit A@Fli@fon Mesbaper i ods of
time. For exa is desired that the wafer be exgosed to a high

t enper a®U638.48 11MW94éQSQ§@HUt%PT°é’FF“€%W%%WP LGP R at ur e.

Ther ef og@eed d8sliied JHPASH 3MB005NAE chbiltent HOKKTBA aré m&bo&@edqﬁ%ﬁ Byifeldlentd t O
support a terrperature transition froma high thermal chuck tenperature to a
| ow t helth¢ir endipgisk t enperature, also referred to as a set point
tenperature, or vice-versa, froma low thermal chuck tenperature to a high
t hermal chuck terrperature in the shortest anobunt of tine possible.
Typiical Badugyos ] chuck systens control such tenperature
transitions ggtgn@&,aﬁgggﬁgtb o buft thbUCk heater
(for incr eas?i)&r(l3 aféacﬁgﬁls J‘%b%p%hg@%?&x)@éﬂft a cool antfsc?rcu  at1 on system
(for debighesquaditt h”élnsmpakwubﬂpanmmnbip ﬂld—mp@fiuctqrh@duﬁméﬂleffgmsn approach
is not feasible when Lan gature,
ror | exiapren € soSef APkt b ARE s Rp R g Bal b Bt ADICETRALE 1€,
exanpl Emlajmulﬁdst sigp5.to Whipemtuwreonwent thowafer. ththeml clotelidkussy it mergde an | ncI ude

a coolant circul ation s 0 de rease the chuc ature,
sevét e BTGISIR fEgETatyre go roi\&if%gh%%n Wothe set BolT nc'? gl“t élrlr%)gﬂ t%l Lr e, can occur
due t hecgifigdenos eertkasal shuck hoifethataafee in qostaﬁamxyl msitign vhoertha vglfer is

subjected to extreme temperature variations over predetermined periods of time. For

example, it is desired that the wafer be exposed to a high temperatare and abruptly exposed to
an extremely low temperature. Therefore, it is important that the thermal chuck be configured
20  to support a temperature transition from a high thermal chuck temperature to a low thermal
chuick temperature, also referred to as a set point temperature, or vice-versa, from a low
thermal chuck temperature to a high thermal chuck temperature, in the shortest amount of
time possible.
Typical conventional thermal chuck systems control such temperature transitions by
25  applying a fixed gain via an amplifier to a chuck heater (for increasing the chuck temperature)
or to a coolant circulation system (for decreasing the chuck temperature). However, the fixed
gain approach is not feasible when abruptly transitioning from a very high temperature, for
example, a temperature above 200°C, to a desired lower temperature, for example, around
25°C. While conventional thermal chuck systems can include a coolant circulation system to
30  decrease the chuck temperature, a severe undershoot, i.e., a drop below the set point

temperature, can occur due the sudden decrease in temperature, particularly from high



WO 2006/ 096361 PCT/ US2006/ 006810 -2 tenperatures, thereby hindering
tenperature control accuracy and increasing the time required to reach
steady state at the desired set point tenperature. Summary of the Invention
5 To address the above Iimtations, a feature of the p t jnyention is
to provi dewé'm{’“f‘?ﬁg? ature control system and net hod fo[’gﬁgﬂzp?%ﬁ"gﬁl%g
tenperature in a thermal chuck which , provides increased tenperature
control accuracy and i nproved efficié%cy, and reduces undershoot during a
tenperature cooling operation. In accordance With an aspect of the
invention, there is provided a tenperature 10 controller that manages a
t enper afettiperatur & dieiebPhintdiing térhpdratate coltusllecduiinaad tdafbsife the gGikhe rb@niiREr at ur e
to a | ow teqgperature, Er frgcﬂ]a I,owteg‘perature to a high tenperature. In
addi t i of? TARSPONTIEF akthe desterhiet BPIPEFUBLA™  er f or m heati ng and cool i ng
operations concurrently to achieve the desired result of mnimzing
undershoot. The tenperature controller manages a tenperature transition by
usi ng tﬂw’éﬂ_@&wﬂ@hal control. Specifically, the tenperature _
contgoll er CRRIdESHeabdveTBuiRiBROR iaRR@bf the bk Eition TS phdyi £T OpOr ti onal
control ler includes a gain scheduler and a duty cycle scheduler to
?ﬁt er {n W@pﬁ@ﬁiﬁﬁﬁ@ﬂtﬂpé ﬁ?ﬂl‘j’s ;@1 qontplling yem;ifa%g; e tam:r@; phack M%llcflyt put to
e ale o)d o] i mes
duri nghglhro?%hs% u'_d(,1 e.ﬂge&gﬂ%ﬁt{?, ggl%%gl r aﬂPg p?ow lc?gcﬁ{ag&téﬁg&ghuck during
t he prewwkershee dyEng omperatirgieooling epsrationi s the 20 fluid duty cycle for the
time interval. gﬁm] I . : i and and a
transition Sﬂgiaﬁé@?&t e %g%ﬁ%#r?g{hg aﬁglgﬁﬁp%%?‘%tsgﬁogﬂgpghgl e:{Pon by det erm ni ng
t heldi f famiroHerghat renogse A taniperatat trahsitieripartixmalehofk from eithaehigt t he
begi nni t [ re transition referr t asur ed
t enper a{éu g{am%%% aalg%geg?p?e éa tg ’eo'rlrnpﬁgorn;!f1 Lor“gt,emg rgﬁlrertgfaggghé[gm?%a%gggnset poi nt
t enper atdditéon, fhieecntperaturp copwiltl @naerfeontaathg ard @oliiy @lestiansamcwfendyr and
fluid val ves 2 ccar di 0. a dut | e, cal cul ated fromthe proportion
band an%atcﬁlgveftigﬁgsiﬂﬁﬁE‘?ﬁ]ﬁg%érﬂ%m%mtgﬁ’ga%é%%& ature decreases during the
Ej errpergt ;Jre The&ftﬁjn&rﬁtﬂﬂ&,cgﬁtftéledmtah@tez @:Bnhﬁta\i\?&ﬁansﬁtlfb[ﬁbljrml i g(r;imé terrperagl_ Eret and
esired tenperature nd. S e du cyc will.alsg decrease. e tine
or obbr tPORGT SeoToH SR dsembte s s o S pRPGRE et 1
app(r]I O]P_r¢@Igeuerpmgﬁmbvﬁmpsitﬁhal?gmam ﬁclugeﬂa gaiaesthtémud@d aHﬁ'g{y‘F}dﬁ?&leChUCkl : n each
predefin eri qd. en . nmeasur e er re is within a sm
predef i ??Sad‘ﬁ"éﬁ‘b g?ta‘inlﬁeeoﬂh EEEOP?I&P%% Y aPé %ﬁn@ tp ﬁ%g]&‘é?%‘* y output to the

thermal chuck during a predefined period. The proportion of times during which fluid, e.g.

water, and air are provided to the chuck during the predefined period or time interval is the

20  fluid duty bycle for the time interval. The gain scheduler generates a proportion band and a
transition gain at the beginning of a temperature transition by determining the difference
between the actual temperature of the chuck at the beginning of the temperature transition,
referred to as a measured temperature, and a desired temperature, also referred to as a set
point temperature. The time proportional controller controls a set of air and fluid valves

25  according to a duty cycle calculated from the proportion band and the transition gain.

As the temperature decreases during the temperature transition, the deviation between

the measured temperature and desired temperature, and thus the duty cycle, will also decrease.
The time proportional controller will control the air and fluid valves such that appropriate
proportions of air and fluid are provided to the chuck in each predefined period. When the

30  measured temperature is within a smail predefined temperature range, referred to as the dead-

band temperature range, the gain scheduler will cease to calculate a duty cycle, and a different



band tenperature range, the gain scheduler will cease to calculate a duty
cycle, and a different WO 2006/ 096361 PCT/ US2006/ 006510 -3 set of

cal cul ati ons, and secondary control actions, will be perfornmed in order to
achieve the desired effect of mnimzing undershoot. t he
present i nVEHWIFE that the tinme proportional controﬁ?&ﬁg%éﬁﬁﬁﬁ%vide
appropriate proportions of air and fluid during the tenperature transition,
and performa 5 controlled cooling operation and heating operation to
ensure that undershoot is mnimzed. Another feature of the present
invention is that the time proportional controller fornms a plurality of
cont r ol gef SURABLIEXORA 6ol Chinth® FREINS] Willlbe paffgened hacdleco Atiele thegi on has
an assocjated control approach which may include a gain schedul er that

cal cul adesisedeiSEinfonipigang Badessbaet t he begi nning of a tenperature transition

that is speci fdafrd O thiifreSeRinvtioh $0thathe fifle pRpSitibAkl EBMIRES cahlpeovidfeesent
i nvention addresses certain i nherent tenperature behavi or that occurs in

the vardppeprigispransrtions gf ehand fuid durigrbritERc I HTRISR P8¢ PP e | nvent i on,
therg i &nﬂﬁﬂ’%ﬁ éragﬁing% £RRE L fﬂara%% f4ifoh to Snéteat Lifderdho6NY SHnim@RBY 1 SiNg a

i
first input for receiving air T| an air source, a second input for

recei vi ng a Adatied ffatwerpfiths prgsant myention is Gaidhatime prepertignal controbigr forms a

altern t I ' el BadhlcBRRN kiRRShadsQnt he chuck
to con{%lg’}aﬁgogf%r é%éég{de}gnpf}g%gtp%?gﬂ%?mﬁ%ga%uﬂé‘% filI'heC fluid can conprise

wat er asssboizmel dvatrolappmadt whish oeninchide again sehesdnler thpowiawaas a proReric®nper at ur e

control Eﬁlﬁ%% tgnrybf ur t.her. é:tgﬁg‘%rh%?%ﬂ a?nfsiftiioﬁﬁ'[a‘é %gmtg%rcggﬁg% ‘A system for

ot

controlli’ ROTHCT ease” 6 ace rature an secon

t enper ajnamer, aenreeht isystiomaddesseanttaiolitliersyt emperiealsbadr thitocows frace
terrpera{hgre- The sqlfrface 20 tenperature decrease is controlled by

al t er naPP KFTREUH “BW5f luid in the proportions during a predefined

peri od. The Iaecandhntewpk amhyped of thatinintisy siteends iprivided @ $enhyevattre wp@Erdt ur e
processes, and cant %ol | er. .IE)r oqgegfses or ma.na%i grg te‘nge[)%tcuraeseér nsifions
among aSYSieariar f £§pck Fomprisig RISt IRV IRE CH NG 2L FPRAREY S ER “aRoTReF spect  of
the i nveRidcoRingtadMli@fbm iy sobed, dtdnbasmine otpaidor Rfermieht emsfoainerthsi ng a
first input,_ a,second . input, at |east one qutput first tenperature
cont'? ol air ayfsfudin EHBM?@&HW&E?MQ?@E@NIH&%E er@%?@?ﬁe Céﬂ?gp first input
receives ai ryfd i &h dkdprisSRatecad callBe kaponthrd-optibliéecei ves a
tenperature-controlled fluid froma fluyid sowge.(ﬁThe. at .l east one out put

al t er nat el y ¥reasapedigept, e fsrppesaforecpire} sysiem TR t her mal chuck.

The temperature control system for controlling an increase of the surface temperature and a second

temperature control system for controlling a decrease of the surface temperature. The surface

20  temperature decrease is controlled by alternating the air and fluid in the proportions during a
predefined period. The second temperature control system includes low-temperature
processes and controller processes for managing temperature transitions among a plurality of
control regions.

In accordance with another aspect of the invention, there is provided a thermal chuck

25  system comprising a first input, a second input, at least one output, a first temperature control
system, and a second temperature control system. The first input receives air from an air
source. The second input receives a temperature-controlled fluid from a fluid source. The at
least one output alternately transfers the air and fluid in proportions to a thermal chuck. The
first temperature control system controls an increase of a surface temperature. The second '

30  temperature control system controls a decrease of the surface temperature by alternating the

air and fluid in the proportions during the predefined period. The second temperature conirol



first tenperature control systemcontrols an increase of a surface
tenperature. The second 30 tenperature control system controls a decrease
of the surface tenperature by alternating the air and fluid in the

proporti on?%@%gg/ predefined period. The second t?gn@é@w&gmgont rol WO

2006/ 09636 006810 -4 system i ncludes | ow ature processes
and controller processes for nmanagi ng .tenperature transitions anong a
plurality of control regions. The fluid can conprise water. In an

enbodi ment, the thermal chuck is a 200nm chuck. I n another enbodi nent, the
thermal chuck is a 300mmthermal chuck. 5 In an enbodi nent, the thernmal
chuck s yjsteaimﬁudezsﬂw-t@mmm@socasswadndeomoﬂter procdsss fo:an:daaging itemgpepatapor t i onal
cont rol

The va tr s.an air.valve for outputting
Che i r ol Fp e GubhR drap BTt s AR OR ARG contr ol | bd 1 ubd.
The fluid vIaIanembadmiaﬁt &tethe&msltchﬁﬂﬁsafzomhloghcﬁ lInunhcthdrembbdiment, she and a
| ow fl ow sol eno The air . valve and the fluid valve outputs the air
and fl uﬁﬁ g‘}?ﬁ{éﬁ Oﬁrﬁ?lﬂﬁﬁnﬂﬁh'é"krn response to the 10 controller. The
val ?/e cont rOIInah@ﬁﬂ“%)ﬁgﬂleﬁl;ﬂieh@d’nnhlﬂﬁhmstamﬁ&ﬂ%rai)rlhpl‘i’s%l‘.H@al‘lfr@éonl&’bpbﬁxdi ng a base
cooling. In.an enbadi roportional, controller conprises an
nter f ala GmepRpopTal %‘Gf‘%]ﬁl ﬁ%aggsswm% ORI 3 BEESY  and a
| ow t enp@p@tibl Bie Rir @6ES Huid MaReifRitoRtdy aﬁ% theRSRbiERre-coRASIMINELIA. ETRETAY Ur €
i nformation fromthe t her mal. chuck. ontrol regi on processor 15 defines

the pl ulays 8 bept eath pRopt & lugh Bew Sf&?mlch‘%‘fqﬁné@. & ﬂew splshpif apiyer Heqaik

regi onsyadiihd tkPMili QhIvE buPhR BRSE: a'n§ ﬂlﬂa if 8¢ M AAhE Hlods 8eQRnsekh e
| ow-t enperature process is in each |ow tenperature region. The control

regilbn pIEBYs dhe Falie satiohboxews hurthshinelyie ¢ bage ol valive forpyevidingebaseur e regi on
by tenpgishyre boundaries. In this manner, when a first tenperature is in a
first control 20 region of the plurality of control regions, a first
control | er pigeemboditent theftimesuopastinnebtonirelisr spmpes en intarfage, aicentsold f | ui d

propor t LoNS @Rt aeBnd: gr ﬂo(u%% & RS- &&aﬂeﬁaﬂ@ %E@s@s‘rhé e84 R.dvaecond

t enper at ur e F'na gecon trol” region, secohd contro er process of the
second mmedltempeeqmmlfadpmﬁme fhiermal obuck] dhe ctroprrgiongreessthe fir st

cont,tol datfng %@pﬁﬁeﬂﬁ#ﬁ? opfibEidbio ali'}&irg:ﬁ aﬁtggﬂ%ﬂz &%@e&ﬁrdﬁg ! e fegion 25

At er na |ve Stcon nd the secon
can be dwmrbﬂtremcesmn i @ich p@giobneglonn Théwplempedalute/profess it B’Eh lovegi ons. In an
enbodi ol paaguré:ll%%l%hpand region in to second control region provides an

The control region processor can define each control region and low-temperature
region by temperatire boundaries. In this manner, when a first temperature is in a first control

20  region of the plurality of control regions, a first controller process of the first control region
adjusts the air and fluid proportions, and when the first temperature is transitioned to a second
temperature in a second control region, a second controller process of the second control
region adjusts the air and fluid proportions. The first control region and the second control
region can be the séme. Alternatively, the first control region and the second control region

25  can be different control regions in the plurality of control regions.

In an embodiment, a dead-band region in the second control region provides an
approximate temperature region for the second temperature, and the second controller process
controls the dead-band region to reduce an undershoot during the transition from the first
temperature to the second temperature. The second controller process can reduce the

30 undershoot by alternating the first input of air and the second input of fluid in proportions.

Alternatively, the second controller process can reduce the undershoot by disabling the first



approxi mate tenperature region for the second tenperature, and the second
controller process controls the dead-band region to reduce an undershoot
during the transition fromthe first tenperature to the second

terrperaturqu%')gg?gﬁggond controll er process can reduce E’@F%P%{aﬁﬁ?smm by

alternating ITst input of air and the second inpu n
proportions. Alternatively, the secgnd controller process can reduce the
undershoot by disabling the first W 2006/ 096361 PCT/ US2006/ 006510 -5

i nput of air and the second i nput of fluid. Tenperature sensors can provide
chuck tenperature neasurenents to the thermal chuck system In an

embodi it ofer@hd he Bédond rpi ¢Irhid SEengemire saisors cgaprovide tadl ketpetanat

conputes a proportiaqn ban uring the predefined period. The proportion
band caﬁ‘e@@{eé?eﬁ@%ﬁ’f’ﬁ'@r%glﬁ?% Yf’tﬁ’gns of air and fluid input to the chuck

during the phedehbsBaleResdchdontiolier oQROEImPRes Dgrtlschaduldrens adapiitataed in
response to the chuck tenper ture_g{yasurerrents rdance wi th anot her

.. ln ac
aspect BPPeHen bandauting e predetinedipgri ov}edﬁﬁpoéth”iwg‘:%’r Bl control | er

for gonpiophibRbrairahe fiimlinfif Hetke cHRR dGMY the ble@éfined PR Srhe pfopofiiopr f ace,  a
control region processor, a controller process, and a | owtenperature
pr ocess bamiigan o eadqulairddn 1espprse & the shuck iemReitwe MFIERNYT f ace t enperature

from the thegnplo&RUCHih iting ABiebQ eSSt ARon, RERE R PMdMRItines a plurality
of control regions and | ow tenperature regions. The controller rocess is

in eachpopertiowil consigilorior epngrobipgetienaalehnela idiecpeinliseconaivcs @nperateur es of
the co n&?@lrﬁoé{: %h%%e&@ﬂ alcﬁﬂﬁéll%m%gég% I‘éf(;% a 'Ic%%{el?ﬁri])%ranﬁ@ Brofeds Ohd ﬁ{@ﬁg@t ure

process Fow t enper at ur e an enbodi nent, th
contlp ol teeeivgsraonesered thush otrfase terpsiatyre giooribe bapnal sharkgllpedontrolgegieniul er f or

conput | Dk &rd%ﬁrggstai %ﬂalﬂ?%gcéﬂaroﬁ%éﬁngéndtlg@ t&]!lﬁé';:&bll b idHs. Q%fflﬂogér.e gi ons.
The prB8portion band can” determ ne a proportion of a7 an uid inputs to
t he t heproatss iHneschduntirelgegion, pnédeticladrapsitiprobktwidnderopmtinst péihe periobss  of

CaCh ORGPy K AL 753 B 160 BRSGALGEAT I 10 2
under shesgionf or med during the tenperature transition. Each control region
o TR S PRSPl RIS oo o=, e
and f | uighelulbscotiiphiifiga ploortiph balefin padh of drei phetalivlg eficantrobmgione dlicenper at ur e
R R TENT TR TR TR S
a predefined period. The controller process of each control region further comprises a dead-
band mode for determining a dead-band temperature range in each control region, and for
20  reducing an undershoot formed during the temperature transition. Each confrol region and
low temperature region can be separated by temperature boundaries. The controller can
minimize an undershoot by disabling the proportion of air and fluid inputs during the
predefined period when a measured temperature in the dead-band temperature range.
In another embodiment, the controller controls a heater for transitioning the measured
25  temperature to a desired temperature when the measured temperature is lower than the desired
temperature.
In an embodiment, the controller controls a plurality of valves for
fransitioning the measured temperature to a desired temperature when the measured
temperature is higher than the desired temperature.
30 In accordance with another aspect of the invention, there is provided a method for

controlling a chuck temperature. In the method, air is received from an air source, and fluid is



25 tenperature to a desired tenperature when the neasured tenperature is
| ower than the desired tenperature. In an enbodi nent, the controller
controls a plurality of valves for transitioning the neasured tenperature

to a desired tenperature when the neasured tenperature is hi6 her than the
desired teWPSPUO3E! 30 I n accordance with another asp®cYVBIUPREY nventi on,
there is provided a nethod for controlling a chuck tenperature. In the

method, air is received froman air source, and fluid is WD 2006/ 096361
PCT/ US2006/ 006810 -6 received froma fluid source. The air and fluid is
alternately transferred in proportions to the chuck. A tenperature of the

fluid eamoFscANmel ik, e 8R sRIGH ifMRatANri:BREe8 SEprofordordils frace
tenperature of the chuck is controlled, and a decrease of the surface
t enper abunke A mpemturaodf]thaiflyd can betontiisdy the air and fluid in the 5

proport i ons yys én%dﬁneﬂf,???&%%@goﬁﬂr@& te ORISR ME HuEIBRTbAGIRE, ®an be

managed anong a plura control regions. |In accordance w th another
aspect aakcitine off feemifice tsmpekasvre iy eonpplind iyedcmating the gir et fuig ghibeol 1 i ng a

temperature. of .a.chuc LSlN 10Qan BE ahsSeei@RBhygd from an
air> sdifroRtions dui %ﬁ%@ggﬁ@g bgﬁrtnb%?tlhggmgﬁui dis re(?e?gved fr%m a fluid
sour ce .phidlity aficbrtibliiegionss 10 al ternately transferred in proportions to the

cruck. A1 eras O\ bR LSTREALING, b £ ORIk bastuch iecr case o

the chuck thf& efnating the air and fluid in
t he pr epeidliinns etiptiatge of qxhadetdnyedinge in thd methedpair stresetved flamgintailons anong a

plurality of _control regi.o r e .nmanage d i be

out put tSeECPnd A teéﬂlﬁewfé"f’gﬁﬁjrf%% %EJ%I IHIeoeg po%r;s]rg %tu% %u%@'ne@p#g glgﬁﬂ? ? onal

conyr ol diieatelbrMeREH i@ thropRiKas ad e eickl Amrivdrease oftha chekteuwsratend if r om t he
chuck. The plurality of contraol regions a | Qw- [ I i.0ns can be
ot mecoByolefer e LB SEIAFTER IR S ChEa, TENpaE b P RS

pr opg r tth@ﬁgﬁp%ﬁoﬁ’s (fljri?g b pfedBlinedlperied)i Tompefatirh &ﬁﬁp‘n& ambyg a)pluralnﬁurmfr ol regions

i s adjuste len a first_ tenperature . is.int irst.contrao i on,

wher el réonehieEio sremiaEed  TharvaL{ et Cplpied Preg PR e g
terrper%éﬂ'ogsejtga@@qﬁ%@mdﬁgbnaegi on, au and fluid proportions in the
second control region are g%i usted. The fir %cogtrol region and the second

conts ol r egildepsers tegperatie ipRmation pamyhgLeqelygf jrom the chuck.
The plurality of control regions and low-temperature regions can be defined by

temperature boundaries.

In an embodiment, air and fluid proportions in a first control region of the plurality of
control regions is adjusted when a first temperature is in the first control region, wherein when

20 the first temperature is transitioned to a second temperature in a second control region, air and
fluid proportions in the second control region are adjusted.

The first control region and the second control region can be the same. Aliernatively,
the first control region and the second control region can be different control regions in the
plurality of control regions.

25 In an embodiment, an approximate temperature region is provided as a dead-band
region in the second control region for the second temperature, and the dead-band region is
controlled to reduce an undershoot during the transition from the first temperature to the
second temperature. The undershoot can be reduced by alternating the first input of air and
the second input of fluid in proportions, Alternatively, the undershoot can be reduced by

30  disabling the first input of air and the second input of fluid.



the first control region and the second control region can be different
control regions in the plurality of control regions. 25 In an enbodi nent,
an approximate tenperature region is provided as a dead-band region in the
second conty Lgn for the second tenperature, and - d region
IS controﬁwg%m@gﬁ%gduce an undershoot during the tran%???@%ﬁgw%%?the first
tenperature to the second tenperatur£. The undershoot can be reduced by
alternating the first input of air and the second input of fluid in
proportions. Alternatively, the undershoot can be reduced by 30 disabling
the first input of air and the second input of fluid. WO 2006/ 096361
PCT1US2006/ 0A@8i0rtion bafd @ndp epimpund baing thapreddimed paaivdetie gropbnign bhel

predefined periqd, the.proporti .band eterm nihg the proportjogns of air
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band beihagropatiivnlbah@beihgcat bl is eesbonst fethe itk tdreigpane mbatursBasdir enents. I n

accordance wth anot het asRect of the |invention, _ther,g isrﬁé)tgovi ded a net hod
C

for 5 contrgiEFsHdEsEe WHE & aprsp bt ihstnventiontherpisreddeds mebedfoed chuck

sur f acecdnpoliRpatclitick tbfiperit@@e Ty 8¢ nhetid, AmchRtdiRhutWeKee emPbatualisty of
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a desired temperature when the measured temperature is lower than the desired temperature.

In an embodiment, a plurality of valves is controlled for transitioning the measured
20 temperature to the desired temperature when the measured temperature is higher than the

desired temperature.

Brief Description of the Drawings

The foregoing and other objects, features and advantages of the invention will be
25 apparent from the more particular description of preferred aspects of the invention, as
illustrated in the accompanying drawings in which like reference characters refer to the same
patts throughout the different views. The drawings are not necessarily to scale, emphasis

instead being placed upon illustrating the principles of the invention.

FIG. 1 contains a schematic block diagram of a thermal chuck system according to an

30 embodiment the present invention.



Brief Description of the Drawi ngs The foregoi ng and ot her objects, features
and advantages of the invention will be 7?5 apparent fromthe nore
particul ar description of preferred aspects of the invention, as

illustrated,d cconpanyi ng drawi ngs in which |ike har acters
refer to tgvedisbg&r@gﬁgarts t hroughout the different vi e\/\g&ﬁlﬁ{éﬁ%g%gngs are

not necessarily to scale, enphasis Jgnstead being placed upon illustrating
the principles of the invention. FIG 1 contains a schematic bl ock di agram
of a thermal chuck system according to an 30 enbodi nent the present

i nvention. WO 2006/ 096361 PCT/ US2006/ 006810 -8 FIG 2 contains a schematic
bl ock di agr dfGo? cottginyabohemeitrtloadd didppam sfibemalivecdatGl bdk shawadr FiGndg t o an
enbodi nent .of & he r?léeaslentt [ ventirgn. Ftl'oGn 3 contains a schematic bl ock

di agr anfSPmeS A SPRY TIPSt oS HEREPTEI TSR in FIG 1 according to an
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transi t {yARsu e datcReduBfg biNBe ARELBIVGRohN a thermal chuck without the
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Enbodi nents of t I nvention
approach of the invention.

15 FIG. 7B contains a graph illustrating undershoots resulting from multiple temperature
transitions during a cooling operation using the temperature control approach according to the
present invention.

FIG. 8 contains a state diagram illustrating temperature transition results occurring in a
plurality of control regions according to the present invention.

20
Detailed Description of Preferred Embodiments of the Invention

FIG. 1 contains a schematic block diagram of a thermal chuck system 100 using the
temperature control approach according to an embodiment of the present invention, The
thermal chuck system 100 includes a thermal chuck 10, a valve control box 20, a temperature

25  controller 30, and a fluid source 40. The fluid source 40 may be an off-the-shelf water chiller,
for example, a Nesiab M-75™ water chiller. The chuck 10 many be mounted on a host
machine, such as a wafer prober machine, which provides elecirical test signals to circuits
formed in the wafer and detects the circuits’ responses to these test stimulus signals. Because
the chuck 10 controls teraperature of the wafer, this circuit prober testing can be performed

30 over temperature to characterize performance of the circuits and/or the wafer over

temperature.



FIG 1 contains a schematic block diagramof a thermal chuck system 100
using the tenperature control approach according to an enbodi nent of the
present invention. The thermal chuck system 100 includes a thernmal chuck
10, a valv box 20, a tenperature 25 controlle fluid
source 40.%%ﬁgﬂgﬁﬁ%ﬁ source 40 may be an off-the-shelf$gg€%%ﬁgﬂ?ﬁper, for
exanple, a Neslab M75TM water chiller.. The chuck 10 many be nounted on a
host machi ne, such as a wafer prober machi ne, which provides electrical
test signals to circuits fornmed in the wafer and detects the circuits
responses to these test stinulus signals. Because the chuck 10 controls
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pl ace durin rocessi ng, and, provides a _controlled tenperature to the wafer

under t &80 PEREOT ExEFRlG B CRYREIRT suppPrEngsepcondyFtorSyalRg such ag 3RPmmvaies
support pmoee Garguct or wafers such as 300mm wafers and 200mm wafers. to
The thermal chuck 10 includes a heater 11 that includes one or nore

resil8tive hehisthymabehugle b includess hpgiendl tatincludesione of Baterasistivpbeaing0. The

heat i ngcleneY (E'?oﬁae hdaerolthethimhal CKULE Mo, TH RNt neh e tHeltaBLHREK POVET
supply 301 (FI 3) of the tenperature controller 30 which provides power

to the Hheawcipagerst bishedennosersmalyS0b(EG12) ofdhsvsmmperaivee ¢anirpder 3P (héch
control gﬁgﬁ&@%@? & tthlg ﬁeattfﬁg ref%g:le{nﬁ g%écc‘ﬁn&&tor;ﬁ g&@e&%& {Eﬁ'{pel%{ﬁ?é:&ngrglkfru rther

i ncl ude cool 1 ng el enen receives a tenperature-controlled fluid
such as30andthe theomal chieek\igl ve control box 20 via fluid lines 21 and 22 and

ci rqyl ates t théﬂﬂépﬁfgﬂ%gy %&gﬁ%ﬁ%@%@&lpfg{%’fv&?#% HHar eggfe%rai bed bel ow, a

hi gh fl ow sol enoi |"ow ol enoi d val ve 205 of the
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chuck 192 a& éillCHfa%S Ha%tf[ﬁlc?t]nrmég tl{:e%é}%%f c%u&lp?o. Bﬂedre%lbed below, a high flow
solenoid valve 204 and a low flow solenoid valve 205 of the valve control box 20 (FIG. 2}
control the flow of fluid to the thermal chuck 10. A fluid path 21, 22 connects the thermal

20 chuck 10 to the valve control box 20, whereby the fluid can conduct heat to and from the

thermal chuck 10 via the fluid path 21, 22 during the temperature control operation. When the
fluid is removing heat from, i.e., cooling, the chuck 10, the valve control box 20 receives the
heated fluid on line 22, and the heated fluid is returned to the fiuid source 40 on line 23.
The temperature controlled fluid is received by the valve control box 20 from the fluid
25  source or chiller 40 via line 24. The valve control box 20 routes the fluid at a controlled flow
rate to the chuck 10 via line 21. The air/fluid path 21 connects the thermal chuck 10 to the
valve control box 20, whereby air and fluid are provided to the thermal chuck 10 from the
valve control box 20 via at least one air/fluid path 21 . The air and fluid are alternately
transferred to the thermal chuck 10. During a predefined period, air is inputted to the thermal
30 chuck 10 via the air/fluid path 21 for a proportion of the predefined period, and the fluid is
inputted to the thermal chuck 10 via the air/fluid path 21 for the remaining proportion of the



20 chuck 10 to the valve control box 20, whereby the fluid can conduct heat
to and fromthe thermal chuck 10 via the fluid path 21, 22 during the
tenperature control operation. \Wen the fluid is renoving heat from i.e.,
cooling, the chuck 10, the valve control box 20 receives the heated fluid
on line 22, VORI ¥ heated fluid is returned to the flOBFFUSBRVEEIN0 on 1ine
23. The tenperature controlled fluid,;js received by the valve control box
20 fromthe fluid 25 source or chiller 40 via line 24. The val ve control
box 20 routes the fluid at a controlled flow rate to the chuck 10 via line
21. The air/fluid path 21 connects the thermal chuck 10 to the valve
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receive air from
controlled t?uid from the fluid source 40. The temperature-controlled fluid may be water or a

20  cooling fluid or a combination of water and a cooling fluid. The temperature of the fluid is
adjusted by the fluid source 40 based on control signals received from the temperature
controller 30. When the fluid is output from the valve control box 20 to the thermal chuck 10,
the fluid is circulated in the thermal chuck 10, whereby the circulated fluid carries heat away
from or carries heat to the thermal chuck 10 via the fluid path 21, 22. In this manner, a wafer

25  in the thermal chuck 10 may be exposed to very high temperatures by the heater 11, for
example, up to 300° C for chucks supporting 300mm wafers, or up to 400° C for a chuck
supporting 200mm wafers, and the wafer may be cooled to very low temperatures, for
example, 5° C, by the circulating fluid.

The valve control box 20 includes a pressure regulator 201 for receiving air from the

30 air source. The pressure regulator 201 can be, for example, a 20 psi regulator. The air can be



an air source (FIG 1), for exanple, a facility air source (not shown), and
tenperature- controlled fluid fromthe fluid source 40. The
tenperature-controlled fluid my be water or a 20 cooling fluid or a

combi nat i o&(ﬂ%%%:e&r] and a cooling fluid. The tenperat é%}‘g%'g‘it’@gsdgl uid is

adjusted b urd source 40 based on control signa fromthe
tenperature controller 30. Wen the;fluid is output fromthe valve control
box 20 to the thermal chuck 10, the fluid is circulated in the thernal
chuck 10, whereby the circulated fluid carries heat away fromor caries
heat to the thermal chuck 10 via the fluid path 21, 22. In this manner, a
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conprises four sol enoi d valves that are used to route the fluid and the
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t enper atopm. emCiRlembbdig@nt thy ey Foarorifict 006 Ednevls the flow rate of the fluid to 150
ml/min, and the high flow orifice 207 controls the flow rate of the fluid to 600 ml/min, The
20  high flow orifice 207 receives the temperature-controlled fluid from an outflow path 24
provided between the fluid source 40 and the high flow orifice 207 of the valve control box
20.
The high flow solenoid valve 204 can also receive the temperature-controlled fluid
from the high flow orifice 207. In this manner, the high flow solenoid valve 204 or the low
25  flow solenoid valve 205 may provide a high flow of fluid or a low flow of fluid to the thermal
chuck 10, in response to the states of the solenoid control signals from the temperature
controller 30, which are determined based on a set of conditions processed by the temperature
controller 30. Details of the processing by the temperature controller 30 are described below.
The base cooling solenoid valve 208 enables and disables an air-cooling connection to
30  base between the thermal chuck 10 and the host machine, e.g., wafer prober. In one

embodiment, the temperature controller 30 enables the base cooling solenoid valve 208,



orifice 206, which in turn receives the tenperature-controlled fluid froma
high flow orifice 207. In one enbodinent, the lowflow orifice 206
controls the flowrate of the fluid to 150 m/mn, and the high flow

orifice 207 controls the flowrate of the fluid to 600 ' 20 high
flow orifi Q& 2P8Lei ves the tenperature-controll ed ng}/ﬁ%ﬁ%ﬁﬁgﬁﬁ out fl ow

path 24 provided between the fluid_gpurce 40 and the high flow orifice 207
of the valve control box 20. The high flow sol enoid valve 204 can al so
receive the tenperature-controlled fluid fromthe high flow orifice 207.
In this manner, the high flow sol enoid valve 204 or the low 25 flow
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pr event addgohtbeit badkue tiediid urdd@®. The fluid is output from the thermal chuck 10 to the
valve control box 20 via the fluid path 22. In pariicular, the check valve 211 receives the
20 heated fluid via the fluid path 22 and outputs the fluid leaving the chuck 10, such that the fluid
does not flow back to the chuck.
The temperature controller 30 communicates with the fluid source 40 using a serial
communications protocol, for example the RS-485 protocol. The valve controller 20 includes
a serial communications converter 221 that converts a 4-wire RS-485 connection 220 from the
25  temperature controller 30 to a 2-wire RS-485 connection 222 to the fluid source 40.
FIG. 3 contains a schematic block diagram of the temperature controller 30 according
to an embodiment the present invention.
The temperature controller 30 controls the temperature operations of the thermal chuck
system, in particular the temperature heaiing and cooling operations of the thermal chuck.
30  The temperature controller 30 comprises the heater power supply 301, control logic 302, over
temperature safety controller 303, display 304, and keyboard 305.



15 20 fromoperating. The air may be absent, for exanple, if the facility
air source is not connected to the air input of the valve control box 20.
A check valve 211 receives fluid that has been circul ated through the

t her mal Cth‘Pﬁ?ﬁgd routes it back to the fluid sour 9§T/%97£661/_J?Es15| uid is
m t he 0oX

output fro efmal chuck 10 to the valve control via the fluid

path 22. In particular, the check valiye 211 receives the 20 heated fluid

via the fluid path 22 and outputs the fluid |eaving the chuck 10, such that

the fluid does not flow back to the chuck. The tenperature controller 30

comuni cates with the fluid source 40 using a serial conmunications

prot ocol , f oFhecheatepp@vdrhepiRSNoyidatpocet to tHihhuvlahaser ¢ DL thekleanal20 i ncl udes
ni_cati.ons conver converts a 4-wire

a serial,c er 22 ha - 485
comnect PRI BT efRiiR 2058 Ve Sadohitutaidia FOMYE] © Sudtels o cpbgh hesiere. 4s5
connect il bEaZRehick hédiag Elettiet: cﬁ'fﬂwtﬁletleﬂﬂl. mby 62 drsvesdiwﬁtabﬂﬁ pew OIt ic bl Oﬁ K
di agram of. t t erature contr 0 accordin to,an enbadi nent the
present rcheédr:ﬁ?rﬁ ﬁ’%ﬁ@r PEHDH é‘ﬂP&%Y - E‘rﬁ?ﬁ g?%?ruﬂ@wewp%é; AQF & conteplledibyner at ur e
oper at i peser@bmirlagd tiped Febived 6k theSdoatrlMbgit BOPEY WhE bt AleldchRal RERKEES Ur €
heat i ng gcpéj cool j operations of the thernmal chuck. 30 The tenperature

cont r ol PE}beeeR gateb Bower Suplnf &y and dhgegontraliegic 38H1. control | ogic 302,

over tenperpidiogusiabat yox%awa&h bgfura'iﬁygef&hﬁ&lﬁéﬁaﬁ%ed @BRfntkgyoard 305. WO
2006/ 096361 PCT/ US2006/ 006810 -13 The heat er power supply 301 provides

pover t BPFHEn S theithermak drck sysism J0ReCentior e be leHafed by arapyoigenresiantiing power
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chuck heati n_cil(@el enent o eater may power
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si gl 39eandikorkpard inattache tthe fonpewirre euioller 3901, The heater power supply
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| ogi ¢ 302 by mag of an electrica onnecti on power
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control anlflrrc}f:sti él%%srelra%ld % t%g térr?pe}'atclt?re Sntiol iogérgt{ofn?gte the thermal chuck sy:stem using
the temperature-controlled fluid. The user-interface operation, temperature heating operation,
and temperature cooling operation are described below. All three operations may be
20  performed on the separate processors 341, 342, 343 or on a single processor.
As mentioned above, an operation executed by the second control processor 342
of control logic 302 generates the power command signal via a command signal line 310 and
is used by the heater power supply 301 during a temperature transition from a low temperature
to a high temperature, i.e., a chuck heating operation.
25 Referring to FIGs. 2 and 3, the control logic 302 generates a plurality of control
signals via control signal lines 321, 322, 323, and 326, wherein the control signals are
required to operate the valve control box 20. Specificaily, the control logic 302 provides
several conirol signals via connections to the valve control box 20 to control the relevant
valves of the valve control box 20. In addition, the control logic 302 receives an air present

30  signal via a control signal line 324 from the air present switch 210 of the valve control box.

In addition, the control logic 302 receives a fluid low signal 325 indicating the fluid level is



operations, allow ng users to manage the thermal chuck systemfromthe
di splay 304 and keyboard 305, or renotely via a renote interface, for
exanple, the | EEE-488 or RS-232 15 interface. The second processor 342

gener at es gnals related to the heating operat,] formed by

t he heater%ﬁg&m@&mie thermal chuck system The third pkg@@§§@@&§ﬂé
generates control signals related tg,the tenperature control operations of
the thermal chuck systemusing the tenperature-controlled fluid. The
user-interface operation, tenperature heating operation, and tenperature
cooling operation are described below. Al three operations nmay be 20
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val ve 2Q4 are ¢ d e, a1 F5. st tral [ na i nes 321,
322, an °%2 e““é@%]j‘fagfrb?’u nar%)%n? q:h hié"f?bﬁ e%o%&:(}lSl%(?l }%/22' cglcl)n 0910 signal is
gener at éigatibyihe tneav fontaledoid 0&@?@20530ﬂachiﬁnbna@bdzse edoling vhlve segndl isgdnenatdd val ve

203 .via,contr 0, cont r.ol en0| al ve 203. For
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sol enoi Hne/HIG\t@c&ﬁi}lthAbimegboIEﬂgchenaﬂdwalvsag@al is gener ated by the control

| ogic 302 a applied to the_hi ow sol enoi d e via,c rol signal
o am0 1 o theRBatER soRralit 20 ey ReEn Ao b tpse Bt 3 hopl & Ot he
hi gh fl essinvaddiga & 6ighdl Ghe $4 BNl oveBRPBARkEseBsor th $iaeBmbltBuck 10. When

the chuck temperature exceeds the maximum permitted temperature of the thermal chuck 10,

20  asensor in the thermal chuck sends a Resistance Temperature Detector (RTD) safety signal
via signal line 14 to the over temperature safety controller 303. The over temperature safety
controller 303 is connected to a safety relay 330 in the temperature controller 30 to open the
relay 330 to prevent the heater power supply 301 from applying further power to the heater
il

25 The temperature controller 30 includes a logic power supply 306 that provides power
to the control logic 302 and over temperature safety controller 303.

The temperature controller 30 further comprises a remote interface for receiving
temperature parameters and system data from an external or remote user. The remote interface
conforms to international /O standards, for example, the RS-232 or IEEE-488 interface

30  protocol. The remote interface can be connected to a remote terminal or personal computer

by which a user can control the system.



hi gh fl ow sol enoid valve 204. A low flow valve signal is generated by the
control logic 302 and applied to the |low fl ow sol enoid val ve 205 via
control signal line 323 to control the low flow solenoid valve 205. For
exanple, the high flow valve control signal 323 can enabl e isabl e the
| ow 1 ow sHOMYYE6hI ve 205. In addition, a base coolih T%%%fé"“gﬁ“gnm is
generated 15 by the control |ogic 302 and applied to the base cooling

sol enoid val ve 206 via control signa line 326 to control the base cooling
sol enoid val ve 206. The tenperature controller 30 includes an over
tenperature safety controller 303 connected via a signal line 14 to an

over -t enper gidics a3®RBerdtdt chh Gsel the Todal disphiy G4 46 kapheard 305 ® whtiglkhe
tenperature exceeds the maxinumpermtted te eraturﬁr 01;1 the thermal chuck
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t he | ocks amhg%‘;owrfgmtempeqa%wcgﬁml, including temperature transifions, 1 actordance

with the invention. The fluid can be water or other aqueous fluid and may include an anti-

freeze to permit low-temperature operation. The temperature of the fluid is controlled by the
20  fluid source 40 in conjunction with the temperature controller 30. The fluid flows through the
thermal chuck system 100 at a high rate via the high flow solenoid valve 204 of the valve
control box 20, or the fluid flows at a low rate via the low flow solenoid valve 205 of the
valve control box 20. In this manner, the temperature conirol actions provided by the control
logic 302 are optimized by controlling the temperature of the fluid circulating through the
25  thermal chuck 10.
Temperature sensors located in the thermal chuck 10 collect measured temperature
data at various locations in the thermal chuck, and provide temperature feedback to the control
logic 302 of the temperature controller 30.
The temperature controller 30 uses time proportional control to perform a temperature
30 cooling control function. Specifically, the control logic 302 uses a time proportional

controller (not shown) to determine the optimal proportions of air and fluid to the thermal



renote console (not shown) attached to the | EEE-488 or RS-232 interface. 10
The operation of the tenperature controller 30 of the invention wll now be
fixrther descri bed in detail. As described above, the control |ogic 302 of

t he terrper roller 30 receives electrical inp rom
vari ous sy 660§g33iments of the thermal chuck systenyéﬁﬁéﬁg&zdﬁgs

control si gnal s to the system conpongnts as necessary to performthe
required tenperature control functions of the tenperature controller 30.
Specifically, the 15 control |ogic 302 generates and forwards contr ol
signals to the valve control box 20 via conductors 19 such that

applr Qp{jdh&él@l @&?‘iﬂg@@&ﬂ RAisd 6f 2 @npednte triﬁﬂni%h,aeltnu teed@ol ihelfloatftiruhdl can be
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conj unct i on Mietperseporigrakqontrolie pclides sepia Pc@éulel‘lfh%t cPIRPES # PHREHCRr ough t he

t hergmalyaahdol: SHedsdy J:%k@ém}?erﬂtﬁf&t ﬁl@rsﬁrt\ﬂfﬁ‘lett ?é@mla tlzh@Mes ofgnoi d val ve
204 of the valve control box or the fluid Tlows at a lowrate via the

| ow f | cikerRGtienbng isdeispmined 5y éfﬁXF‘?q gain yalpe dheigitial weaspisd towpergtiyesand dhepnner |
the teng gélﬁfeﬂfggrﬁﬁ?é]{aﬁ&n ﬁﬁtﬂxg@ 8aiR VAL Aesdiont c@ﬁa;iﬁ ggﬁa"vﬁk that @@inG;d307% are
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flow solenoid valve 204, and | ow fl ow sol enoid val ve 205 accordingly. The
i pri&B8tfonal controller includes a gain schedul er that conputes a
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measured chuck temperature and a desired temperature, or set point temperature, in each
predefined period during the temperature transition. Tl;is difference is referred to as an errvor
20 coefficient. The duty cycle is determined by multiplying the error coefficient and the
transition gain in each predefined period.
When a temperature transition is initiated, the gain scheduler computes the proportion
band and transition gain for the time proportional controller. The proportion band and
fransition gain are held constant throughout the temperature transition.
25 The error coefficient calculated in the first period of the temperature transition has the
highest deviation. However, as the measured temperature is reduced in response to control
actions of the temperature controller, the temperature decrease in each subsequent predefined
period results in a decrease in the error coefficient. A new duty cycle is calculated from the
error coefficient in each subsequent predefined period. The duty cycle is used by the
30 temperature controller 30 to determine the appropriate proportions of air and fluid to be

applied to the chuick 10 in each period. In response to the duty cycle, the time proportional



chuck tenperature range. The fixed gain value is based on certain behavior
that the fluid may exhibit in the chuck at the tenperature region of the
initial nmeasured tenperature. For exanple, at tenperatures above boiling

poi nt, converted to steam higher |evels may be
rermved frg"rﬂmﬁh‘g&é@ck at a given point in time than af’éy?lg%ﬁ@%?es under
the Dboiling point due to the |arger;anmunt of heat renoved in the boiling
of the water. The fixed gain constant in each case will therefore be
different. The gain scheduler also conputes a fixed transition gain
constant fromthe proportion band that is used to calculate a duty cycle
for | eaCéblnﬁslnér @fdm@g télie Bblefioidalvds rzo:ls m4tmpeﬂamwagprb5ﬁate mbﬁiiomlmf a}ihgadd Et y
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to the ThUK“T0™ ‘élé period. In response to the duty cycle, the tine
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remains closed such that ne air is output to the chuck 10, and the high flow fluid valve 204
remains open to provide 100% fluid flow to the chuck 10 for the period. Specifically, in this

20 control action, the high flow solenoid valve 204 is in an “ON” state for 100% of the
predefined period. During the same period, the air solenoid valve 203 is in an “OFF” state.
The measured temperature will therefore decrease.
It should also be noted that the duty cycle can be calculated o be greater than 100%.
If a duty cycle is calculated to be greater than 100%, then the duty cycle scheduler will
25  generate a result of 100%, whereby a resulting control action enables the high flow solenoid
valve 204 such that solenoid valve is in an “ON” state for 100% of the predefined period, and
the air solenoid valve 203 is in an “OFF” state.
Subsequenily, in the next period, the duty cycle may be reduced, such that a smaller
time proportion of fluid is output. In this case, the high flow fluid valve 204 will be open for

30  some time less than the full 4 second interval, and the air solenoid valve 203 will be open for

some time during the interval to allow air to flow to the chuck 10.



5 seconds. During each 4-second interval, a duty cycle is calculated to
determ ne the portion of tinme during the interval during which fluid is

i ntroduced into the chuck 10 fromthe value control box 20. Air is

provi ded to the chuck 10 during the remaining portion of the 4-sec
interval . WERY%{ general, fluid and air are aIternaFQPyS@W%Wﬁﬂ%d to t he
chuck 10 over the alr/fIU|d path 21, 22, with the duty cycle being

cal cul ated by the control approach o} the 10 inventi on. Hence, the duty
cycle is used by the tine proportional controller to control the tine
proportion of water to air during each 4-second tenperature control

interval . HaRgenerdl Hfduty BRI CABIREOY) Me i cpblb SétreWilel dverygslededibédon appr oach
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that th ecalc obe greater t If a duty
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wi || rat resul t..of 1 whereby .a resuylt I ion
enabl esp ﬁ’ %é‘d?/%%@%%%g W%Pf?go%ﬂysshl?(‘: u?ﬁlatﬂgg%lageg%lg Rls’tr?qve isin an
" ON' Stpﬁrposfa@dinlj}..oo% of the predefined period, and the air sol enoid valve

203 is in an "OFF" state. Subsequently, in the next period, the duty cycle
may be reducHd, 4ﬂwshatéshaten@emmdthzmsitioniﬁmqiriglptempbmmr@fo glbwid is output. In

this case, the h ow f| |d val ve. 204 305 tinme
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be apenghidiropsaivh viil e rélativiclychi g o am:pr@hn FIG. 4| ilhewnmm seoonflpetied 0 t he

chuck 10, V\D 2006/ 0963 PCTI U cycle is

cal cul alEgraiss thafdhe $ Iqﬂ’:‘i}é‘l’ Bﬂ%&ﬁgﬂog g\'?‘gw teﬁ?d %%ﬁé’ﬁl%cg erefore,

as the pBasHEEd of @RSVt & cRRPHOPEHES of &b@trdleea‘fdmd)drmg]ﬂ&rt&hwrﬁmet he duty
transition in the example of FIG. 4, the duty cycle decreases in each period until the high flow

solenoid valve 204 outputs fluid for 50% of the period. In each period, air is output by the air
20  solenoid valve 203. For example, in the first period of FIG. 4, the air solenoid valve 203
outputs air to the chuck for 20% of the period.

The duty cycle scheduler calculates the duty cycle until the measured temperature
enters a dead-band temperature region. At this point, the time proportional controller
performs different calculations, referred to as a dead-band mode, and a secondary control

25  action, in particular with regard to the combination of valve outputs. The applied secondary
control action depends on the temperature range, and is described below.

While the gain scheduling, duty cycle scheduling, and dead-band mode functions
result in a controlled temperature transition, undershoot can still occur, whereby the measured
temperature is reduced until it is less than the desired set point temperature. A key feature of

3¢ the present invention is that when undershoot occurs, the temperature controller 30 can

quickly stabilize the measured temperature until steady-state. This is achieved by performing



cycle will gradually be reduced. The tenperature controller 30 will control
the air solenoid valve 203 and the high flow sol enoid val ve 204
accordingly such that the proportion of water 5 to air continues to
decrease a ured tenperature approaches the desgi rature.
FIG 4 con%‘?%@ﬁlgﬁgbﬁaph illustrating the tenperature c?ﬁ?ﬁ%f@%ﬁm%
performng a series of control actiass conprising alternating air and
fluid in a series of predefined periods or time intervals according to the
present invention. In FIG 4, a duty cycle calculation is performed during
each 4 second period of the tenperature. FIG 4 is not drawn to scale, in
part i cult&poling oppration agdrheating epigratiph benstmrentiyobadlubyerationk esder thesbrtad of enphasi s
i's placeg tReBald Hsidil kg the principles of the invention. The fluid
time proportions shown in the figure are for illustrative purposes only.
FIG 4 ill usThust és ceplingmpertonwfdhe prasesi invoniof issmaollddly thetimer at ure to a
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decreasg ei n eachwﬁeri ogq unt]'bl i he hc'h h flow solenpid valve 204 outputs
fluid forcsabnarmPRAnIEihog Dteilsase g%ﬂ’ie&a‘}WEFl?ﬂﬁegt%LﬂPﬁﬁfmwet he air 20
sol enoi desedbadbeB3. For exanple, in the first period of FIG 4, the air
sol 5|oid Val%ﬁ 03 out Fgetas a(iétr to the chuck for 20% of the period. The
duts cycle s |"8po 4hs piesepinyention isdhat s fme prepergaRalr ed

t enper atetit@lleraiitiessshatheRal cRRR terh RARGE Mrigk ttb BBIpARaLiAb Ldhs] REIRL . the tine
proportijonal c? trgller perfornmg different calcul ations, referred to as a
eﬁ:ﬁ]&x@ cl%m: t

dead- ba RRCEREHR RSP £ skample. 2angge fom D Citgy 3056+ Each eantrol t h
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t hat \/\hgﬁdqﬂgﬁagﬁqﬁgﬂﬁc&g%&m tgltﬁge&ﬁfg)erature controller 30 can quicldy
stabilize the neasured tenperatture until steady-state. This is achieved by
per f or mi ng \ipagditen. 0edueLlFaTLUSROGRIaB06BAMIer - THe gain scheduler of each

conirol region calculates a proportion band with respect to temperature characteristics

20 exhibited by the control region. For example, a control region having a temperature range
between 25°C and 60°C can exhibit different temperature characteristics than another control
region having a temperature range above 150°C, for example, with regard to the forming of
steam from fluid in the thermal chuck at different temperatures. In particular, the gain
scheduler of control regions having a temperature above 110°C calculates a proportion band

25 using a different calculation than the control regions having a temperature region below
110°C. The calculations performed by the gain scheduler in the various control regions are
illustrated below.

In addition, if the desired temperature is in a control region having a high temperature
range, a high undershoot can occur, as compared with a control region having a low

30 temperature range, the low-temperature control region having a smaller undershoot than the

high-temperature control region. However, the time proportional controller will execute



a cooling operation and a heating operation concurrently, both operations
under the control of the tenperature controller 30. Thus, the cooling
operation of the present invention is controlled by the tinme proportional
controll er Wb 62 uee t he neasured tenperature until |t gﬁ dead- band
5 terrperature range. At this point, the tine proportlon con(’[ro fer enters
a dead- band node, whereby a dlffere% control action occurs with regard to
t he conbi nation of valve outputs. In addition, a heating operation may be
concurrently applied in order to achieve the desired effect of mninum
undershoot. Details regarding the concurrent heating operation are
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FIGs. 5-7 therefore illustrate that by introducing the time proportional confroller of
20  the present invention, undershoot is improved over conventional thermal chuck systems,
regardless of the temperature range between the measured temperaiure and the desired
temperature. As described above, the time propoﬁional controller of the temperature
controlier 30 can minimize undershoot by controlling a measured chuck temperature across
the temperature range supported by the thermal chuck by partitioning the chuck temperature
25  range into a plurality of control regions and low-temperature regions, This feature of the
present invention is illustrated in the following example.
In this example, a thermal chuck temperature range is divided by the time proportional
controller into five different conirol regions. Each control region comprises a gain scheduler.
In addition, each control region in this example includes a dead-band temperature region. A
30  low-temperature region (referred to in this example as “Control Region One”) has a

temperature region marked by a low temperature boundary of about 10° C to a high



WD 2006/ 096361 PCT/ US2006/ 006810 -20 control actions that are unique to
the high-tenperature control region, and can therefore mnimze undershoot
accordingly. FIG 5 contains a graph that illustrates undershoot at varying
t enper at ur I different fixed proportion bands 10, PB
20, PB 25,%@@%@% 200, and PB 100, 5 in the abeonc B3RS Fonsl
proportional controller of the presenf.invention. As shown in FIG 5, an
undershoot can be very large at high tenperatures as conpared with an
undershoot at |ower tenperatures. For exanple, at 2000 C, at a fixed gain
(PB 25), an undershoot with conventional tenperature control and no gain
schedul tengetasurd Bovdidavitof AlME 5 Ch wring erntehgottureatantitien oaderdasingthegai n ( PB 25)
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undershoot, a heating operation may be performed. During the heating operation, the fluid

temperature is increased until the desired chuck temperature is achieved and steady state is
achieved. To perform the heating operation, the heater 11 is placed under a closed loop

20 temperature control. In this manner, the time proportional controller calculates the difference
between the measured temperature and the desired temperature. The result is filtered using a
proportional-integral-derivative (PID) topology. The PID is used by the temperature
controller to commend a heat power level that increases the measured temperature until it is at
the desired temperature.

25 Therefore, the desired temperature may be achieved by applying the heating operation
during the cooling operation, such that the heating operation and the cooling operation are
performed together to reduce undershoot. Also, it may be necessary to apply the heating
operation after the cooling operation is performed to maintain steady state.

The temperature transition can occur within Control Region One, wherein the
30 measured temperature and the desired temperature both have a temperature that is in the

Control Region One temperature region, for example, 10°C - 25°C, or the temperature



30 lowtenperature region (referred to in this exanple as "Control Region
One") has a tenperature region nmarked by a | ow tenperature boundary of
about 10 Cto a high WO 2006/ 096361 PCTI US2006/ 006510 -21 tenperature
boundary o C. During a tenperature transition ing the
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measured chuck tenperature is in Copjrol Region One, a control action is
performed that requires 100% fluid and 0% air to be provided to the
thermal chuck 20 during the predefined period. Here, the 5 tenperature
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accordingly.

The proportions of air and fluid are determined by the gain scheduler and the duty
20  cycle scheduler of the Control Region Two. In Control Region Two, the gain scheduler
generates a proportion band (PB) and transition gain (TG), and the duty cycle scheduler
generates a duty cycle (DC) in each predefined period, based on the following formulas:

25 Transition Gain (TG) = 100/PB
Duty Cycle (DC) =-E * TG, where E is the temperature error, defined by

E= Tsetpoini = Tehuek

The constant K is a fixed gain value, having a default value, for example, a default
30 value K of 270. K is an empitically determined constant based on undershoot performance

during temperature transitions. It should be noted that the fixed constant K is reduced by a



operation after the cooling operation is perfornmed to nmaintain steady
state. The tenperature transition can occur within Control Region One,
wherein the 30 neasured tenperature and the desired terrperature bot h have a
terrperaturethat is. in the Control Region One tenp W for
exanpl e, | 910 2 %66 or the tenperature WO 2006/ 096361 %%8%?%06510

-22 transition can occur wherein they,fenperature transition is initiated
froma control region having higher tenperature regions than Control
Region One. Here, the tenperature transition operation in Control Region
One is perfornmed in the same manner. That is, the tenperature controller
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time prOpOI’tIO contro orns a control action that alternates
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during ucmg&)vé{a\ﬂlgg% an@%&ﬁﬂgﬁM ng the air solenoid valve 203 and high

fl ow sol'enoi gl'y. The proportions of air and fluid are
det er mi ned onrtekmnlgaiarterspEiMWItensmwdfromé?@ﬂﬂ‘uy) 4020 wily st motreepartéon of t he
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t enper aR0)e HHH6Y., /defebdibad b)bbve the maximum duty cycle is 100%. Therefore, in the

first period, a 100% duty cycle is used. In another example, when the measured temperature

is 60°C, the duty cycle is 82.3%, indicating that the high flow solenoid valve 204 will output
fluid to the chuck during 82.3% of the period, and the air solenoid valve 203 will be open

20  during the remaining 17.7% of the period. The minimum value of the duty cycle is generally
configured for 80% prior to entering the dead-band temperature region. That is, the high flow
solenoid valve 204 is in an “ON” state for at least 80% of a predefined period.

The duty cycle scheduler maintains a minimum 80% duty cycle until the dead-band is

reached. At that point, 2 minimum 50% duty cycle is used, i.e., proportions of 50% fluid and

25 50% air required for a predefined period. In the dead-band temperature region of Control
Region Two, the duty cycle cannot be less than 50%. For example, when the desired
temperature is 40°C and the measured temperature is 45°C, the duty cycle is calculated to be
20.57%. However, since this is less than the required 50% duiy cycle, a minimum duty cycle
of 50% must be maintained, such that proportions of 50% fluid and 50% are produced.

30 In the dead-band mode, the time proportional controller controls the air solenoid valve

203 and high-flow solenoid valve 204 such that a 50% duty cycle is achieved for a set period



E = Tsetpoint - Tchuck The constant Kis a fixed gain value, having a
default value, for exanple, a default 30 value K of 270. Kis an
enpirically determ ned constant based on undershoot performance during

terrperature transitions. It should be noted that the f] t Kis
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Regi on Two to further conpensate for,inherent tenperature behavior that
occurs below the boiling point of water, in the tenperature range of

Control Region Two. Specifically, Kis divided by 10 in Control Region Two
because the fluid in the liquid state does not renove heat as quickly as
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thermal chuck system to remain in steady state. The fluid temperature is maintained at a set
temperature below the desired chuck temperature, for example, set at 10°C below the desired

20  chuck temperature, or set at 35°C for desired chuck temperatures above 45°C.

Although the desired temperature may be achieved during a temperature cooling
operation, whereby the thermal chuck system is at steady state, it may be necessary to perform
a heating operation to maintain steady state, whereby the heating operation described above
will be performed.

25 A third control region (referred to in this example as “Control Region Three”) can be
defined by a third temperature range, for example, a temperature range marked by a low
temperature boundary of about 60° C to a high temperature boundary of about 110°C.

During a cooling operation, when the measured chuck temperature is in the
temperatire range of Control Region Three, a controller process of Control Region Three

30 performs a control action that alternates inputs of air and fluid to the thermal chuck in



Regi on Two, the duty cycle cannot be |ess than 50% For exanple, when the
desired tenperature is 40C and the neasured tenperature is 45C, the duty
cycle is calculated to be 20.57% However, since this is |ess than the

required 5 cle, a mnimmduty cycle of 50% t ai ned,
such t hat %/ %)g%{ %%s of 50% fluid and 50% are pr oduceg8§@8gﬁ?{&?%%

dead- band node, the tinme proportional,scontroller controls the air sol enoid
valve 203 and hi gh-fl ow sol enoid val ve 204 such that a 50% duty cycle is
achieved for a set period WO 2006/ 096361 PCT/ US2006/ 006510 24 of tine,
for exanple, 5 mnutes. In addition, heat is applied as necessary to

st abi | i zenttolied pmpmumsemnngwp&ﬁaﬁnud@sn@d beenablvey thehir plérodlvadie 203R0d €Xpi I es,
Cont r ol F{égﬁ?on Two. .p ﬂ}a ?@ t he w fl ow sol enoid valve 205 in an "ON'
st at e, e&‘nfié’ M °8?rdf“f ‘dis input to the thermal chuck. In this

manner, whe nTméqﬁo ofmei ﬂ!ﬁud b deferiflRel BRERGamUEedURALF CAifroE huCK 5
terrpera%ure e d reglon of ntrol Region Two, the low flow
of fl ui e%‘a% nB\fgonltFQ eﬁ‘?‘b Fﬁhéhec%‘f‘ﬁ ¥4 gﬁ‘if’wé%ﬁeﬂrﬁ’q{@o‘?'?%ﬂélp Bar ryi ng

heats f r 940 tedigitioh @aAETGY; BsiCike 80ty cyelas@ﬂdﬂwgeu&raﬂa@aa egiclé ?@ﬂn@@éhh 22 (FIG

andlatro uci,ng the low flow of fluid Oviaafluid
| nput pBiedefisd pey Qfaﬁ%{flwraf&recllﬂpﬁlo%i’asempWO]éO‘EB&qung%per ation in
Control Region Two, the nmeasured tenperature may be 10 reduced by the

cooling operation until if is |ess than the desired tenperature, and thus
creating an‘igRerder Pansl @BUndEhddtnmsA Teat i ng operation is performed in a

simlar manneh,agod B8 f@a;tmgp peration of Control Region One. That is,
during the heating o eratlon e fluid tenperature is increased until the
desil# ed chuckutydiygl QﬂlreEf“éfCéoYhe@JéGthW@mrﬂW@etrtms,rdﬂ:ﬁhectb}uck systemis at
steady statep- erebyrthe magni tude of the 15 difference between the

oint

measur ed chuck té”rrpera ure and the desired chuck tenmperature has a m nimum
predefined deviation, the | ow fl ow sol enoid valve 205 remains in the "ON'

state, ﬁ&&m&q@%ﬁ%%%@ e BN BB b R% deBE TR SP LK, 20 She

thereby permttin system y state. The
fluid t%?ﬁp&rlaﬂmpmpnrsaﬂmietﬁmmnédorxwtanabaed on trelepkod perf@naed dwinghe desi red

chuck | SIRERaLYEy bl SURTR o RGBS B e RN B0
Al t houghd inHéonﬂebReg@h Tleapierfaither eompynsite fc&dslﬂieeanedn:qbeuranmb@atqeﬂmetr atu r e _
cool) e 8BS B S 19 SR ESRSLIRL S, UBLEmLE Bicabpey site,
wher ebyRidien Tieal Thgcinpleteaipe@iurel R4k o BhnakiaMeneasured chuck temperature at the
start of the temperature transition. Trunge is defined as the difference between the maximum
20 chuck temperature, for example, 300°C, and the minimum water temperature, for example
0°C, which can also be regarded as the minimum chuck temperature. In this example, Trange =
300. Tseipoint 18 the desired set point temperature. The error coefficient E is the difference
between the desired temperature and the measured temperature. The chuck temperature T gy
is the instantaneous measured chuck temperature at a time during a transition.
25 For example, a temperature transition from 250°C to 100°C will result in a proportion
band (PB) of 22.5. The transition gain (TG) at this proportion band is 4.44.
When the measured temperature is 250°C during the temperature transition, the duty cycle is
calculated by the duty cycle scheduler as (100-250)#4.44 = 666% . As described above, a
maximum duty cycle of 100% is permitted. Therefore, the high flow solenoid valve 204 will
30 output fluid to the chuck during 100% of the period. At 115°C during the transition, thé duty
cycle is calculated o be 66.6%. At 110°C , the duty cycle is calculated to be 44.4%.



will be perfornmed. 25 A third control region (referred to in this exanple
as "Control Region Thee") can be defined by a third tenperature range, for
exanple, a tenperature range nmarked by a | ow tenperature boundary of about
60 Cto a rature boundary of about 110C. Dur i.ng

operati on, Q&ﬁQMh?gggneasured chuck tenperature is in thgﬂuggﬁgg%% ure range
of Control Region Three, a controlley.process of Control Region Three 30
performs a control action that alternates inputs of air and fluid to the

t hermal chuck in WD 2006/ 096361 PCT/ US2006/ 006s10 -25 controlled
proportions during a predefined period by enabling the air solenoid val ve
203 and  hi ghaddit, cohtan Regon Thice indBdess datldiantieyperitue priopoitn dres of air

and fluid are determ ned by, the in sche Re n Three.
ot r oldcRisg Bk THPETE o e s Bl RGP Gargra R HPgs TN Band. (PE)
5 and tyegRsh b0 @ardaily’ cLT\(%n 2o gheineddbok tempér@tu&@nméﬂeagamd ates a duty

cycle (DC) in each predefined perio rrperature transiti.on,, based on
the f oltProRgr#igreregipm piisontropRegien Hhr 'Eﬁaq@a{% ek sygfemyers a pRoRerERndl o/ Tangge

Tr ansi 508w @R mdid the?or@ﬂeﬁ%uﬁaﬁom B 68 lderalibiCls adjustEbIE, blfs gehaaley E i s the
tenperature error, defined by E = Tsetpoint - Tchu}qnlé .JThe constant Kis a

fixed ganfiswed ¥d0 IWEW%dﬂﬁledwl@ﬁHnWﬂ?é’ flgw,fluid 3iaidnihg eREIRel o) ue of
270. K dfgtraibr SEBbdttdt %l?%l&l fi*ﬁlfeé LI RRE 1%6%&1@ amedo ar dpdensbaediener f or mce

during tenperature transitions. houl d be noted that the fixed

const arproperiiens by guahdias By air anhmléwalm 2031@1d1lﬂW@@WtSPlﬁnmﬂzé@W%%OSrfw3@ to further
conpens BRoiL m@m W}ﬁﬁdt QRESHuSk inthishe
temera@zﬁrgg@glﬂﬁgﬁgtaﬁ%%ﬁﬁg lge %ﬁf%ﬁree 5 reasoons sul mlar to Control
Region riaumer fEieces ﬁmczlndttrdwp‘eﬂlattqwe‘s QngJb«tenmyranlse wgmsitiant AHPr theasur ed chuck

tenmper a(iﬁrjﬂrkt]f%gat &e@,e tr?oléno?c[] A8s Eﬁ%ﬁﬁﬂs@c dgﬂ) u} eocﬂe clﬂ:ﬁ@@@f iy defined

as the vveen € maxi mum chuc a ure, for exanple,
300C, amddtHaenhacmﬁlvmmssmmeﬂam@ﬁlow miemx?a‘rﬁbdeéﬁ‘m@ﬂwlﬂvcﬂo‘é’an al so be
regarded, a mum o = 300.
Tset p0|sr?fenf”§ Fﬁ’g%gﬁ ar“e(gﬁ%u fgé'tpbl %%r%cg%a c{u"r%'(l:‘;eh‘ip éseéélr%ggiri E&(l:age | CI ent Eis

t he "di ffonrenste. between the desired t errper ature and the neasured
chutk t emperREdiatboliod TR tr HEY b Brerien et S LBk Hs measured
desired temperature, and thus creating an undesirable undershoot, a heating operation is
applied to stabilize the measured temperature, i.e., to minimize the undershoot.
After the previously described cooling actions occur, the thermal chuck system settles
to steady state. When the system is at steady state, valves 203, 204, 205 are disabled, or in an
20 “OFF” state. At this time, no air or flnid flows through the chuck. However, like Control
Regions One and Two, it may be necessary to perform a heating operation to maintain steady
state. The heating operation may be performed in a manner similar to the heating operation
described above with regard to the low-temperature regions.
When the measured chuck temperature reaches the dead-band temperature region in
25  Control Region Three, the thermal chuck system enters a proportional air controlled state for a
fixed duration. The fixed duration is user-configurable, but is generally configured at 10
minutes. Here, the high flow solenoid valve 204 and low flow solenoid valve 205 are
disabled, that is, an “OFF” state. The air solenoid valve 203 is alternately enabled and
disabled such that air is introduced to the chuck in controlled proportions, according to a duty
30  cycle calculated by the duty cycle scheduler. The measured temperature is thereby increased

until the desired chuck temperature is achieved.



25 For exanple, a tenperature transition from250C to 100C will result in a
proportion band (PB) of 22.5. The transition gain (TG at this proportion
band is 4.44. \Wen the neasured tenperature is 250C during the tenperature
transition cycle is calculated by the duty | er as
(100- 250)*”%%’3@9%%%% As described above, a maxi mum %ﬁ‘tﬁyg%@@%ggf 100% i s
permtted. Therefore, the high flow.solenoid valve 204 will 30 output fluid
to the chuck during 100% of the period. At 115C during the transition, the
duty cycle is calculated to be 66.6% At 110C, the duty cycle is
calculated to be 44.4% WD 2006/ 096361 PCT/ US2006/ 006510 -26 In addition,
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Three, the thermal chuck systementers a proportional 5 air/low flow fluid
state filuid gows sheaebitheahbdn. The fixed duration is adjustable, but is
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state, the tine proportional controller of Control Region Three alternates
i nput s fofritaiempemtirs fangeiabioge th éhirdneakolirpgien nthegpmperatuysranasof Corgolby enabl i ng

the airpSeLanal f NAYCLRARANY b Aol LSl BN (F0203d Pligh e [ xed

durati on. ernating prop T arr I"fow flow fluid to the
chuck itampdratsrel@undamnef 1308duces t he undershoot that occurs during the

tenperature transition. Aff. i i (F LI solenoid val ve
i s enabl ed foupngﬁcgglén(%no S;abgﬁ‘ghér}gﬂée %é@%@ﬁ%hé%%efgﬁ}@hl d. Here, the
conte ol temperpiuaaesg: qifiCaoasl RdgniHogh afcbawllsopersst df GeltywbRegdn Bt t he | ow f 1 ow
solenoid valve 205 in an "QFF' state .and . 3] [ Lye 203 is
enabl ed},’erf%l’ﬁ'ﬁstafoél, o] ?fugﬁﬁm ﬁmagetggfpg% of &t rlf’ﬂé ?ﬁ‘&% g%g%cgﬁqﬁﬁ%l%gggati on,

wher ebyprofetiomalstingd piedefred perivdby chablamgdhd dinspldvoi! vatlei0B end bighflewat ur e, and

thus creati n_undesirahl e undershoot, a heating operation is applied to
st abi | i % npﬂ%’ﬂﬁlg&?ﬁ%ﬁgﬂ[l@%er ature, i.e., to nminimze the undershoot. After
the previ ousfhg Sdnb e faif a@l fluidara dtiemisedpcthie gaih behetiier ofahe Coutok syst em
settles_ to steady state. en, th st i g at.st st at val ves 203,
204 15 20RO SAHIOJEE Prafess: ntfg'dfsygaﬂgg% gm gqu‘%i@e‘ﬁr % no air or
fluid f %@Wﬁﬁ&ﬁ%&d%} 4R ehuiGbn gaonR)eind the Biety S sobbduRe gemngeséutand Two,
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state. Tl (REAM #rsh Bisdrlcd PRTIOARF AfemPREMPE R I LA oS ar to the
heat i ngeRp@Lat i on

20 Proportion Band (PB) = K * Tetuck, o/ Trange
Transition Gain (TG) = 100/PB
Duty Cycle (DC) = -E * TG, where E is the temperature error, defined by

E= Tsetpnint = Tehuek

25 The constant K is a fixed gain value, having a default value, for example a default
value of 270. The chuck temperature (Teuck, o) 1S an initial measured chuck temperature at the
start of the temperature transition. Trange is defined as the difference between the maximum
chuck temperature, for example, 300°C, and the minimum fluid and chuck temperature, for
example 0°C, which can also be regarded as the minimum chuck tempetature. In this example,

30 Trange = 300. Tsetpoine is the desired set point temperature. The error coefficient E is the

difference between the desired temperature and the measured temperature. The chuck



described above with regard to the | owtenperature regions. Wen the
measur ed chuck tenperature reaches the dead-band tenperature region in 25
Control Region Three, the thermal chuck systementers a proportional air

controlled f a fixed duration. The fixed durat| I
user - conflgﬁ%gﬁﬁg?ﬂéut is generally configured at 10 %Fﬂ@?%@?mﬁ%Pe, t he

hi gh fl ow sol enoid val ve 204 and | ow,§] ow sol enoid val ve 205 are disabl ed,
that is, an "OFF" state. The air solenoid valve 203 is alternately enabl ed
and disabled such that air is introduced to the chuck in controlled
proportions, according to a duty 30 cycle calculated by the duty cycle
schedul emperhtvee TR thedntampesdingasuredciuble feetpyraiune steaieelduringta | the desired
chuck te grature is achi eved. WO 2006/ 096361 PCT/ US2006/ 006810 -27 After
the cooff 5m3nd heati ng operations above are perforned, the thermal chuck

syst em set t | lgeddifios CRagyl Iségaélﬁfouy\h@mdémeh@@ﬁﬁmbmpau@& 12Yioh @M ﬂleat st eady

state t he ves 203, 204, 205 in the sy abI is

OFF" sf‘%ﬂf%‘y ahuﬁk feRPETatHLR P thefepopsraturg range |0§tE ﬁ%ﬁ@ §ﬁh%ﬂﬁg € chuck. 5 A
four$h. gRMfalchtiddbaperitaff et Hdamnd %Efaﬁire R OEQMBI R)egﬁﬁ'}‘o’@ﬁ defi ned
by a fourth tenperature range above the third control region. The

t enper af@ig Hoankng tsRPaake Hsitinaghofenms] pick Syssnk eers A FoPEioRMl e, by a | ow
t enper abiui R, QM RFRSOfor 4 HeddBRhnafol behpId, Qmﬁﬁﬁéél ﬁ@m@%@&%ﬁmof 150C.
During a cooling operation when t he measureéd chuck enperature is in the 10
t enper atiiffev o fuidstatogiptcosirolizs giosess pHGenireh Regign Feum aétﬁnqa%@@g@ ofir Cont r ol
Regi on E:QPBE] d{b%é B u&oﬁﬁaﬁfﬂ%ﬁ&ﬁdr& "B(v)feﬁtg?oﬁmghﬁ%%feg&dlvmebgs gg air and

(6] ro rtions |

fluidt e chuc In contr urin redefi ned period by
enabif i nipw frew salenoibyabvedi0d fomthe &x qwd Hiegiltempiing prgmr@w| off aiy ahd/ kw204

accor di B%hpdﬁﬁ %8895%19 %%n r fitter %ﬁgceﬁ h&é‘ﬂd&%@g@'&%@éé&hﬁﬁ%ﬁmgﬁt ?g: n

schedul ntr egl on Four contro process
Regi on Popeiaturhieangiion. deieGohten] Rggine Thitee shaair mlemgﬁalms bzabled (v2Bh and

transt CLg0uaRblollE o AL B8 ALY oF UG FuPHESULLLERS SR iy Yl ©

(DO in eac pr ede UFe T Fansi tiron ased on the
f ol | owi high fibersnighad val2€ 264 apiaht Iomﬂ@asﬁhr@%)alva 2AR54n aic”rﬂll‘ﬂk statd, aifd tiage

Tr ans! t If;li(l?golenmcp vaﬁve@()?: 18 i]ﬁOO/“B%’ state.

During the cooling operation, whereby the measured temperature is less than the

desired temperature, and thus creating an undesirable undershoot, in a manner similar to
Control Region Three, a heating operation may be performed in taﬁdem with the cooling
operation to stabilize the measured temperature, or to minimize the undershoot.

20 After the cooling and heating operations above are performed, the thermal chuck
system settles to steady state. When the thermal chuck system is at steady state, the solenoid
valves 203, 204, 205 in the system are disabled, that is, an “OFF” state. At this time, no air or
fluid flows through the chuck.

A fifth conirol region (referred to as “Control Region Five™) can be defined by a fifth

25  temperature range, for example, a temperafure range marked by a low temperature boundary
of 150° C to a high temperature boundary of 300°C.

During a cooling operation when the measured chuck temperature is in the
temperature range of Control Region Five, a controller process of Control Region Five
performs a control action that alternates inputs of air and fluid to the chuck in controlled

30  proportions during a predefined period by enabling the air solenoid valve 203 and high flow
solenoid valve 204 accordingly.



Duty Cycle (DC) = -E * TO where Eis the tenperature error, defined by E
= Tsetpoint - Tchuck 25 The constant Kis a fixed gain value, having a
default value, for exanple a default value of 270. The chuck tenperature
(Tchuck, o)1 initial nmeasured chuck tenperature a of the
t enper atur)évégogﬁsf{‘él}on. Trange is defined as the di ffe%g%@gm@é[@%ﬁn t he
maxi mum chuck tenperature, for exangbe, 300C, and the mninmumfluid and
chuck tenperature, for exanple 0C, which can also be regarded as the

m ni nrum chuck tenperature. In this exanple, 30 Trange = 300. Tsetpoint is
the desired set point tenperature. The error coefficient Eis the

di ff erence bEisyeegoriidie oflgis hadeiuid ergaRteahitedbyathd dufyeyole adiedaldr dfalper at ur e.
The chugk 2006/,096361 . PCT1US2006/ 006810 . 8 tenmperature Th"k is the
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t enper atghngiag-egi on of Control Region Four during a cooling tenperature
transition, the thermal chuck systementers a proportional air/low flow
fluid state for a fixed duration, for exanple, 10 mnutes. In the

propor ti onal pyy 'rﬁéﬂggyldfdpgyv:fﬁaﬁqm%pﬁra%e the control |l er process of Control
Region Four alternates inputs of air and fluid to the chuck in controlled
proportions bgndtiaing 0WEBai r sol enoid val ve 203 and 10 | ow fl ow sol enoi d
val ve 205 fop el se§l =0 Eatd Qlherc DR 1R &5 5}?&}} RreeaLdgpens of air and
low flow fl ullltgm%get(ﬁegchuck c:"r’n tef:lei S manne? urt her’ reduce}g t he under shoot
t hatld occur s E&lsamgn t-Nemet enperature transition. As in Control Region Three,
the air solenoid valve is enabled when the duration expires to purge the
chuck 10 of any fluid. Here, the controller process places the high flow
sol enoi d val Ve @éstardfdis biixed gain vhluey hevhg ndefduly walve f@CBamnpleanefa@FF" st at e,
and the j enoh ¢ val v IS in 3 ON . izng the cooling
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coefficient E is the difference between the desired temperature and the measured temperature.
The chuck temperature Tepuck is the instantaneous measured chuck temperature at a time
20  during a transition.

Conirol Region Five includes a dead-band temperature region when the desired
measured temperature is in the temperature range of Control Region Five. When the
measured chuck temperature enters the dead-band temperature region of Control Region Five
during a cooling temperature transition, the time proportional controller of Control Region

25  Five enables the air solenoid valve 203, whereby the air solenoid valve 203 is in an “ON”
state, to expel fluid from the chuck. At this point, the high flow solenoid 204 and low flow
solenoid 205 valves are in an “OFF” state. It is important that the fluid is expelled from the
thermal chuck 10 in the temperature range of Control Region Five due to the risk of steam
being formed in the temperature range of Control Region Five which may create instability

30  with regard to the operation of the chuck 10. Thus, as distinguished from Control Regions



system settles to steady state. Wen the thermal chuck systemis at steady
state, the solenoid valves 203, 204, 205 in the system are di sabl ed, that
is, an "OFF" state. At this tinme, no air or fluid flows through the chuck.
Afifth coqgtr |on(referredto as "Control Region

defi ned bngﬁb?{pﬁg 25 tenperature range, for exanple, P@’iﬁ%ﬂaﬁéra ure range
mar ked by a | ow tenperature boundary, of 150 Cto a high tenperature
boundary of 300C. Dining a cooling operation when the nmeasured chuck
tenperature is in the tenperature range of Control Region Five, a
control l er process of Control Region Five performs a control action that

al t er N STWa Pk, a 1uf, nd Mehid dxibitdintiee dhaek WhdtOike inBasuadtiterapdrattre3in
proportions durlng predefined period by enabling the air sol enoid val ve

203 an@herﬂ‘gﬁwiR%Pﬂ%Pé??érhﬂﬂ@WSTaﬂﬂiﬁre&E’@or di ngly. WD 2006/ 096361
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chuck Ff nperature transition. Tr ge is
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ls  desired temperature, and thus creating an undesirable undershoot, a heating operation may be

performed in addition to the cooling operation to stabilize the measured temperature, that is,
to minimize the undershoot.
After the described cooling actions, the thermal chuck system settles to steady state.
When the thermal chuck system is at steady state, the solenoid valves 203, 204, 205 are
20 disabled, that is, an “OFF” state. In this manner, no air or fluid flows through the chuck.
FIG. 8 contains a state diagram illustréting temperature transition results occurring in a
phurality of control regions according to the present invention. Control Region One througlh
Control Region Five used in the previous example are applicable in this illustration.
In state 1, the temperature controller 30 is in an idle state. There are no active
25 temperature operations. The temperature controller 30 generates an instruction to the fluid
source 40 to maintain a fluid temperature of 5°C. Valves 203, 204, and 205 are off. Heater
11 is off. '
In state 2, the temperature controller 30 receives a temperature transition instruction.
Valves 203, 204, 205, and heater 11 are off. If the instruction is to perform a temperature
30 transition including a heating operation, then the temperature controller 30 performs the

heating operation beginning at state 3. If the instruction is to perform a temperature transition



Control Region Five includes a dead-band tenperature regi on when the
desired neasured tenperature is in the tenperature range of Control Region
Five. Wien the neasured chuck tenperature enters the dead-band tenperature
region of Control Region Five during a cooling tenper ition, the
time propotd YAUP¥ntrol I er of Control Region 25 Fi vegéﬂég%oé@%?’ﬁ air

sol enoi d val ve 203, whereby the air sol enoid valve 203 is in an "ON'

state, to expel fluid fromthe chucRl"At this poi nt, the high flow sol enoid
204 and low flow solenoid 205 valves are in an "OFF" state. It is
inmportant that the fluid is expelled fromthe thermal chuck 10 in the
tenper at ur.e r LhRrafthd orfidBed 10 JoliBrnid thk cdlingt eam  bei ng
formdlchud%a%ﬁ%%égﬁﬁé’@%n% o%@mColntrol Regi oﬁr? Five which nmay create

i nst abiopérhtjor3@ginning at gegfartd t o t he operati on of the chuck 10. Thus, as

di stingui shed_fr ntr ' 3 g&@gg&g@&%@&@u@@ﬁﬁgo -30
03, Two, Th %flteg’rq%e g@?@%\%‘?ﬁgﬁﬁ%\%%ﬂg flln t'he chuck when the neasured

t enper pkifrer 4 Beating openetiofo At qoetrolRegision isaiads cgacepipgwhetheipretbackit® r egi on.

After the fluid i e romthe , r yral kK systementers a
pr opor CPYRET Hb\’i%T I’i‘ﬁ%ﬁp% tg% n??%%”ge ?Ogllr& Hgé(rfelnie%gs taé%?’aﬁlgh@g#ﬁe fixed duration
i s adj yshRipdtere chittolieB30 Mtgeneral Maleondd,§04.805 2nd heateri ureeff. Here, the high
fl ow sol enoid val ve 204 and | o I sol enoj i s@abl ed, that
is, an " 03th g5 Pethe yperiye g%ﬂgh%ri%yp\?r e\972l Oﬁgl\é%gﬁi%?ﬁ%%ee%@ghabl ed and
di sabl edr sisdid Wke 20aliginahFON sfate0\Higleflow solbingd viles 20 andfere oo i n
controll ed proportions, according.to a calcula ai,r. pr ti band,

for exapsred valveels gy 1 né‘atebﬁﬁ?.er RS ?naé%g’ear?gith veatlegfe”f femains in
t heg' OY cisb@icRphi@hpe e bbnted as Qesdtibatdbove.i n order to stabilize the chuck
tenperature for |atent heat. Th&gg}ar sol.enpi.d val ve 203 .S J he. " ON'

s in.t
state for alppaisds tebaterl livens e i 2he; ﬁfe‘iat?fapetrﬁt@rehi%e t‘leo(\lﬁmsr% enoi d

204 andgy ) ownfd GeERiRNGhSErARR, ¥ Mlaviesl, vAvaRI203 ) 204} 105 aidihkh “OFAT eateOnce t he
peri od Ea’s expired, the air solenoid val v? 03 is disabl e@lﬁé@at is, an

"OFF" smdthe heplgr ismgderiaeloserblopp Fpsw@iEE FOH TEBYPTEE SRy t enper at ur e
i's | ess,than, thgsleds 8 HeduliehRes 46 WriainBRd thpaanfattioRuidn 10pdesi rabl e
underskﬁ)ot, a heating operation may be performag in a%%!tl §3°¢°Ift he

cooli ngpebpethatdedredchucktierpperatyts, Wil pbuaReralere fEH SFRett ¢ 4

7's; to

i ni i 2g Le HRden ARl CohRA FABRATHRAMFOSSTG, BetimRsehe ¢ her ma

chuck systemsettles to steady state. Wwen the thermal chuck systemis at
st eady ®habllsr gelreatstdndngiugtionsio Vieeslgid sourgeghf), to pgmntajp @ fluid temperature

5°C.

In state 7, a control action is performed by the temperature controller based on the
20  desired temperature. If the desired temperature is in Control Region One, then a control
action is performed at state 8. If the desired temperature is in Control Re gion Two, then a
control action is performed at state 9. If the desired temperature is in Control Region Three,
Four, or Five, then a control action is performed at state 10.
In state 8, the measured temperature and desired temperature are both in Control
25  Region One, for example, at temperatures between 10°C - 25°C. The high flow solenoid
valve 204 is in an “ON” state. Valves 203, 205 are in an “OFF” state. The chuck temperature
* is increased until the desired temperature is reached. Since fluid is continuously running
through the chuck 10 in Control Region One, heat is applied by heater 11 to maintain a

precise desired temperature such that the temperature deviation between the measured

30  temperature and desired temperature is approximately 0°C.



zo disabled, that is, an "OFF" state. In this manner, no air or fluid flows
t hrough the chuck. FIG 8 contains a state diagramillustrating tenperature
transition results occurring in a plurality of control regions according
to the present invention. Control Region One through %12{1 ‘% R 6on Five
used in t hOHWPHEL exanpl e are applicable in this il 2§6{08§89 In state
1, the tenperature controller 30 is j,n an idle state. There are no active
25 tenperature operations. The terrperature controller 30 generates an
instruction to the fluid source 40 to maintain a fluid tenperature of 5C.
Val ves 203, 204, and 205 are off. Heater 11 is off. In state 2, the

t enper at ur e LORE 5Ohd BlaBEdtEARIMES aAd El&ﬁf@@fe@ipéfaﬁné B@msiktih tmnmlst ruction.
Val ves 203, 204, 205, and heater 11 are off glésltnstr 3.{2} is to
I

per f or Regiondivioefos exanaple, 3D tempSTALT eS| BsHveem 2 ol %Ca I‘i"n atgy "on, then
the t egﬂ?@{.@& ViIGe SO iPhd RINBQat €V EQETT3! 1R HNERLANDFPP SBRL ﬁﬁé‘clhi%ﬂl nni | ng at

state e instructionis to performa tenperature tran5|t|i)

2006/ 0968B1atRETY iUS2066 1odigBa desiredemperaiuredp Frgchede c&IcE HigiddhEIRIPINY t hen t he
temperaf ke, tﬁ%@%ﬁ ﬂ]§|cﬁﬁ kSI% ReLLRN TR foﬂ@r&oﬁga{ ﬂgpplﬁa%ﬁ'@iteét&nl RS atiding at
stat'e 4. e e t enper at wge controller 30 feceives a tenperature
transi ta;ma:msenﬂsmred@mpmam sughethft dhetermpéretrs dﬁﬁglﬂ@%PW%ﬁhe megsyiedr ol deci si on
is made con rn| ntains fluid. If yes, then the
terrperg?rﬂ?eéa gw" eg@gg%gk%%qﬁlfoi@ then the tenperature
control l er :&ﬂstemtlé,rthe mbmdﬁemmanmsniéﬁlr@@m,peme isgm§orfediRggion1 are of f.

I n stat the rature 10| t he chuck for
30 sec é‘?ﬁoi %Ia\?g 8 lﬂ%s a%Qve%H %H&éﬁ?ﬁ)ﬁﬁ%h fl ow sol enoi d
val we ?&ﬂtrc&lrw 30 pwfcfrin@mopsrﬂoﬁrbemmbakmlauensmﬁemlbed sbose if DFFicastrest e, Heat er

power i s enabl ed, an ) nder erature
cont roItemﬁesratﬂ’@slﬁ{'O“I’f’éﬂ’aﬁﬂ}?\fgmeldge‘glfeﬁ 6 uflﬁ%a ﬁea%tléog%%&jom%?gﬁt e chuck to
t he desihiehtiie BRalyatdls, the NIy dpleﬁtld:eﬁnay deerfcenqadeuea; marm,er similge ipoi nt
tenperature, is reached, vyal ve 203, and
the hedeating @e@ﬁa%ﬁ esgribed C%BW‘IV @ﬁ%fgl?gﬁw eglp(%’ﬁfr? Eﬁglonﬁ' g@errper ature
cont r ol hemeHredd r@h@Ss MbrehdR hﬁmmhd dRiréOchubieteidpetacirs BuriievedOTheo nai nt ai n
a tenperature of e flujd aélfloc 15 bel ow t he desir.ed. chuck t rrF rature,
i i PSR EE B PGS BOFHBE APSEIG Y Pty o Ingipgn Ao S

tenper atpb&afu. i N Control Region Three, Four, or Five, the tenperat ure

controller generates an instruction to the fI ui d source 40 t]c_)ntlglai ntain a
f1uid tenper&’@t@?eel 1gthe temperature {ransitions of states 8, 9, and 10 are completed. S

3-.—»( D

state, the measured temperature is at steady state. The temperature controller 30 remains at
state 11 until a new temperature transition instruction is received, then the temperature
20  controller 30 proceeds to state 2.

In state 4, the temperature controller 30 receives a temperature transition instruction to
perform a cooling operation. The fluid source 40 is instructed to maintain a temperature of
5°C. The heater 11 is off. A gain scheduler calculates a proportion band and transition gain
to be used for the duration of the temperature transition by the time proportional controller. In

25  addition, a duty cycle scheduler calculates a duty cycle for each period of the temperature
transition for conirolling the valves 203, 204, 205 accordingly.

In state 12, air solenoid valve 203 and high flow solenoid valve 204 are enabled and
disabled according to calculated time proportions, as described above. The heater 11 is off.
The temperature controller 30 determines the dead-band temperature region from the desired

30  temperature and a predetermined dead-band. For example, if the dead-band is +/-5°C, then

the dead-band temperature region is the desired set point tepperature +/- 5°C. Upon reaching



5C. In state 7, a control action is performed by the tenperature controller
based on the 20 desired tenperature. |If the desired tenperature is in
Control Region One, then a control action is perfornmed at state 8. If the

desired tenperature is in Control Region Two, then a pon is
per f or med O0P6P83% . |t the desired tenperature is inggﬁh%ﬁhﬁ’&%égi on

Three, Four, or Five, then a contrgl action is perforned at state 10. In
state 8, the neasured tenperature and desired tenperature are both in
Control 25 Region One, for exanple, at tenperatures between 10C - 25C. The
high flow solenoid valve 204 is in an "ON' state. Valves 203, 205 are in

an * O &habsid (RSl linde CREORIH @risbuctif LAERELIAdohd bine misisi 1 ed
tenperature i's reached. Since fluid is continuously ru_nnlﬁng t hrough t he
chuck tontiah agiont is skecRed aenerdipgly, 28 deascribed 2bgis-i i 5plehES e 11 to maintain a

preci se des h{ 8 1% %ggo%gggﬁ goglébg Betlddad pdrRembEHPRE Hnefarsle ¢odidierBdoet ween the

nmeasured 30 tenperature ired tenperature is approxinately 0C. WO
2006/ 0684 bn AETeIBZ006p 00651 Of the Gesired tempgratirg is ip el RsgioadredhPer at ure and

desired te rature are b ' [ eXAMMneol at
tenﬁer g}fwg%%ﬁgtc\%%o& i 195%6&(5& e?%}ﬁ?g'sl?%ed,%{e@ga?%%v&ﬁeow sg I gnoi d val ve
205 i S HegioATwotlien steat@ndifgicvaml 30Bp igpufoamed atstainlS: dFike dgfigle. The chuck
tenperature is.increas unt.jll _t Si 3 ' d. Since
Frurd B B erg e el e St Eha SRS A bEEHARE AT Son e,
heat i StapM. i1€thedysifed aingrerahire fsoin BwinmoldR agiond opr, duindlee geeridewon@dlper at ur e
such that the tenperatur i aji.on between . : rat ure and
dosi r et PR * e Chr e e ey Saeet it R ARRpREth FAE TRENE
'ltz_emer?Ewn@aﬁi&d?tdﬂﬁéﬂoﬁdsp@fﬂﬁﬁé@mwta&1&5 i n6(c)lont LOl Region Three, :20115, or
ive, for exanple, at tenperature 0 . ne tiona
control |l er é’@s‘tﬁ‘@rlf‘dﬁ?r%"nﬁ"ggif@%? %?rg%ffgﬁﬁfygbﬁvsmé?rﬁrgt}]ge%gggggg%i bed above, if
':1 het _rre%%ﬁgedt_ f[s%g@ﬁ%‘aﬁs;y\}{;&nitﬁelz hleaba{ed&éiﬁgbre:th_e rfhe?ésrtgﬂdds:[mm’emaﬂﬁwat@u_ri ng a
eati ng operation, tTor exanp Intaln. s st at. neat | ng
oper at i Bgh Rey solenoybyal e Jds Pﬂﬁlﬁﬁdﬁéﬂﬁﬁ‘g@%eﬂeﬁ# f‘iren?t?bge&f/ H& a&{!@%’ ihﬁegl‘%%er ation
descri hggd. 228 YEnWibRd ieaahthid OfltilQerhRydtie APEIEttstoey eglesinsl setmoitthi s manner,
t he measured tenperature is increased desir dg%?l#{% eterrperature

i s &chitemperaturn boupded BhpopaiempEaEiors Eir;t%IP% %‘{3 dgeperp peration as
necessalyubQ alBeMeA] Ntodn gt aSRecie HnfRehtut BFREdIAE He to offset the fluid
temperature such that the temperature deviation between the measured temperature and the
desired temperature is approximately 0°C.
In state 15, the control actions as described above in Control Region Two are
20  performed. Specifically, when the measured temperature reaches the desired temperature in
the dead-band temperature region of Control Region Two, the time proportional controller
performs a control action based on a 50% duty cycle, as described above. The fluid source 40
is instructed to maintain a temperature of the desired temperature minus 10°C, bounded by a
low temperature boundary of 5°. The temperature controller controls the heater 11to
25  maintain a precise temperature by adding heat to offset the fluid such that the temperature
deviation between the measured temperature and the desired temperature is approximately
0°C.
In state 16, the control actions as described above in Control Region Three are
performed. Specifically, the duty cycle scheduler calculates a duty cycle for each period that
30  the measured temperature is higher than the desired temperature in a cooling operation. When

the measured temperature reaches the desired temperature in the dead-band temperature



In state 11, the tenperature transitions of states 8 9, and 10 are
conpleted. In this state, the neasured tenperature is at steady state. The
tenperature controller 30 renains at state 11 until a new tenperature
transition i,on is received, then the t enper at ur, )%g t IIer 30
pr oceeds taﬁ@?&oﬁ@fsé@ In state 4, t he tenperature contro?F 2@8&)6£ eives a
tenperature transition instruction tg_performa cooling operation. The
fluid source 40 is instructed to maintain a tenperature of 5C The heater
11 is off. A gain scheduler cal culates a proportion band and transition
gain to be used for the duration of the tenperature transition by the tinme

propor tiaaabt Cétbol Rédi®H Thrbd) t}%&:r@@lﬁ:bporﬁmal Borfietlyr pryfolns sshedidcen yal cul at es
a duty cycle for eac erj od. of for I\?)ontrolling

e te adta aLe gr Si th (Qﬂrlf
t he valeplyingdhe lopidlow sp 0’56’@5’1"&9%@4“&“? engidyatye £9: PS°§T 874 Val ve 203
and hi ghaifiihRhs0lig BRI&k 4035 ¥Rerddd BhnthifmaRk e fpadttke oﬁﬁ‘{aﬁ{tﬂdleaﬁ&@lﬁréd ng to

calculated tine proportions, as described above. The heater ills off. The
t enper A¢TpeatETeachts sisadpgaige AT 158 Sipe HMERePEEh FITEIR A2RYGR82  egi on from
the ;de Sidtof A 285 R BAREOFI Bed ARk haRtnokioalvexespl e, i f

t he de?gj%q ﬁﬁ +/ - 5C, toen t he dead- band terrperature rg |gn is the

desi r ednaded, [ymmnfOTﬁ’éswerfm 36 sgcongls t%PekMrﬂ“Fdef&éﬁ theghves- Ao 4

PCT/ US%%Q@&%Q@@%%slth?ﬁea{&% et GEPERBLURR §ARAfRe hou6aRAALY cont rol

action, In action, is executed
accor difhgd wchalmt the sampchaare dodetion bmeenél@masmd fempgtagure gndl the desed 3. a
secondqraégcontrol déu{n&nl '03 performed by the tenperature controller 30

based SR PHE S &L erature If the desired tenperature is in Control

Regicon One, Ih latme 175tht benusbaindeasydesoived ahovadn Comrol Begien Forrnted at state 14.

If th d | ' : d
cont r oI ReEIGhe) TUBEIR aPHE Shrérint Bl Byt Rlbe it caleUElks huBREAGTCST Y | |
Cont r ol foRegh perickth@ehe héxsured tmlpemme trhdnghecmanltlmldeamﬁltmpﬂr@mpem gorned at

state 16._.If the de ure i thenthe
secondd&PGlRgMReFGn: g@f’?g’ﬁ r%l]ts 1%?0 {’}«SOI%gm?? '?rh gﬂ{sl re
t enper girbp@tiorl bdhn@@é}tpéﬁ‘bmﬁeigjoﬁﬁo]l%cum thhdedternatee inpuis of ain aat Juid onthe oI action

is performed at s t at t he con S descri bed
abox%e |°z‘“%ﬂq W&Oﬂfﬁ%ﬁé’m@ﬁ’@% %GHE’SBW@F ﬁ’éa"le’gﬁ%ﬁqﬁ %&I E"I“ig/rypl %kﬁ@’ﬁ’ t he measur ed
t enper ajoWnBid@BL 104 adcbRlitkeR | I&l%ddihﬁﬂﬁﬂfeﬁfthﬁiﬁeasﬁﬂﬁéteﬂpeghué teavhes @leenoi d val ve
204 is enabl ed, and the heahﬁ 11|s t{?}lgd iti 1theflwd

sour ce dpgirpctemperaivtedip dhy dead- drf?%‘PW’ e%l&‘h%%‘#a ﬁfxé“ {lerRoeeel ow t he
desi r ed;1&gtatdd %ﬁfﬁs of air and fluid in the chuck in controlled proportions by enabling the air

solenoid valve 203 and low flow solenoid valve 205 for a fixed duration, for example, 10

20  minutes. As in Control Region Three, the air solenoid valve 203 is enabled when the duration
expires to purge the chuck 10 of any fluid. Here, the high flow solenoid valve 204 and low
flow solenoid valve 205 aré in an “OFF” state, and the air solenoid valve is in an “ON” state.

In state 18, the control actions as described above in Control Region Five are
performed. Specifically, the gain scheduler calculates a proportion band if the measured

25  temperature is higher than the desired temperature. When the measured temperature reaches
the desired temperature, the heater 11 is enabled. Valves 203, 204, 205 are in an “OFF” state.
In addition, the fiuid source 40 is instructed to maintain a temperature of 5°C until the
measured temperature reaches steady state. The temperature controller confrols the heater 11
to maintain a precise temperature by adding heat to offset the fluid such that the temperature

30  deviation between the measured temperature and the desired temperature is approximately

0°C.



15 tenperature, bounded by a | ow tenperature boundary of 5. The tenperature
controller controls the heater 11 to nmaintain a precise tenperature by
addi ng heat to offset the fluid tenperature such that the tenperature

devi ati on e neasured tenperature and the degj ature is
approxinatgﬁéwgg&m%ﬁ state 15, the control actions as Eggggﬁﬁgng@ove in
Control Region Two are zo perfornmed.,sSpecifically, when the neasured
tenperature reaches the desired tenperature in the dead-band tenperature
region of Control Region Two, the tine proportional controller perfornms a
control action based on a 50% duty cycle, as described above. The fluid

source 40 ixdikmat {n%r{ti%g hﬁsoo(?@%bzgﬁ&ilﬂ'l)fisﬂoﬁrﬁﬁﬁd aéswﬁbbdaﬁtgltrh’éaedeesi to ;ad i
t enperature mnus 10C, bounded by ow t er re. bo ry.of 5. The

t enper atefredesbodisiopisthesphtt wilkbet erﬁf@a%{vsxf ghg% stkﬁ}egﬁn Wﬁiaﬁ?léﬁ??ﬁ P%r eci se

t enper af s oRdeaRals Ahy bOmadd Kedin Witodt dépﬁtiﬁ%ﬁ&ln ttieaspirk bed scepper at ur e
devi ation-between the nmeasured tenperature and the desired tenperature is
appr oxiofriaediventi@Css definesitin the appendedh@la®¥nt r ol acti ons as descri bed above in
Control Region Three are perfornmed. Specifically, the duty cycle schedul er
cal cul ates a duty cycle for each period that 30 the nmeasured tenperature
is higher than the desired tenperature in a cooling operation. Wen the
nmeasured tenperature reaches the desired tenperature in the dead-band

t enperature WO 2006/ 096361 PCT/ US2006/ 006810 -34 region of Control Region
Three, the tinme proportional controller perfornms a control action by
applying the low fl ow sol enoid val ve 205 and air sol enoid val ve 203, as
descri bed above. In addition, the fluid source 40 is instructed to

mai ntain a tenperature of 5C until the measured tenperature reaches steady
state. After a ten mnute tiner expires, referred to above as a 5 duration,
the low fl ow sol enoid valve 205 is in an "OFF" state, and the air solenoid
val ve 203 enabled, in an "ON' state, for 30 seconds to expel any fluid
fromthe chuck. The tenperature controller controls the heater 11 to

mai ntain a precise tenperature by adding heat to offset the fluid such
that the tenperature deviation between the neasured tenperature and the
desired tenperature is approximately OC. O In state 17, the control
actions as described above in Control Region Four are perforned, as
illustrated above. Specifically, the duty cycle schedul er cal culates a duty
cycle for each period that the neasured tenperature is higher than the
desired tenperature in a

112]




cool ing operation. Wen the neasured tenperature is in Control Region Four,
the time proportional controller perforns a control action that alternates
inputs of air and fluid to the .5 chuck 10 in controlled proportions by
enabling the air solenoid valve 203 and high flow solenoid valve 204
accordingly. In addition, when the neasured tenperature reaches the
desired tenperature in the dead-bandéregi on of Control Region Four, the
controller process alternates inputs of air and fluid in the chuck in
controll ed proportions by enabling the air solenoid valve 203 and | ow fl ow
sol enoi d valve 205 for a fixed duration, for exanple, 10 w minutes. As in
Cont r olWiReisickimethisee, the air sol enoid valve 203 is enabl ed when the
duration expires to purge the chuck 10 of any fluid. Here, the high flow
sol enoid valve 204 and low flow solenqgid-valve 205 are in an "OFF" state,
and the air 1sdéltempératusesdopiolisystern forp chefy COSRs}S®E | n state 18, the control
actions as I i ion Five are perforned.

Speci ficall gﬁﬁgﬁlﬁgg’fﬁ&%\gﬁg(ﬁlﬁg?p%gﬁtﬁﬁgtges a proportion band if the

neasur ed 25atawpéipitfoerdcsiving gileid fema uidsosesiandd t enperature. Wien the
neasur ed tenper re.r i £RQ" nbgater 11 is
enabl ed. Vaga\il ass‘?%&%iﬁr&%@a@ﬁmﬂﬁ%ﬁﬁﬁép gtfgédé?%rﬁﬁr?ﬂgddi tion, the
fluid shedhmek @onsoli assitfcectreperstorerdithetclipek-a t enperature of 5C until the
measured tenperature reaches steady state. The tenperature controller
control's the heater 11 to maintain a precise tenperature by adding heat to
of fset the Bl dheistemtirhatnttoheysteengetamuy; whesi wid isgpmpEeiiEcen t he

measur ed tel[%erature and the desired tenperature is approximately O0C. WO
2008 09632 °PCT/ US2006/ 006810 -35 Wiile this invention has been
particularly shown and described with references to preferred enbodi nents

thereof, it wll be understood those skil | IR . vari ous
changes in forff APy cpar P%tboé}gad@% lrhglieﬁ]dd\}\% ﬁﬁgg‘ﬁm@g%g&@%%g fromthe
spirit and scope of the invention as defined in the appended clains. 5
-36- What is clained is: 1. A teeggﬁr@%jure control .slxs_temfor a chuck

conpri si ng: 4 dbeityaperatpsg Gentpa) systen f iy BPeceRREAE i v source; 5 a second
inpys for reggiMiMgerdubd ddhitblfshdth forfcbntrdlligOal iereasanfihe surface

 temperature; and
a second temperature control system for controlling a decrease of the surface
temperature by alternating the air and fluid in the proportions during a predefined period, the
second temperature control system including low-temperatire processes and controller

20  processes for managing temperature transitions among a plurality of control regions.

5. A thermal chuck system comprising:

a first input for receiving air from an air source;

a second input for receiving a temperature-controlled fluid from a fluid source;
25 at least one output for alternately transferring the air and fluid in proportions to a

thermal chuck;
a first temperature control system for controlling an increase of a surface

temperature; and
a second temperature control system for controlling a decrease of the surface



at | east one output for alternately transferring the air and fluid in
proportions to the chuck to control a surface tenperature of the chuck. 2.
The tenperature control systemof claim1, wherein the fluid is
tenperature- lo controlled. 3. The tenperature control. systemof claim1,
wherein the fluid conprises water. 4. The tenperature control system of
claim11 further conprising: ] 5 a fsfst tenperature control systemfor
controlling an increase of the surface tenperature; and a second
tenperature control systemfor controlling a decrease of the surface
tenperature by alternating the air and fluid in the proportions during a
Ipr edef | fediRRE bpslierdiag ﬂﬁ&mlgld flvigdrip dileqﬁrazpoetl@é duning the predefinefl REtqfli ng
ow-tenpéerature processes_and controller f Sasas ng
t enper degeesnd %TW%H@@Wf%mBlP@P%h '§?%%Te ﬁgggﬁlr%g §erseagia‘(():ns. gllS. A t her mal
chuck %%%és@égﬁﬂmahﬁfg%p@atﬁﬂertﬁhsiﬁmumohgmPM'EY of qogirelitegiPRsom an air
source;, a second input for receiving a tenperature-controlled fluid froma
fluid source; 25 at |east one output for alternately transferring the air
and fluid i p PLORGKIH QRS bRt of MRS whelincds flaidfcomptises evafser at ur e cont r ol
system for controlling an 1ncrease of a surface tenperature; and a second
tenperature control systemfor controlling a decrease of the surface -37-
tenperaturesb @%&ﬁ{aﬁ'%&dcﬁgy&é}ﬁoﬁélﬁmﬁﬂdvhfeieﬂimeﬂferﬂadﬂehnmkdﬁ)ome_tdf@ns during the
predefined period, the sectond tenperature control system i ncluding
| ow t erppmatand e 3pPromebywwl dwgk-control | er processes for managi ng
tenperature transitions anong a plurality of control regions. 5 6. The
thermal chuck systemof claim5, wherein the fluid conpri SE3 vater. 7. The
t hergral chugk Tay theenal ohuckisastem Bt clgimes Birthet P RRE FRIVE O PR 816" of a
200mm and a 300mm t heryml chuck. t0 8. The thermal chuck systemof claim5
furthertmﬁwqrgg%co ?r\(/)g?r\'/e control box and a tinme proportional controller.
9. The thermal chuck system of claim8 wherein the valve control box
conprises a ir. val.ve for t i i ehn@rof hak dmpéikesanf or
out putting ghé[%{egﬁﬁﬁ?'la?gﬁ esyétgﬁtc’?o: | egg‘]hgﬁﬁl@é val ®

air valve for outputting the air and a fluid valve for outputting the temperaiure-controlled

15 fluid.

10. The thermal chuck system of claim 9, wherein the fluid valve is at least one of a

high flow solenoid valve and a low flow solenoid valve.

11. The thermal chuck system of claim 9, wherein the air valve and the fluid valve

20
outputs the air and fluid in an alternating mode in response to the controlier.
12. The therma! chuck system of claim 8, wherein the valve ‘control box further
includes a base air valve for providing a base cooling,
23

13. The thermal chuck system of claim 8, wherein the time proportional controller

comprises:
an interface for receiving measured temperature information from the thermal chuck;

a control region processor for defining the plurality of control regions and a plurality

30 of low-temperature regions;

a controller process in each control region; and



15 fluid. 10. The thermal chuck systemof claim9, wherein the fluid valve
is at least one of a high flow sol enoid valve and a | ow fl ow sol enoi d
valve. 20 11. The thermal chuck systemof claim9, wherein the air valve
and the fluid valve outputs the air and fluid in an alternating node in
response to the controller. 12. The thermal chuck system of claimS8,
wherein the valve control box furthes- includes a base air valve for

provi ding a base cooling. 25 13. The thermal chuck system of cl aim 8,
wherein the tinme proportional controller conprises: an interface for

recei ving neasured tenperature information fromthe thermal chuck; a
control regrdiw-prmpeEise propess i edel AWriPMSELBE (B t y of control regi ons and
a plurality 30 of lowtenperature regions; a controller process in each
control region; and -38- a |owtenperature process in each | owtenperature
regi on. 14. 1FhEhe themmbthuskgyiters pEelaim b, whbrgiofha @ontiphegiop RIaCES% ont r ol

regi on pr.ocessor ef j.n Gh ﬁ SILOR AR OWEIARREG! at ure regi on by
tenperé@ﬁpﬁegzdﬁ'g&f819§§?€@: gg%ﬁg%ﬁéﬁggﬁugiﬁsys;en1of claimb5, wherein
whers a first tenperature is in a first control region of the plurality of -
control regiQn first control Ler. ' .ﬁﬂggﬁpéf f egi on
adj ust s thelgiim%ﬁﬁn?¥ﬁWH&6¥%%§Pklgﬁgf%gﬁﬁ%ﬁﬁ%?%?ﬁm&%%%&? e firstlrs

t enper adodr@ region sitbaslutalionefdtohivol aegiemom st empreliatpuoasss of the fysiconidolcont r ol

region, a second_controll.er process of .10.the c ..region

adj ust SCEAR aGPys @ﬁ@rﬁ?‘ﬁhﬂgﬁf‘%ﬁgﬂ%@ﬁg Whiptgin wiiey %@gﬁgﬁg%ﬂ%imsyst em of

cl ai m Lbansibasdab B sédaad fehipsiango it 4 @kondeghoe regich, hisecond ecmirvdlecmntasodt r egi on
are the sane._ 15 17. The _thermal ch %§_3¥5%§n10f clai m15, wherein the
firkt d@ﬁﬁ?@%i?@HPHﬁgﬁﬁaﬂPﬁ%ﬂw§€@8ﬂﬁ ohtRPB{ " egi on are different control
regions in the plurality of control regions. 18. The thermal chuck system

of claim15, wherein a dead-band_regi i.n th econ control .region
provi des anIépBh@ﬂ?ﬁﬁ?émﬁgﬁﬁggﬁﬁéF@g?ggﬂﬂﬁ“?%ﬁ“?%%c?&%%ﬁﬁ“?@ﬁ% fature, and
20 wher gl it dBrSecRR s aRshMk! er process controls the dead-band region to
reduce an under shoot

15 17. The thermal chuck system of claim 15, wherein the first control region and the

second control region are different control regions in the plurality of control regions.

18. The thermal.chuck system of claim 15, wherein a dead-band region in the second
control region provides an approximate temperature region for the second temperature, and
20  wherein the second controller process controls the dead-band region to reduce an undershoot

during the transition from the first temperature to the second temperature.

19. The thermal chuck system of claim 18, wherein the second controller process

reduces the undershoot by alternating the first input of air and the second input of fluid in

25  proportions.

20. The thermal chuck system of claim 18, wherein the second controller process

reduces the undershoot by disabling the first input of air and the second input of fluid.

30 21. The thermal chuck system of claim 5 further comprising temperature sensors for

providing chuck temperature measurements to the thermal chuck system.



during the transition fromthe first tenperature to the second tenperature.
19. The thermal chuck system of claim 18, wherein the second controller
process reduces the undershoot by alternating the first input of air and
the second input of fluid in 25 proportions. 20. The thermal chuck system
of claim 18, wherein the second controller process reduces the undershoot
by disabling the first input of air afd@ the second input of fluid. 30 21.
The thermal chuck systemof claim5 further conprising tenperature sensors

for providing chiyek chemrpenalyl e KTRISHeMH ¢ 1At e heiEh ehusk system
39 22. The thermal chuck §%§ten1of Clalnkﬁﬁﬁﬁp%{gln €ac %%ptr%égﬂé
process EoHPA EIFLST 5 HEHAST S Fat? & S erpr%ﬁort.l on ‘band “duri ng
t he pregefdpred iper ikedid whierigion tihiee prysdsfornd b PEmd det@nfiliedehe

pr 01002I t ip%?&ftiaﬂ'r{ b@}@hfdelﬂed:miida@tu%o g ahudn dwd ng it hewpriadefd ned )
period, .an erein the.proporti - ed; i Qnhsa.fo the
chuck t&iera Ou‘rscélérrecahsuucr]'grf%l&g 3%1.6 ?}%e%ﬁfolg?éfogﬁe?&ﬁoﬁ'oﬁr{oﬁg&a c%lﬁ:k

t enper attiee PIERAFGIIMPanceddl VG HiFtsd dit aitshirsodrt&he RdsiRing 1 ui d
froma fdanipkrsairee medhireaddreranatel y transferring the air and fluid in
proportions to the chuck. 24. The nmethod of claim23 further conprising

controlling a_tenperature of the flui.d. 25. The thod of claim23 further
conprising: 2confr §8tRG &% LSS 1% %S;Lf%%neﬁeérﬁﬁéﬁﬁ:t%ree of the
chuck; amdhpoorgimgid ing a decrease of the surface tenperature by

al ternating theddivindnaifd Wdn Rt e Prepardd;ons during a predefined
period. 26. E%ecer}r_‘%}i%%d f(]_fui%] %Irnc;‘ng fﬂrlfirg:?rso%% er:l Y@ Managing
alternately transferring the air and fluid in

proportions to the chuck.

24, The method of c¢laim 23 further comprising
controlling a temperature cof the fluid.

25. The method of claim 23 further comprising:

controlling an increase of a surface temperature of the
chuck; and

controlling a decrease of the surface temperature by
alternating the air and fluid in the proportions during &
predefined period.

26. The method of claim 25 further comprising managing
temperature transitions among a plurality of control regions.

27. A method for contrelling a temperature of a chuck
comprising:

receiving air from an air source;

receiving a temperature-controlled fluid from a fluid
source;

alternately transferring the air and fluid in
proportions to the chuck;

controlling an increase of the chuck temperature;

controlling a decrease of the chuck temperature by
alternating the air and fluid in the proportions during a
predefined period; and



tenperature transitions anong a plurality of control regions. 27. A method
for controlling a tenperature of a chuck conprising: receiving air froman
air source; receiving a tenperature-controlled fluid froma fluid source;
alternately transferring the air and fluid in proportions to the chuck;
controlling an increase of the chuck tenperature; controlling a decrease
of the chuck tenperature by alternatéfig the air and fluid in the
proportions during a predefined period; and 40 nanagi ng tenperature

transitions aaﬁagiﬁgpkEﬁgbkgquE cenhEQk 168G ARSnaNd bowrat @Fpenat ure
regions. 28. l e nethod of ila|n127 wherein the air and fluid are
out put t QTR 04n TECLENTa Py 18 de tEAPEES T Se £9 8 i'me  proport i onal
controller. 29. The method of claim28 further conprising receiving

geasaged te”@@tﬁ@ﬁéemhﬂﬁaaﬁaki@ma&mOQFthah@h@Qh-tB@.theaﬁatthid; clgig
7, erein _eac ontr.aol _regqiQn__an oWt rature region .S i ne y
tenperaF&Feo 8&%%5 i g, 331! ﬁgnﬁggﬁgd%%¥ﬁgﬁgﬁ%F%?%Pﬁgtﬁg?ac§&g%ising
adj ust i PFoPAILt igmadif IcgingrerdEdr-tions in a first control region of the
plurality of control regions when a first tenperature is in the first

control region, wherslbinMieR etk 5 LIRALA! Welp i S hbansLliongg o a
second tenperature in a second contral regégn, agJus ing air and fluid
pr opor t FEASULE S ALY < dmRdMatdGiot ToF tifh Iﬂﬁﬁhod of claim 31,
wherein the first contro
30. The method of claim 27, wherein each contrcl region
and low-temperature region is defined by temperature

boundaries.

31. The method of claim 27 further comprising adjusting
air and fluid proportions in a first control region of the
plurality of control regions when a first temperature is in
the first control region, wherein when the first temperature
is transitioned to a second temperature in a second control
region, adjusting air and fluid proportions in the second
control regilon.

32. The method of claim 31, wherein the first control
region and the second control region are the same.

33. The method of claim 31, wherein the first control
region and the second control region are different control
regions in the plurality of control regions.

34. The method of claim 31 further comprising providing
an approximate temperature region as a dead-band region in
the second control region for the second temperature, and
controlling the dead-band region to reduce an undershoot
during the transition from the first temperature to the
gecond temperature.



region and the second control region are the sane. 33. The nmethod of claim
31, wherein the first control region and the second control region are
different control regions in the plurality of control regions. 34. The

met hod of claim 31 further conprising providing an approxinmate tenperature
region as a dead-band region in the second control region for the second
tenperature, and controlling the deadiband region to reduce an undershoot
during the transition fromthe first tenperature to the second

tenperature. ;41 rfa. mlﬁﬁoaebﬁoélgimea'%h%ﬂhéerheﬁbrggaagl§baqc&ﬁ ucing the
under shoot by al ternating alr ,and Qrti.ons. he nmet hod

| u pr
of clalﬁp§4UPQ@Fﬁ@POEoP§r?&Fﬁ&nﬁédﬁglﬁée ?H& ﬁﬁ efgﬁégt By dlsabllng an

i nput obrapbrandnan i nput of fluid. 37. The nmethod of claim27 further
conprising conputing a proportion band during t he predefined period,
wherein the roportion band_deter.n nes ropar f_ai fluid
i nput to the3§h @Eedﬁ?FHBg ﬁsagf?%e 5§P§od88mh59w%ng rgdhcﬁﬂg
proport itoe @a@@rﬁ§0@élbw1@@@@Q1HHQE§GOQ§@U¢OOth@léh@@@ e ip@rdt Gfe

measur eFgRtis..

37. The method of claim 27 further comprising computing
a proportion band during the predefined period, wherein the
proportion band determines the proportions of air and fluid
input to the chuck during the predefined period, and wherein
the proportion band is calculated in response to the chuck
temperature measurements.



