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TEMPERATURE CONTROL SYSTEM FOR A THERMAL REACTOR STATEMENT

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT Not Appli cabl e D OF
THE 1 NVENTI ON The processing of sem conductor wafers and ot her

m croel ect r oWOP%EYAponent s has becone of great economi c staishy/marsce due to
the large volune of such circuits and conponents being produced and the
significant val ue associated with them Conpetitive pressures i
dramatic changes in production. Among the nost dramatic chang @@M\!}I@MHMIW
reduction in size of the various features of the circuits and nts
whi ch make up the transistors and other devices being forned. Thi $'66166
reduction in feature size has been driven by the need to achi eve greater

| evel s of integration, nore sophisticated and conplex circuits, and
reduction in production costs LYTLE OF THEANNESTIONt ai ni ng nore circuits on
each sem conductor wafer or other substrate being processed. Even though
feature sizes usedEMPERATERECGNTROL SYSTEMFOR Q THERMAICRBACEOR! ONi C
conponent s have decreased dramatically) additional reductions are
continuously being pursued. As feature size decreases) the inportance of
accurate tenperature control during 0 6 NOv 2002 WD 99159196

PGT/ US99110329 -2 processing increases to even a greater degree. The
tenperature at whi ch STRTEMENICHEGARBING BEPERAINSPONSOREDAt es are
processed has a first order etHSBARCHORDEVHEUCOPNMENN of dopants, deposition
of materials or other thermal processes being perforned. Thus it is

i nportant to have processing equi pnment which can achi eve accurate
tenperature control to neet desiredNbduppliedbledpr ocessi ng speci fications.
Tenperature control feedback problens encountered in thermal processing of
sem conduct or devices can be thought of in several different ways. One
control probleminvol ves matching the workpi ece tenperature to the

processi ng "reci pe" set by BACKGROUNDOF THEINVENTIONNpPri ses the set - point
tenperatures) tenperature process durations) tenperature ranp rates, etc.,
t hat defi ne t helhe\peo@bsingt dfeemigbndoctoc waferstand \ektier midréatecuwerie coroponetther
substrate is to be subjected. This recipe is generally programred by the
user and ilsasdepmmredefigread aconpmicsignificanst due tolthe latge vpluoe of suchgircuityend enent s
needed to produce the end product. Each portion of a recipe can

conveni ent ¢ompsaentheing-nrodyeed and thersigifigant valne assefigtédowitntheph Sompetitiome phase i s
a ranp-up phase wherein the operating tenperature increases or ranps froma
| ower | evebresseres paviedrivencdrpraatiachangestip Prdptighn kmang vhe mese drapatioghangspper at ur e.
A further phase is a ranp-down phase wherein the operating tenperature

decr eases Bihareductipmmesize obthe varipus feptyre of the pipraitaandcempenents whigh make v e
set-point tenperature. The tenperature ranp-up or ranp-down phase is

t her eaf t er Uk {ip tranistars ang) othsndryices beingfenmed d Thig reduesionsin Eeptuee sire Sayhegn const ant
set-point processing tenperature is maintained. Such a constant tenperature
phase i ncl drénea by Sesed ito achieys gseaterdevelsuet inteatmips hmenq esophigtisated gnd

complex circuits, and reduction in production costs by, for example, obtaining more
circuits on each semiconductor wafer or other substrate being processed,

Even though feature sizes used in integrated circuits and other microelectronic
components have decreased dramatically, additional reductions are continuously being

pursued. As feature size decreases, the importance of accurate temperature control during

T
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tenperature ranp ends and a constant or near constant tenperat 06eNGVs2002

achi eved. Constant tenperature) ranp-up) and ranp-down phases nmay occur one
or nore tines in a processing cycle. Utimtely, the tenperature control
probl em i nvoMpoe8/5418¢ h achi eving the desired recipe tenperRETs8%10324d
achieving relatively consistent tenperatures from one production run to
anot her. Wet her sinple or nore conplex tenperature reci pes are used, each
phase of the process may further be conplicated by the introduction of one
or nore suppl enentary processing gases _@r vapor phase processing
constituents which affect tenperature and thermal response. Such

suppl ement ary processi ng gases are typically gases containi ng dopants)
deposition materials or steam Various tenperature control problens nust be

addr essed d?éfce@sh%ghﬁ&‘gﬁks ' REEs %&e,naergfﬂfe. PHStefiPerhtlirel & vihich! @mitBductPe

i ncreasingly stringent requirenents of the mcroelectronic circult

manuf act ur&@ﬁ;%ﬁ{g& Sibstrddd are GYRPRIGhs SAG LR bfdct Bﬂ‘th@di‘%&i&hoﬁﬁ-?&&sd be

subject to tenperature conditions over the entire thernal

pr ocessi NOyebY&lc-of hafelialt BCotdt thetdaBiifocel LMl etibrmed AThAlH 19 AipoRaft Yy et ween
the wafers positioned near the ends of an array of wafers held wthin the

pr ocessi Nonalk pR8GEnd\BRPricRWEEhesh dchietd RaMBE Rirperdiuf@fRs] témedidelited t i ons of
the furnace. There nmay al so be other |ess predictable variations fromwafer
to wafer, @iaRl fecedififeciifions ray of wafers contained within the processing
array. A still further tenperature control problemis associated with

tenperature varfegbiaiife tdrabl REbik FEbIERS ehddBnidled il (RrmANploRlixg dpal waf er
or ot her workpi ece being processed. Heat SUBSTI TUTE SHEE%’ (RULE 26) p 6

NOV 2001 VR RdhaRi@ehéds MadRLAR3R D lin Sevarad i@t My €| GREdthiolPrsbRased about
peri pheral edges of the workpieces is radiated through the processing
vessel . VaniailésOidctimithe Getkpield feRpdrR0rIt tHePréda@ingadcipg@ldd b XRaistienced by
t he peripheral edges of the wafer as conpared to the interior areas of the
waf er. VarTid "@efige Botprised @@ et-poiht hedsherdiires) aahperdtarg Shrotesailratiant ant
shadowi ng whi ch occur fromwafer to wafer further exacerbates this
i ntra-waf efempératateatimphapésnéte Ahdt defingfthe dveral) Ueradl prdcb terahicP EHRGRSFbNY tine S
al so a concern that a thermal processing controller shoul d address.
M ni m zi ngothérautstrare ésteibasubjected. Thié fecipy i gendrally proprantasichyt theusepind-igip phase
tenperative change rate. Conversely) tinme concerns will also increase the
ranp- down ¢epagient @anthe paticulz tighvaa peoceking . reduiremhans seddedatb gsodiite thermer at ur e
change cause greater difficulties in maintaining recipe tenperatures during
t he procesweducofEdch grgioniafra regipb etmveenvenientiy- hepthavght of abitérmz aff itlree phases,
and between stable tenperatures and relatively rapid tenperature ranp-down
phases. Trdifferentophabesy) One phaso irdu camp-up Ipbaserathereina the opsrating eempsmathre
Proportional -1 nt egral ‘

increases or ramps from a lower level set-point temperature to a higher level set-point

temperature. A further phase is a ramp-down phase wherein the operating temperature
decreases from a higher level set-point temperature to a lower level set-point temperature.
The temperature ramp-up or ramp-down phase is thereafter typically followed by a period
during which a desired constant set-point processing temperature is maintained. Such a

constant temperature phase includes a stabilization period during which the changing
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Derivative (PID) controllers to control tenperature. Recentlg, @ mre
accurate tenperature control nodel based on H oo control t &b AQ¥ WHen
described and inplenented in a furnace for use in mcroelectronic circuit
manuf acturi ng. Such control is disclosed and described in International

Publ i cati on WD9B98%531) titled "MODEL BASED TEMPERATURE CGONPRIPRR FOR

SEM CONDUCTOR THERMAL PROCESSORS', which is hereby incorporated by
reference. SUBSTI TUTE SHEET ( RULE 26) 0 6 NO V 2002 WD 99159196

PCT/ US99110329 -5 The latter control systemincludes a preferred node of
operation in which a dynam c nodel formalated through enpirical testing is
used to control the thermal processing cycle based on a recipe that is) for
exanpl e, entered by the user. The dynami c nodel is usually based on
enpirical testing that takes place over a predeterm ned tenperature range.
Thi s pr edetefpafuecraing BRdand &l Eenstamidg Rear Sorisyap tefipdrature ixarbiavddo Coastagnt er ed
about the tenperatures at which the furnace is to operate nost frequently.
Q her manngfpeafurs ahmpip,Nghd fenpptoad efhasesi med ot@fTone adr uhereatnest inli ch t he
dynam c nodel is formulated may al so be enpl oyed. The present inventors
have foundplobating bgladitimately, thé tempefangé eontrohproblemneinvalasibgth shaviggses as t he
actual furnace tenperature or set-point tenperatures of the recipe deviate
beyond t hethpriesited exipe terbetacungsand bdhieging aclgively Thitsistenetemperatuses fighneoneont r ol | er
desi gn about a single predeterm ned tenperature range may thus limt the
use of t hepfodudiatmniteaptiecessi ng reci pes in which the set-points are within
this tenperature range. As the thernmal processing steps perforned on

sem conduct or \¥hathes simpit @trivee compbext terapepsurb eeciperaramsed, emolphasx of the need
arises for accurate thermal processing control across a w de dynam c range
of processpmgess enpdurtieu be somplisgedby thecintaiuctionrd ope vt meke pupplememary nvol ves
the handling of hardware failures during execution of a processing recipe
set by t heprgsassing Fasatiot veponiphase pragespiog aoustiments mihich| affeststempesature exaid f or
tenperature control of thermal reactors drive the reactor to the desired
set - poi nt themsérespamse SuchaBipplerientacy: Proceshing: ghseh ergrtypieally gasescoitaining A gr aph of
the reactor SUBSTI TUTE SHEET (RULE 26) 0 6 NOV 2002 WD 99/ 59196

PCTNS99/ 10¢wpants, gepositipempteniplsorgieam.t j me when the reactor tenperature is
driven in this manner is illustrated in Fig. 1. As shown, the tenperature
of the reactor W%Ssﬁmﬂwr@ﬂ%@tmﬁh!ﬁﬂﬁtmv%ﬂaﬂeﬂdm%bbéif themat procesenper at ur e
controller it is ultimately able to regulate the reactor tenperature at the
set - poi nt . ceOelsyYBere idhis i mees (e dictspsiqelychInsey reguirementsip thetaipragiectipricessi ng  of
t he sem conduct or wafers), or other workpi eces, in_an undesirabl e manner.
Over shoot U meRupering dndustm Sor sragtles pagh iwateqinAdbatah saould s subiggt tete | ng
demands pl aced on therma) . reactor systens by the advanced processing

t echni quesSATESEMPHANFR 5% @PﬁPYeﬁéhesﬁﬁteﬁﬁWB'n%B@Fﬁ‘@ﬁal&c%“‘H%‘%H°H%’s. Anot her

tenperature control .problemjnvolves the handling of hardware failures
duri ng eer?H’PFrBW"o‘fa"BWés B?"B“’céﬁ‘é‘?cﬁdh“rg F’ﬁé’°§té‘1"°‘i)§)g‘fm§ Ui %Pf\.mw&ﬁ execut i on

Censod { onlbPtEROHHL I 2rEGH G et By fomPU ot Welel Pored aLBut i gna s
Lo cont ol PP ELIHR SV APGF P eq beshies o DRRRER BB SPB Whe  Scns il

et enpor TELH B SRR AFaHRer HEpBLEF e FRRRIRA Sbut put &1 gnal s are
control of "t hor Al MEE e A S BB R BRSPS PR and.  hus,
2t onper ai EPLSCERAEPRPSVARER e Mot PRET ot & HouPhirG pocsty o of the.

reactor and interruption of the thermal processing of the
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wor kpi eces. G ven the strict thermal processing requirenents fomﬁhMVINI
sem conductor integrated circuits) this interruption may result in the
conplete | oss of the sem conductor wafers under process. Such | osses nmay be
very costly, womoseieul arly when the sem conductor wafers arcrnse/midsat e- st age
of their processing. Simlarly, such Losses may be very costly when the

sem conductor wafers are large (e.g., 300 mm). A still further probblemis
t he problem of heating elenent failure detection and handling. The present

i nventors have recogni zed that heating qkpnent failures may occur due to
various tenporary conditions and that the heating el enent nmay agai n operate
normal |y after the tenporary condition ceases to exist or is otherw se
rectified. In such instances, the heating elenment may be driven in an

Dr P! el S SR S CTRAB S RSB RTINS,
neat 110 o oHE ey DR bTRER B RPN il BoREER ATTL

t enper at ure_cont r. ol mior a th | .reactor dresses each such
problemin %enaﬂelraéﬁdegegﬁgtthg ceent panrgc%’g?e. m‘%%éé%”l’ %ﬁ%}’ g%ﬁT a("f*&ﬁ\E‘EmZG) 06
Lerper at ur GVETEA " B T bR SR R AT B X Phor mal
reactor is for . _aggf control system conprises a first
tenperaturéﬁg%ﬁfgﬁ%Fgﬁipggbgapp ﬁ@g&g first dynamc nodel to a plurality of
measur ed i nput APEL: 0 first set, of contrql. values. The
first dynamc rm% I slg%éfst{‘egoneglg{gﬁ%{g@“ﬁ"{%t}smedg i m;‘z:oen \E/ ra'é irst
tenperature ] Jy. i yal. . . [ st set of
control vaJ%é%ﬁ%gg%8Fﬁéﬂ¥#$§?ﬁ$§§%g#g%ﬂggkfgﬁégxg#ﬁg%?iﬁégé ﬁﬂ%%&hontro

system al sOpl Blgdt 3 & 1Sff0Ade LEARERA! Wof IR EfE boberkd 1 MBRALES, @ Second

dynam c no ality o asured 1 nput paranmeters to generate a

second set @f eRMHbAbhaeleHBSaERBars ERRN Thor¥RA MG oﬁ%kra&& gl ggd to be

optim zed over a second tenperaturée range to provide general 'y opti nal

val ues for %r_bﬁermms $ehaifthinfh MedpR lemRiaHAS dAVIR the H8ceIRS O RankifisHRGy at ur e
range. The Tirst tenperature range is different than the second tenperature
range. Contgefbee vdnitip &1 sR68ikAM0n PHdsésChhdl teBietn bisbiPieMpbra@rls bt reffefy M Ni NQ
which of the first or second set of control values is used to control the

t enper at ur erapifi tdnipRratubrtmipdovesiatedr . An observer gain feedback the systemis
used for driving the first set of control values toward the second set of
control val ues wWhaiohdlly, S€fiCoduc®@! thérinal @éatt68| haval udeds Prépottidfdlidigrat-ont r ol t he
tenperature of the reactor. Simlarly, the observer gain feedback systemis
used to driDeivafie (BEX)@bsiroi@s toodonted éntperaturea IR¢Cstly, QWi éladchrete ténpefatufeet  Of
control values when the first set of control values is used to control the
t enper at ur econiroitritlel Kagedt FAMH-ofitkol eesiay beesk d@aribed bae nfed@ i d fubrdéees opt i mal
control of the tenperature of the reactor when SUBSTI TUTE SHEET ( RULE 26)

0 6 NOV 200R3r W¥e'iPRlcasitfeSonic circuit manufacturing. Such control is disclosed and described in

International Publication WO098/35531, titled "MODEL BASED TEMPERATURE
CONTROLLER FOR SEMICONDUCTOR THERMAL PROCESSORS", which is hereby

incorporated by reference.
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PCTI US99110329 9 the control output selection switch |ogic sw tches
control of the reactor tenperature between the first and second S|t ure
controllers. Further tenperature controllers nay al so be added Po cover
further tenperature ranges) and the observer gain feedback may be expanded
accordi ngl y.wo sersapeor dance wi t h anot her aspect of the cortrwokyaysbtem the
control systemenploys a virtual tenperature sensor in the event of a
hardware failure of the correspondi ng nonvirtual tenperature sensor. Upon
the detection of a failure of the non-virtual tenperature sensor, the
tenperature control systemautomatically substitutes a virtual tenperature
sensor in its place he has a control sySteminput. The virtual tenperature
sensor |l ogic receives one or nore neasured input variables and applies
these input variables to a dynam c nodel that correlates the neasured input

bl | h ;

e e o AT B
d ted t.h t In.t . .

procecs:nd PR TR RHLl B By Tk, FEERMUP BFHRbr o oo

that are ul

accor dancé récezﬁtg%%'é F#ﬁ? agglggthrgtggg{gtex%pl tefe%ng\é?e;esur e ?ﬁ'{a%“‘: system
the. contr Qhedl B BIANLD oRI8 VISRt B0 900 Skl e (42 gctr&{eymggis - Such

| ogi c assi's 1€ "n over furt her ~ass

sty 12 i . RE BBiagl, tHRcAAC e ?E’% ARERTE o ot 11
Further a55Ek Gl HE AARSKALYLFich 001 e VS BBl BRARAE, o o <

provi ded w hat sw e systemin

t he event f ns t he

i kel ;/hood’? JHP&F 82%41%&#1&{ ﬂle pger?tQt ??%b%qte S#ﬂ@g aboxf I eégletéIL :akéﬁce%égeﬁ of the

f | f | ts. SUBSTI TUTE SHEET (RULE 26 06
a NOV 7. ~0- f?/@)pgaé%%ﬁ&g%%@y BRI PTI ON OF THE SEVERAL VI Ef/\S oF TH)E

DRAW NGS PCT/ UgRdh Qe %vEﬂt&s havel fSurR 8t %U’ac&iraé’ CAG Digle controller desi

t enperat ure-versus-time illustrating the tenperature overshoot fhat

conmonl y  Qfegrddss u&hmtlﬁrmﬁfaceaéﬁapérﬁﬁmf @1-Poif tERptrdties SRS RBPe adviate 1A 1S @
side elevational view, partially in section, of a thernmal reactor system

beyond the predetermined temperature range. The use of a single controller design about

a single predetermined temperature range may thus limit the use of the furnace to
processing recipes in which the set-points are within this temperature range. As the
thermal processing steps performed on semiconductor wafers and other substrates
become more complex, a need arises for accurate thermal processing control across a
wide dynamic range of processing temperatures.

Another temperature control problem involves the handling of hardware failures
during execution of a processing recipe set by the user. Traditionally, temperature control
systems used for temperature control of thermal reactors drive the reactor to the desired

set-point temperature in accordance with a linear ramp function. A graph of the reactor
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that may be controlled using the tenperature control systen1of(¥§ﬁgwqm?ent
invention. Fig. 1Bis a side elevational view) partially in section, of th
thermal reactor systemof Fig. 1 A during nodeling and characterization
usi ng thernocouple instrunented wafers. Fig. 2 is a bl ock diagram

il lustrati ngwepsaserred architecture for an overal |l controglussyszem t hat

i ncludes the tenperature control systemof the present invention. Fig. 3 1is
a schematic block diagramillustrati ng one enbodi nent of a process
sequenci ng system and gas interface that may be used in conjunction with
the control systemof Fig. 2. Fig. 4 isgq logic fl. owdiagramillustrating
operation of a tenperature control systemconstructed in accordance with
one enbodi nent of the present invention, Fig. 5is a logic flow diagram
illustrating operation of a controller enploying Hoo control 1ogic wherein

the Controk%ﬁ%mmy-v?ﬁﬁr&é%ntt& A5 b %{anwﬁ e i‘r’x%fggﬂ&is fﬂu%aa%d 6is a

| ogic flow ramillustrati ng operation of one e I ment o
g g g op
aVi ; SHEET
E%ULEr gg;” 2 A t 9 1 PCTI US99/ 1 3r =12 Fi g. I's a graph
TE 56 T BRat LR BRL ARl BRI e R hoip T

illustrati ’Bgfo&r&ﬁ% %@g@hﬁ%&fx‘f@ﬁer gfim#}nz&rg%fqupe&ya&%é %9ct§ﬂ%gé??rb!rebe applied

to the i nput of the téenperature control systemto limt
t enper at ur saRt b RdshBot” o Jaﬁ‘tgpl ALY RertldR hfor el S @ graph
illustrati Etg&é%gﬁb?r%erﬂg%od? rr%n'?é?(;?ggﬁ nodi ?i ed ra?rp fgﬁgﬁsiﬁogot gt may be

applied togdie,idiabl waferd NE SRANRKYIREs, Gh doNEndeSABR' Abitef COREHGS Systemto
limt tenperature overshoot during a ranp-up tenperature phase.

becomes particularly problematic given the ever increasing demands placed on thermal

reactor systems by the advanced processing techniques used in manufacturing sub-micron

semiconductor devices.

Another temperature control problem involves the handling of hardware failures
during execution of the processing recipe set by the user. During execution of the recipe,
the temperature controller generally relies on one or more sensed temperature inputs to
generate the requisite control output signals used to control the power supply to the
heating elements and, ultimately, to control the temperature of the reactor. When one or
more of the sensed temperature inputs is inaccurate due to, for example, a hardware
failure of the temperature sensing element, the resulting control output signals are
likewise inaccurate.

Temperature control systems used for temperature control of thermal reactors may
shut down the reactor operations and, thus, discontinue execution of the recipe upon

detection of a hardware failure of a temperature sensing element. This results in a

complete shutdown of the reactor and interruption of the thermal processing of the
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Fig. 9 is agraph illustrating a still further enbodiment of a nodified
ranp function that may be applied to the input of the controller of t&g
tenperature control systemto |imt tenperature overshoot duri rﬂﬁﬂW -up

tenperature phase, Fig. 10 is a graph illustrating the effects of m ni num
ranp val ues wowhBe9shape of the curve shown in Fig. 9. Fipcriashsams2a | ogic
flow diagramillustrating operation of one enbodi nent of a tenperature

control system having virtual thernocouple logic. Fig. 12 is a logic flow
diagramillustrating one enbodi ment of the virtual thernocouple |ogic
suitable for use in the overall systemillustrated in Fig. 11. Fig. 13 is a
control diagramillustrating one enbodi nent of an el enent control node
logic circuit, which enploys a spike controller. Fig. 14 is a control
diagramillustrating one enbodi nent of a base control node logic circuit,

Soch SR o 5 B s Rl
% 12 A0l s WHARAL L KDL D20 SR IR e duiaoric |

controller .k & Lgﬁrﬁ%oce@{??ng&ﬁ I%Psiei“?nagoﬂé r\%HOf%gf}Etfahﬁul wilghOgne 16 1S 2

control diagrami tra one enbodi nent control node | ogic

o G 19 one . . i troll
ey RSy O SRS S AREIEBET 2

26)

-

be very costly when the semiconductor wafers are large (e.g., 300 mm),

A still further probblem is the problem of heating element failure detection and
handling. The present inventors have recognized that heating element failures may occur
due to various temporary conditions and that the heating element may again operate
normally after the temporary condition ceases to exist or is otherwise rectified. In such
instances, the heating element may be driven in an improper mannt: to the desired
temperature and thereby damage the workpieces that are being processed or result in 2
further failure of the heating element (e.g., over-temperature condition).

The present inventors have recognized each of the foregoing problems and have
set forth herein a temperature control system for a thermal reactor that addresses each

such problem in a unique and efficient manner.
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0 6 NOV 2002 WO 991 59196 PCf NS99/ 10329 - 14 DETAI LED DESCRI PTI ON @: 'ﬁﬂg@
| NVENTI ON A tenperature control systemfor a thermal reactor is g ;d
t hat addresses the probl ens noted above. In accordance with one aspect of
the disclosed control system a plurality of tenperature controllers are
enpl oyed. Easlo $9mpper at ure control | er enpl oys one or nor epdyvsamia2aodel s
that are optim zed for a given tenperature range. The tenperature range
over which a particular controller is optimzed is preferably generally
excl usive of the tenperature ranges over which other controllers of the
plurality of tenperature controllers aregoptimzed. As such, nultiple
controllers are avail able for control of the reactor tenperature. Which of
the nultiple controllers is used to control the reactor tenperature may be
dependent on one or nore input paraneters to the tenperature control

system Each of the controlbgpg:%@ﬁ$§g€fopq§ﬁgmﬁﬁﬂgqbﬂ to the feedback

| ogi ¢ that couples the nulti ers to one another. The observer

gai n feedback | O,Q.ke pefitle &nfr&%a&&ﬁ'?dfr%letf‘oﬁlingg%quxhyéér&mtero?g Knel B8 rQifoput of the

controller that is then §6I ng used to cont reactor tenperature. In

accor dance Ws%t{}gﬁﬁ?’g%?%m B ooftfol LRRCRRRHA o 51 ttBerat € cfilier Bhay SYST M

enploys a vir rature sensor I n e event o ware ftailure of

the cor r espaibdd P Blahls %dggrgorewgnaﬁgr& AR inpdeRRANEAR HELRAM N OF 2

failure of e non-vi rature sensor, the 'tenperature control

System aut ofRt Lk bRk 0AA! e eyl oad STRRHALHEANBAAUpubed o, Pl 2CE

as a control 'systeminput. The virt t enper at ure sensor I'C receives
one or nore S ' i akl j ' vaki.ables to a
ynant ¢ oSl treiet SoRERe R PR B b NIRRT TR bl B 5B 551 o6

- 15 PCTN599 1 Q3P 0a16 dvet fHeSfistl ifipdRARUARE, THE WmpdAhird BRI bk Yisg t ual

t enper at ure sensor output val ue Fhat apprOX|natég the val ue of the

non-vi rt ual it RENEE ALdhe 18RRI YaHRNer A FRNA § isQdad idpRliniatnifdelol 4 he
measured input variables. In this manner, execution of the processing

reci pe may gaplily“eEméasdted mﬁlﬁe&ameiem th gentPard b IRBAI B oBUrKBI CARS. THat are

ultimately ruined as a result of the hardware failure. In accordance with a

still furthgicoms®mghicthodeNs d'bﬁgﬂé@rt@t)élbﬁtinﬁﬁatdv@:la&ﬁéﬁd&%rérﬁtﬁre(‘rﬁ’@:rt@' system
is provided with virtual thernocouple logic. The virtual thernocouple

| 0gi ¢) uponp@eide Genepdllyodptiinaieva i for e @dcofd St QF cHfdfob VAR VeC e Rbdndlevi ces,

is effectively substituted for the failed conponent. This | essens the

| i kel i hood tmpkatise ahgd MEhedmititéntpelatire Fangd is\iiffdt¢at €@k $hel sdcdnb @ertpétafire Of a
failure of one or nore tenperature sensing circuits. In accordance with a
still furthenhgagpostedl oofput sblectior spieshabgic & peovided &dr dergmiieing which ofthafirsol system
is provided with control logic that switches the control node of the system
i n the evenotr &tora skofl conte! silua ihesd ity gpnebletve remperAmed of, the thesnal esgems t he

| i kel i hood of |loss of the entire batch of workpieces in the event of the
failure of Anebsarvemprie feedbdck nihe efsemeintused for driving the first set of control values

toward the second set of control values when the second set of control values is used to
control the temperature of the reactor. Similarly, the observer gain feedback system is
used to drive the second set of control values toward the first set of control values when
the first set of control values is used to control the temperature of the reactor. Such

observer gain feedback facilitates optimal control of the temperature of the reactor when
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All of the foregoing aspect of the present invention may be conmbined into a
single tenperature controller. Alternatively, these tenperatur§6$m? m@
system i nprovenents may be incorporated as individual elenents ﬁ t
reliance on the other inventive aspects disclosed herein. EXEMPLARY
TEMPERATURE wONMIR@sLER SUBSTI TUTE SHEET ( RULE 26) 0 6 MOVURGNR2ND

991 59196 PCT/ US99/10329 -16 Fig. 1 Aillustrates one enbodi nent of a
thermal reactor system 10 that may be controlled using the tenperature
control systemof the present invention. The thermal reactor system 10
includes a thermal reactor 12, Al though the reactor of Fig. 1 Ais shown in
a vertical orientation, the thernal reactor 12 can be oriented horizontally
or vertically. The thernmal reactor 12 includes a process tube 14 defining a
react or chanber. The process tube 14 is preferably nade of quartz, or
silicon carbide, .In. the |IJust t ed. embodi process tube is in the
general  shH}5e"OBIOlOHRE ISEGTHD |5 H%’ fgﬁaWﬁg "h?)l ?f]@ﬁde%ratﬁrapeﬁ ®a length
whi ch exte s_al.on substantial |y defi | ongi.t udi axis. The
thernal  r eltresh 8 Bl 154 *et“ﬁef%m s Tl Rt P BPeR R . 18 wni ch
inserts or re a maf |nt or f the S tub 14 Mor e
parti cul ar F&? E’Dﬁ@ oat 1 oa S e” rﬁ‘gﬂl Heriaes " tﬁe cg;'ﬁ 3883t°%§?1°“ nd a door
portion 24 able unth t he support portlon and which cl oses the
open end o FOtess tube 14 when the support portion 22 is inserted

h h
{ELZ ioiEPESSﬁfﬁﬁéaFﬁt%ﬂﬁaﬂ?@% oA bl @l pitply %‘@aﬁﬁ?%gvﬁéﬁ%‘?t%%évfidp{ﬁg o
0
ol ur al ?tyeé o‘a S8R e o %’xéﬁgF? Ef?f%*‘g 9fﬁ° eOHSTRERAIDE a9 ' con
carbi de, T{e&iﬁtﬂ'@genaaq Ug&t mgrdet&gi thgg%fllure of lt!ﬂ’e Intv%tugl ter% lﬁ‘!t@gg waf er s

?Flug??a52Ch e Suphor pIura ¥ d and the
boat s of g‘t‘"er S g%mgée}%uérf\aéﬁn%[ %ggﬁnaam?g ]9?5%@] é?'@glr{n%cg agﬁ??e or wor kpi ece

99I59196
Ing(':I)';: Egglg/n %@&ﬁ%it}éﬁ %ﬂ?’ﬂ‘ﬁ@é’@?b@ﬁ nasp mlng%igﬁ%kégglgﬁéggt& ér‘r}gr e heating
el enent s 3Q; {nﬁétnheatl nfgﬂgYatleﬁes%&) §§s tftéépﬁlpaték/andbus }lJ't?déy’nLrHﬂ%Jd alt

]gxp[aﬁc? Cla a

enbodi nent, enment 'S an ectrlca I stance heating coi
or coil's exianisnik HeRRed bt taﬁmtsttoodfvm@t tena,r%tkgﬂmtuert allel to
the length of the process tube . The eatl enent 30 1s preferably

subdi vi ded aigGnaesRhéNaRlelok Yhe Abn- ﬁ&%tﬁ%&@ﬁtt&htﬁb& Sniifdsiftkate@nesS 32 by,
for exanple, providing connections along the coil to divide the coil or

coi | s i nt 0b§ eRAKALRYinHRVhriddlek Al this 2QARS, exdiBor? KBS pREQsihd) RBips GRT at el y
control | abl e by supplying power to opposite ends of each zone associ at ed

coi | or poesrtimie M threbR iGR theG@inber ofPSRpiEtRS thitGed Mdrhitely Afned BO¥RsiItbfFi 0. 4,

the thermal reactor system 10 includes high current voltage transforners 33
and sili cothedardivireltdilagt. rectifiers (SCRs) 34 for controllably applying power
to each of the heating zones 32. Ceram c insulation 35 encases the heating
el ement 30. Thelni &36atlantd oith eVl efbrtlied aspeét! dfahe RRPerafultesonirslesystemett heat
toward the wafer array and, further) serves to provide a nore uniformlayer
to m ni m zeorwehtysfelnuis prévided tvithnehhanieedy rafnpowajdciosy [PRIRC ESifsh NELiA SR - in
Tenperature feedback and/or inputs for use in controlling the processing

t enper at ur efoviding overshooe controloand Afurthee assistst inGtabillkihg €3 ovaralpbperatiba bythef spi ke

t hernocouples 36 and a plurality of profile thernocouples 42. Thernocoupl es
as the termatter. used herein enconpasses a variety of tenperature sensors,

i ncluding the nore specific neaning of thernocouples. Alternative
tenperature sensor constructions are also intended by the use of the term

t her nocoupl es.
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The spi ke thernocouples 3 6 are placed at a suitable | ocation, suc

bet ween the heating el enment 30 and the process tube 14, to neasure the
tenperature of the heating el enent at a respective zone. The spike

t her nocoupl e®036s5996e t hus spaced apart along the | ength ®CTURY/IBB&LI ng

el emrent 30, at |east one spi ke thernocouple 36 being |located in each of the
heati ng zones 32. The spi ke thernocoupl es 36 provide the nost specific and
responsi ve indications of the tenperature at or of the heating elenents in
each of the heating zones. The profile_ ﬂpernncouples 42 are di sposed al ong
an elongated profile rod 40 and are supported in a sheath 38 that extends

i nside the process tube 14. The sheath 38 is preferably formof quartz or
silicon carbide. The profile rod 40 has a Iength paraIIeI to the Il ength of

heat | ng. zones. a2 SREns W o A RO B STPRBNE, BRI B opE
her mocoupl ol s e Wiy B s (o &V 8oL W P lne W28 r”s%znand pr ovi de
Fospoct | ve RAL R TBEEr e enen, ty“ B PdbrsR B o i R e or

Shoe t ot b of BREPKRS g il %‘A‘f?%%°§‘fsfﬁgfem%¥§éw%§§8tS{e "o I

i nstrunmented wafers 44 during nDdellng. These thernocoupl e i nstrunment ed
wafers 44 are uniformy spaced across the wafer |load 16 to provide an
accurate measurenent of the actual tenperature of the wafers 28. Each of

t he exenpl ary thernocoupl e instrunmented wafers 44 includes a silicon wafer,
and two thernocouples 46 SUBSTI TUTE SHEET t HULE 26) 06 NO YV 2002 WO
99/ 591 96 PCT/ US99/ 10329 -19 bonded to the silicon wafer: one on the edge of
the wafer, and one on the center of the wafer. The thernocoupl es 46 of each
instrumented wafer 44 are bonded to the silicon wafer, such as with a
ceram c adhesive, to provide accurate tenperature neasurenents. The basic
structure of the thermal reactor system 10 nay be enhanced to expand its
applicability to a wide range of mcroelectronic circuit manufacturing
processes. For exanple, the thermal reactor system 10 may include a gas
delivery systemor gas panel 48 for controllably injecting process gases
fromsel ectabl e gas supplies 50 into the process tube 14 to grow, diffuse,
or deposit material on the surface of the silicon wafers 28. The gas panel
48, as shown in Fig. 3, includes valves 52 and mass flow controllers 54.
The mass flow controllers 52 are used to neasure and control flows of
process gasses into the process tube 14. The thermal reactor 12 may further
include a torch 62 internal or external to the process tube 14. The torch
62 is used for wet oxidation processes by burning a ratio of hydrogen and
oxygen to produce steamin the process tube 14. In accordance w th anot her
enhancenent, the process tube 14 may be pressurized for |ow pressure

chem cal vapor deposition (LPCVD) processes. As shown in Fig. 3, such a
thermal reactor system 10 preferably includes a pressure controller 56 and
a baratron or other suitable pressure sensing device 58 which neasures the
pressure in the process tube and comruni cates the neasured pressure to the
pressure controller 56. Further, in these enbodi nents, the thermal reactor
system 10 may i nclude punps and val ves 60, in SUBSTI TUTE SHEET ( RULE 26)

SUBSTITUTE SHEET (RULE 26)



0S ~ 0 ~ zooz WD 99159196 -20 PCT/ US991 10329 conmuni cation with the
pressure controller 56, that are used to achieve the desired preg$ug nm
the process tube 14 for the LPCVD process. Control of the operation of the
har dwar e descri bed above is preferably achieved by interfacing the hardware
with a progragembhe control systemthat is suitable for earetssmngand
executing a user programed recipe. Wth reference to Fig. 2) the thernal
react or system 10 includes a control system 64 for controlling the
tenperature and ot her processes in the thermal reactor 12. The control
system 64 is preferably divided into tw@bsubsystensz a process sequenci ng
subsystem 66 for accepting and executing a process sequence, and a
tenperature subsystem 68 for tenperature control in accordance with the
process sequence. Both the process sequencing subsystem 66 and tenperature
control subsystem 68 follo . j lypes that, for exanple)
are entered through user |W€%&%%§ﬁﬁ%t ed enbodi nent, the
process sequenci ng subsystem i nci-ude i ocessor that interfaces with
random access nenory 72, a progranmmbl e EPROM 74 that stores controller

l ogic) a plural]

anal og i nput an ‘Igg&'?{)ﬁ? ) ;9%1{54%%%@%” O‘gegsﬁ%@?g!ﬂﬁﬁns%%gééggﬂl&r%h%{ 3|r :alt iyt ;)f

f ial i t t pyut ch | s, 80, f | t icati

oy e+ noichEsteor i oSuBi o AR fiobh bferfit GhBR s tR{D I ) Cone M car ' O

interf | d) th L nt.er.f 8 he di | d

ebodi oont comfis ARS i devhitat BEL paflSih S6forl e Pinchh BeBCLERR
Yot . e, th

Can ot e et AL b Gl R RpE Rk ol Dad G B FEER e iEhD™ | 1E HOCT

can define er pressure,

2002 VIO 997 soLoB bkt s ebTE VB il Bikbn Crusily kPl 0
cont rol 3" e TR ALBALANES ol 1Bt SODSIALUEAEARAL AL iSHATUBLGIAS oo fnput

Q ..
par anet ers f are tenperature con subsystemto inpl enent

the tenperat ureffgomsrpi,lo g@hfni? R&rafif}Ce fréteiRarchitBinge G TODERPLIEH

. il
capability is illFustrate he 87.7 I'n the disclosed enbodi nent, such

par anet er s sCoMp i Sfici@es Ihe Rfperh{l® chRfPG5tah UF fe feleRQhRhfontNt ered by the user
for the reg?pe. As notgd gﬁ%ve) t he tﬁérnal ?égctor syé%en110 may i ncl ude

enhancenents, siggh3as aAscHaatie YidoK Wfiagrady HuSMRN SO EmTIRRE b8 a GRGIeis0! System
that nmay be used for filmdeposition or the I1ght. Such a system nmay

i ncl ude t heegRRAdifOys@MSind Bab Mi@fEAGEt inky b hiledlie dodjihchibdwit® thehetntrilr ovi des an
interface between the process sequenci ng subsystem 66 and the hardware of
the gas delsyyén ¥rmy st em and/ or pressure control system As shown in Fig. 3)
a gas panel interface 144 is connected between the gas panel 48 and the

process sequenciFipg4 sUIos lewdRgram TRwrgiag ofadiich of NempértaR cadfdrbl Bisem des t he
control system64 with an interface to communicate with the mass fl ow

control | er sofdructbdil aBedaica it DndetaboliiiRntiohthe praseht idvensod, er nal torch 62) the
pressure controller 56, the boat | oader 18, etc. Further, the gas panel

interface 104 ngg bAch WER MRwadifdrin Akitialing0dpeRadildrad eonfrélfet expibylhEHOCKs f or
the thermal reactor (e.g., to ensure hydrogen flow with a proper oxygen to

hydrogen r ajhtfol lc%i% wiRfeitfthe @nirbIRMRay BSR4kt dIEonktRIcGHe §dem@F Figl4, The tenperature
control system 68 controls the tenperature within the thermal reactor 12 in

accordance W t hrg WSR2 RRINAMIRGramelihBeting [SHERAR bE bRe EABSdiRent iof apr ef er ably
based on dynam c nodeling of the thermal reactor 12 in which desired

t enper at ur Gefpeddtr® control system having temperature overshoot.
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are nodel ed based on neasurabl e system paraneters. In operatiomGNWkﬂmkcipe
conprises tenperature set-point values that are used by one or nore dynam c
nodels to drive the thermal reactor 12 to the desired tenperature state.
THERMAL REACWHgRd9HSYE NG MULTI PLE TEMPERATURE CONTRCOLLERS Véttuseedmzeence
again to Fig. 4, the tenperature control subsystem 68 receives at |east two
i nput signals for each predefined heating zone: a profile thernocouple

i nput fromwhich the tenperature at the profile thernocouple for the
respective heating zone may be determ ngd, and a spi ke thernocoupl e input
fromwhich the tenperature at the spi ke thernocouple for the respective
heati ng zone nay be determ ned. These profile and spi ke tenperatures are
provi ded through a thernocouple interface 130 as illustrated by |ine 215

and are used I N eEORiUNELIQilgthihb ohd indo BIHRAY d¥a WoRARE Fanfi0uAkioh IttheyAl |1 e 13

5 to provide one ~or heat1 ng el enment out put contr val ues at” lines

140. The O%%u@@w bl in @l dtaRe Bnblidiest &éqeﬁe&nﬁygel.&&%gaantt QinjinPut of a
ene ne

heati ng el s control "1nterface 145 and are used to control t
el ectri cal t,”y)%n" 1&?@& hbSt dSAHRRI bmbdritGe pild tO respective heating zone
el enents. SUBS E BHEET %RLrJL %)mb 0 6 NOV 2002 WD 991 59196 :
PCT/ US991 10329 g3g i Heradh iinlstrtiph b Ririer GRBIRRAE nfdifle I PA RiRkioR that NE
tenperature contr%gl su s}?/‘stem 68. As shown, a plurality of rrult?)\z;ttari abl e

control | er Smagesei %ﬁuemdm&g@ma&qh@wamﬁ@f tHertpeRdurt R6ntoP WsteR o8t |96, 98,

and 100, is ed) preferably based on one or nore dynam c nodel s

derived frgq bednobt@tingd@hdp-uf tBfp @R PR cont rol accuracy over a
predeterm ned tenperature range that is generally exclusive of the

tenperature rangg Qﬁséggphqnmaing%ﬁu Rirth&embodiRert ¥ £ neBifled FAPIARLdLT 96 1S

designed for optinmal ténperature control over a |lowlevel tenperature

range, conthQlla9ibe Aplied tt8S B BEhE S8ntBNrlof e 1dnPRRRFALMES sGREH fQimiOVer a
m d-1 evel tenperature range, and controller 100 is designed for optinal

t enper at ur ermgurinire bveédshebt darifyi athing-ep ehpéraifeghat.ur e range. Al though the
tenperature ranges for which the controllers are designed are generally
unique, it wll Fipe10ieaeeph diedralityake efotRofmaimuaitanp vilhes oh BleRIRpabIKE I anges
may be desired. In accordance with one enbodi rent of the system the |ow

| evel tenpainiedh®vniaBgeo.may be centered about 500 degrees Cel sius, the

m d-| evel tenperature range may be centered about 800 degrees Cel sius, and
t he high-1evel tFgmeriatuogc flawgiagramy illusratieg topératibn adfoiie ehdofimemaifaes

Cel sius. The range over which each controller operates thus extends roughly
+/ - 150 degrtereperaiye odntriohsystere hiving viraalgbertnecpple &igier e.  Each of the controllers
96, 98, and 100 is constructed using robust optimal control theory with
enpirical |y der iFiged2nisdellsgiofflowhdiagram niflestratingd omo ekpodimes dfhthe virtuel t o be
heated. More particularly, in the illustrated enbodi nent, the nultivariable
cont r ol | er sh@@ocaugle legirdsuitble faruse ip theforeralbsygtemalhstrateddn Eg. Uisi ng H I nfinity
control theory. One manner of deriving the nodels used in the controllers
96) 98, and 100 Figs 15ista cowrol diagram D9BLBSGE tmbodireeht afemeemeitscoBtdBBSEETUTE SHEET
(RULE 26)

logic circuit, which employs a spike controller.
Fig. 14 is a control diagram illustrating one embodiment of a base control mode

logic circuit, which employs a profile controller and the spike controller of Fig. 13.
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WD 991 59196 -24 0 6 NOV 2002 PCTNS99/ 10329 disclosed in that application,
each controller design preferably enploys two dynam c nodels. One of the
dynam c nodel s rel ates power inputs to spike outputs and the @FNQWQNMDde|
rel ates spike inputs to profile outputs. However, it will be recognized

t hat ot her nmdo%%a9e abl e control | ogic designs may al so RETASeU1032ZPhe
control logic flowillustrated in Fig. 4 is generally independent of the
particular control theory used to design the controllers 96) 98, and 100.
The only general requirenent is that each controller 96, 98, and 100 is
capabl e of generating an accurate contrpd- output based on one or nore
nmeasured variable inputs. In the illustrated system the variable inputs to
each controller conprise the set-point input and one or nore of the
tenperature data inputs indicative of the tenperature detected by the

t her mocoupl es 36 aBgs febntrditfigfatlitReitihk ohdébodinfehOM dgeines adnkryl thétle! 0gi C

bl ock form at 15%, hol ds the set-point tenperature value that is to be
attai ned. TdpicScinait, WehidhSenthidyS b Wate dorivlldri@e prdfilel @uiréller 6EEP 4, tahdthel S bei ng
i npl enented by the system 10, and is concurrently supplied to the input of
each of thepigdenfréllet 6Fg 96, 98, and 100. Simlarly, each of the controllers
96, 98, and 100 concurrently receives a plurality of data values indicative
of the tenperat pige16uah bdFroldigfaaillirating@né RYIITALIEH 2t cdftral Afbdé Rgic The
set-point tenperature value and the thernocouple data values are applied to
a dynam c rRefl whicts afslbys\eebiyhodHRaE tattr6ilr, Wh frofila ebnuodflertdf @igt ontan®@tieer s 96)
98, and 100, to generate respective output control values, generally

i |l ustrat edpiké conirélRBofFeE) 15.16S, and 170. SUBSTI TUTE SHEEP (RUL. E 26) 0 S
Nov 2002 WO 99/59196 PCTI US99/ 10329 -25 As noted above) the dynam c node
used by each controller is optimzed for use over a tenperature range that
is generally exclusive of the tenperature range for which the dynamc
nodel s of the other controllers are designed. As such, the output control
val ues at lines 160, 165) and 170 provide three potential solutions that
may be used to drive the reactor 12 to the desired set-point tenperature.
Only one of the three potential solutions, however, nmay be optimal for a
gi ven reactor condition because the nodels used by the controllers differ
from one another and are optim zed only over a predeterm ned tenperature
range. The tenperature subsystem 68 nust therefore sel ect which set of
control values is to be provided to the heating elenent firing interface
145 to control the heating elenments and, thus, the reactor tenperature. In
the illustrated system the selection of which set of control values is
provided to the interface 145 is executed by control output selection
swtch [ ogic, shown generally in logic block format 175. As shown, the
control values at lines 160) 165, and 170 are provided to the input of the
control output selection swtch 175 which, in turn) swtches one set of
control values to a control value output, shown generally by |ine 140,
based on predeterm ned selection criteria. The selection criteria are
preferably based on neasurabl e input values that indicate which of the
dynam ¢ nodels used in deriving the controllers 96) 98) and 100, is optim
under the given conditions. One of the criterion that may be used by the
control output selection switch 175 as a basis for selecting which of the
control values is to be provided to the heating elenment firing SUBSTI TUTE
SHEET ( RULE 26) 0 6 NOV 2002 WD 99159196
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PC f1US99110329 -26 interface 145 is the set-point input value at 135, As
shown by line 135, the set-point input value may be provi ded as %H“Nnmmt to
the control output selection switch 175, Wich set of control vgl es
illustrated at lines 160, 165) and 170 is provided at the output of the
control outpwowsdiecti on switch 175 thus depends on the paEITIUSEIM03R9
tenperature set-point input value provided at line 135. In accordance with
one node of operation) switching |ogic dependent on the value of the
tenperature set-point input value may involve allocating upper and/ or | ower
set-point tenperature threshold val ues o each of the controllers 96, 98,
and 100. For exanple, the output value 160 of the |lowlevel tenperature
controller 96 nay be switched to the output 140 whenever the set-point
tenperature value is below a given threshold val ue, TLow,. \Wen the
set-point tenperature value is above TAW but below a further threshold

val ue) TH gh the set of control values at 165 of the m d-|evel tenperature

controller 98 may be sw behgfl BPpESErRPHONOF T INVENTIONR! Y. When the

set-point tenperature value is above TH gh the set of control values at 170

of the hi gh-1evgliharRat dtbPsysr@ biOd Iherall RecdraY didflostdital RRIELsdeP tHehe OUT put

140. In this exanple, the value of TAWis preferably chosen to be close to

the upper P%Rﬁ{s%téﬂ @R 18CacE S ianvd v ohe Bp&ty BEUIE QisBBE cortf ystavh, lahe
| ow- | evel tenperature controller 96 is accurate and/or optinal.

Al ter nat i veluyalityst réperfidh tdn@Bllels af WPIRNA. BEHCBRS@urk @omué‘rle%sf; het he | over

tenperature val'ue for which the dynam'c nodel used by the mdl evel

t enper at ur gr ;BRI fnodeh tha aﬁ%ﬁﬁ@éﬁo%éﬂﬁenﬁ@ﬁhﬁ@ﬂm%&rhﬁe iéﬁxraéiﬁm@f THi gh,

is preferably chosen to be close to the upper tenperature value for which

t he dynam ?an%@gﬁalr wHRR o pi¥culdd BorrfRP I oplithEe b iBfeR b [F deferdfexcludve af 8V 200z WO
991 59196 PCTNS99110329 -27 m d-|evel tenperature 'controller 98 is accurate

and/ or opt idiiperand¥ faBda dhérwlich diiF dd&o@é@éﬂtﬁ@@ﬁmﬁti& Eehperdiaie dfrgHB@sen to be
close to the | ower tenperature value for which the dynam c nodel used by

t he hi gh- | exebptingraper Ak Widh, aRfipleOtdn@bllelsOfte i svaiRBIE LR kEntNAf e reitkdrmal .
Anot her criterion that nay be used by the control output selection switch
175 as a basmipershos BRldhGE e gnuiile bontrellerstif ukans tatroV Ak WaStor femp@at@ provi ded
to the heating elenment firing interface 145 is a thernocoupl e tenperature
i nput val uenagbe deperizhtan oby/orainee mput partueeter to thetempeeatire cap] ysemOEafid 42. As
shown by line 180) the thernocouple tenperature input value may be provi ded
as an i npubf the dohteollessnih¢hades obsepyert gadretoetbd feadbaskMogic thdt Zouplddlthe ulsiple Of
control values illustrated at |lines 160, 165) and 170 is provided at the
out put of tiveroliemto @le aomitep LiThesbbepet paimfeadbadkdbgid cabses heontaiarudgpuion t he
particul ar thernocouple tenperature i nput value provided at |ine 180.
Pr ef er abl y track thbyestpa ofthptosirolieuthit istbencbemp nded td doetroitieoesplostedpaarat. Fi g. 2,
di sposed proxinmate a m d-portion of the reactor chanber is used to provide
t he t her nocoupl b acenmgracewvithvapothermsgectod the eontrbhsystem,abe gineel syktempasgayspr oxi mat e
the md-portion of the reactor chanber tend to provide tenperature input
val ues t hat virtual temperaturecsensat invthe eventt ¢fe hardwarecfailures ofpthe atrraspondiog os t he
entire chanber, In operation, switching | ogic dependent on the value of the
t her mocoup Vistualetampsratung rsensrn fipon yhgl detectionof & failutevaf thd hapeviriahgmperatprer at ur e
ranges over which each of the controllers 96, 98, and 100 is to be sel ected
f or out put sensér, thitemprraturesonirah bxsteimaptematicall usubitinés cavires! tamperatwe seasarr e | yi ng
in a range below a given threshold value) TAW the set of control val ues
avai | abl e &t itsipaceads acomrol systeinanpl. Thermrmlaempesatare sinsay|logia re@hvesrane dse swi t ched
SUBSTI TUTE SHEET (RULE 26) 0 6 NOV 2002 WD 99159196 PCTNS9911 0329

more measured input variables and applies these input variables to a dynamic model that
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-28. to the output 140. Whenever the thernocouple input value indi cagl a
tenperature lying in a range above Taw but below a further thr eshbINg 3@“2%,
THi gh, the set of control values illustrated at |ine 165 of the md-|evel
tenperature controller 98 may be switched to the output 140. Simlarly,
when the thewoogsupd e i nput val ue i ndicates a tenperatur eedrnspyioRsi n a
range above THigh,) the set of control values illustrated at |ine 170 of

t he high-level tenperature controller 100 may be switched to the out put
140. In this exanple, the value of TAWis again preferably chosen to be
close to the upper tenperature value fopswhich the dynam ¢ nodel used by
the lowlevel tenperature controller 96 Iis accurate and/or optiml, but my
alternatively (or in addition) be chosen to be close to the | ower
tenperature value for which the dynam c nodel used by the md-1evel

{ eMber At Ur GofiQkd Bb bfihs S s IERHERES SR AUl Blrsor il ikt N val ue

of THigh is prefterab osen to be close to upper tenperature val ue

for uhich tBfel¥hRlhe vméi@*)meqﬁ»ﬁ.@mw il raﬂrgﬁh&\’ﬁé{d&( GERGHIRIH el T ol er 98

is accurate or optina but may alternative r irn addition) be

chosen to ggwteﬁ)- ONET 14 BERE L h We o InG Do ynami ¢
nodel usedqﬁy&% ﬁe igﬁl{ppﬁ/ag?&h%érlr%er a’?ﬁ%c’%ﬁ%‘@o#ef%‘(’f%k& 5%%3? te and/ or
optimal. The pre ' @ whikdiaeks tidpdre bitimbistydaadd RRk&ulf & have all
of the contro ueg@’}g%ﬁﬂ}g@{}&g{@ 100,wc§Pculsat| nf:] c“gnt ryg{ﬁﬁva%ués (g‘sed on
their respegliViafyd@ni c nodel even when the control value of a particular
controller 1s not used at output |ine 140. However) they have al so

recogni zed t hat nﬁﬁéecbﬁmc@%hoa ICRRhdr Wspedfbtifhe Qbthrtiur® boroP sflerOWR! ¥ unused

controller once t swtching criterion for the 'unused controller have been

met in the SaRk A emiVpeTuddtiih viaifernbbdy . ThOviSudlhermtddnid¥ekig 91 59196
PCTNS99/ 10329 -%’gleout gﬁt sel ection t:swi tcﬁe%ﬁ C 1‘7”5 may resﬁﬁ%/plglﬁ t he

control sysieiMi@&s éf\thd WGilurd\6 ohESThaE m&&&@kﬂﬁwg@ﬁk @&V subBQuidd

tenperature value in a sub-optimal manner. This is due to the fact that the
dynam c nodg} tHds@itedi Ebnipdfent! NURB s thd likélhosli bf RES of iiRMmtiRebAdNGM C nodel
of the controller that is used prior to the control value switch. The

di fferent dydirgitdes ldehen bRShilure df Bnedt ikerahperdniry salbifg etfceitd control val ue
solutions available for output at line 14Q To reduce sub-optimal driving
of the reactor iR aswbrlianceWithchistiipfubtkRérvaspest sfthe terhpecaturé rcoltrol aysteds theeach
controller 96, 98, and 100, is logically divided into a respective observer
gai n f eedbamlitrdl egtetn is piokiddd3bithldftrol pid tHhOSwitchesdheaontad pdd dofitke syeenpir at ur e
control logic unit 200) 205, and 210. Each tenperature control logic unit
200, 205, ahéde?tihf aifsijukestariesing blemenes pgain, ithie leshgmethe ikeliimebe lof lwasadheon t he
set-point input value 155, the plurality of thernocouple data val ues

i ndi cat ed hentiteibaeh 2flWgrkpieves ia the eleatof vierfailped of ohew divacheatingtefentents.al ue provi ded
fromthe respective observer gain feedback |ogic unit as shown at |ines
220, 225, and 230l ofecforeglisgsspet ofghd predentcioNzatida haydieccombined b8 sirfg®0, and
19S, receives one or nore input values that are used to generate the

obser ver gatempdraeard bamtolleru tAlternativell,ukesé tenmipereturesoptent systes impmpyemertamay cont r ol

| ogic unit 185) 190, and 195. In the illustrated enbodi nent) each observer
gai n f eedbalekintayporgediad indivBb)l ele@Bnts,awmitholi feliance ©ai thee stheminventiveraspectscont r ol | er
out put val ues cal cul ated by the respective tenperature control logic unit
200, 205, adistidédBereirs shown at |ines 235) 240) and 245, and feedback val ues
provi ded fromthe control output selection switch logic 175 as shown at

i nes 250, 255, and 260. The controller output values shown by lines 23 5)
240, and 245, are preferably data val ues SUBSTI TUTE SHEET ( RULE 26) 06
NOV 20D2 WO 99| EXEMPLIARY TEMBERARIRE CONTRALKER at ed wi t hi n t he respective
tenperature control logic unit that are used in observer feedback paths

Wi thin the tenperature control logic unit to ultimately calculate the
control values at the controller output. The observer feedback val ues

provi ded fromthe control output selection switch logic 175 indicate
contain the control output of the particular controller that has been
selected for output at |line 140, In operation, the observer gain feedback
val ue at |ines 220, 225, and 230 for a particular controller differs for a
gi ven set of controller output values at |lines 23S, 240, and 245) dependi ng
on whether or not the controlSUBSTUNTESHEET (AHLEARE particul ar controller is
bei ng supplied at output line 140 for provision to the heating el ement
firing interface 14S. For exanple, a given set of |ow tenperature
controller output values at line 23S results in a set of control values, X
at line 160 when the value input at line 2SO indicates that the output of
the controller 96 at line 160 is provided at output 140. This sane given

- 4 e 4 T M g, I T - - I T




U6 NO V 2002 WO 99159196 PCT1US991 10329 -31 logic unit when the contro
val ue output of the particular controller is not supplied at o tﬁWﬁVtﬁ e
140. These values are then provided to the respective tenperature co roI

l ogic unit at the output |ine 220, 225, or 230, of the respective observer
gai n f eedbacwologgigs unit 185, 190) and 195. Gain control pggijsheneonst ants
of the first gain control matrix calculation are preferably selected so
that the particular controller operates in an optinmal fashion within the
tenperature range for which its dynam c nodel is designed. A different gain
matrix constant is used for the second gain matrix calculation. This second
gain matrix is preferably selected so that the control val ue output of the
particular controller generally tracks the control val ue output of the
controller selected by the control output selection switch 175. As such,

each controller gr ?X'xﬁ@sﬁagﬁo%p{]rﬂb%he& tr&%m\éﬁ aﬁfym%sloot%p#at when the

control output S€lection sw prOV| val ueat ?%ut l'ine

140, and DIyt Ges G AL Rherk it Ul QhuoOfichE okt EiEHSn  PiheGRLED! val ue

out put of one or her “c e con val ue of

one of the %c&?%yét%ﬂ%r djdgsr asthérﬁial%a&%} Pze%tﬂ{, é@%egya%:tol' Mﬁ% H&Qs S g Const ants

for the firg secon matri X cal cu iven enperature

control | er a%@ﬂlcg%)'l lt n,JthQ.h lrgtc{] chzé]g{' enlgger 1z ’or cgllf fer) fromthe

correspondi ng constant e Use Tlers. As noted

above, the emogh IR0kl LSOME fbrfleld vl s dﬁ%&@r ,%Lwr Sfspenient of the

particular nmufti-variable contr . nperature con Sollers
Cerper at ar &ra: 1 4, e Sl oty B BRegEGBO 0 ibfu&TE™ ' MO °
99159196 PGl ?& r}ﬁltagal%oes?gxbyﬁ'xpgla"gw mgy}ﬁﬁgbf:a @gﬁlc?liqd%v@%l JE| ating

power inputs e outputs he ot ating spl RE inputs to

rofile out AT del. usi ng the
Femper at ur S43 uedsﬁgsgé‘@w%* R R ARk
controtler 1o efmaiéabiof 85kt 10 et fﬁrﬁlelsﬂélﬁcﬁpkﬁogt%ad&%? wanetﬂa%&ms%ﬁé@u
in Fi g although

control subsystem set f The archlt cture of

desi gnat ed il | herel i8Relo 99 opﬁon; e o sl aEPRSG SRR e 1S

suitable for use in the design of each of the tenperature contro

98) and 1003 ifihuded 4 sippbrepdthon 22NEd GBS R 24 whitR W mSRRE fWith|the s8bpoptd
includes a profile error signal generator 290 that generates proflle error

val ues at |gofRdndPwhiasQskethe dphRAPSHtheRIteRAUDAE £ WhédBe ﬁfﬁm@ﬂoﬁoﬁ heisset - poi nt
val ue as designated at |ine 1%5 and profile thernocouple val ues received at
line 300. Shsghédintolthe proepd dibe. ETHe @borTodidm b4 gRRANAInANIateiAhe HOBRY Aber SpPi ke
error values at line 310. The profile error values at |line 295 are provided
to the inpuyievaittheflioss Afterlfeodiferdoad @0 thawbekie insé2D intdrihk ehaniber shhdgrodls or val ues
at line 310 are provided to the input 325 of the spike controller 330. Such
a design i queay. forth in WO 98/ 35531 and the specific details thereof are
omtted for the sake of sinplicity. Unlike the basic tenperature controller
of the parent a[h¢ vafet oad120 priferable iticlutdslagilurtlfy bfda 126 iHaG ferexafiple faregai n
feedback logic in accordance with the systemarchitecture of Fig. 4 and the
cor r espondifox@nedio$ lafis or silicah Caride. The vafeSloRIaD) fudtier mciudes WpRehlfy (@silicon
conputation matrix 335, a gain-schedule conputation matrix 340, and an
observer nDgkders\26! Md b bodt 24Uiipsbrit @ pharilipyl o€ thehwafbral2de SInothe tillistrgtdalr anet er s
provi ded at input 315. The SUHST1TUTE 5HET (RULE 2fi)

embodiment, wafers on each boat 24 are equally spaced and the boats of wafers 26 generally

form a wafer or other semiconductor workpiece processing array.
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0 6 NOV ZOOp WD 99159196 PCT/ US99/ 10329 -33 anti-w ndup gain conputation
matrix 335 provides output values at 355 that are conputed using a first
set of gain paraneters. The gain-schedul e conputation matrix 3400 prNoViEs
out put val ues at 360 that are conputed using a second set of gain
paranmeters. Wipgphhput val ues at 355 and 360 are provi dedpdrusbhRadonput of
t he observer node switch 345. The observer node switch 345 sel ects which of
the values at 355 or 360 are provided to the input 315 of the profile
controller 320. The observer node switch 345 provides the output val ues at
355 of the anti-w ndup gain conputation gatrl x 335 when the value of the
signal illustrated at 250 indicates that the control values at output 160
of the controller 96 are being provided to the heating elenent firing
interface 145. Simlarly, the observer node switch 345 provi des the output

YﬁL”E;ﬁ% o 82@%?&%@?&% “si%s@@e“%rﬁ%cirgﬁeﬁ@%ceaﬁem?é%yg?e” : | C oatpat

160

Frring i e db roRs B 14 e nikpheed St e 26tk Sed 2035k Al Th ¢ e
k . | 3 |

spi ke contr O éstag%? ﬁeapmcghc%gu <:cnls§J ésxltené" Ex%%b?%ﬁﬁ' %&h oé%gc%ssg)alcgmcbo amtllaltI on

matri x 370, e conp an o Server node

swi t ch 380 aug el 00%&9%915 "hetlilg Bl 05 pp&@g;&mdgmo'aded at

i nput 32S. arn co out put

val ues at fﬂml.tha%sesar@gg%%{xa%ﬂ g% 1 62 lor S8Incll R, BARAUELET S, ThE

gai n-sched rX provi that are

o0 360 ar &4 ov.%oéé"%%%&g% %%E%E@&?ﬂ%&%fémfé%‘% L e Bhal G O, °°°
99t 59196 - P%g?gﬁ/%%%ﬁ geugﬂmé gﬁi,er?(pg (3 Xse&‘ g&d% gms&%g 80 The
observer nodé ‘s el i e\ ues a 3 *5F 0 are
01 e ket 528l W SRLAERO LA 0 o e abrgaer o
I o 250
Sy ontes trERh 10inctidle YR Bl vl Bullomhcl 1A Bhoon oHBIEAEEA 250

bei ng provi t Jol K HeltinB " 14S. Simlarly, the
observer (ggﬁé)vaatfécr%ntma%*g%}yglggmtghtew%tbjt%mu% \?a Eéé‘ﬁg? 390 of the observer

gai N comput at i OreeRfid inkuBibR 39NG8sdsNRe HalthCeilOfent BE TngRRbiatidn! dvks f €d at 250

i ndicates that the control values at output 160 of the controller 96 are

not being pemest d8both@wlish 8irke Rdal G2l tBOREYer frkalyiand flMedsE@Eeto IidvideA _
de- coupl ed observer feedback system can al so be inplenented using the |ogic

ar chi t ect urfor@linifdrfl-layer to hithii26 ReaBflsAEHRGhs AwaAR frEiR kiR Drates@g dyed Wi th the
i nput val ues designated with circles are set to zero. It should be noted

that a w de rangempdrathins feedBatlo Ghdoraligplist Rt ukeeHh @bMroliagt MB! profedding

i npl ementing a tenperature control systemthat utilizes both the profl |l e
and spi ke tiB@parRaRY B el FoMdd URS tve seurded Ul ghirglitg ONLpilRl thirmbisbgled JEaL are
sel ectively provided to the heating elenent firing interface 145 and which
i ncl ude t heandi & plukte cbf Pastity thermogiples #E e dhaflscdupled &s thE@ermeix ased| erein” at her
than using a controller in which the spike and profile controllers are
desi gned f oincoripasss uevarieyof ietiperatird Sengres, iichaiingeth® @fodd spe€ific aiehringd oSyst em may
be designed so that a set of output values fromone of a plurality of
profil e conhémiobaiptes dkérganiactehpiranatt Sdneor esristniceiom arealsoiigendedigyebe e of
selectively supplied to the input SUBSTI TUTE SHEET ( RULE 26) 06 NOV
2002 WO 991 th&ehh thermocouples.
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-3 5 PCT/US99/ 10329 of a single) common spi ke controller. In SHéh a system
t he di scl osed observer node feedback Logic woul d be applied so WQVﬂ&%each
profile controller. TEMPERATURE CONTROL SYSTEM HAVI NG ENHANCED RAWP
TRAJECTORY LOG C Fig. 6 illustrates one manner of inplenenting the
t enper at ur e won¥aMe system 68 with enhanced ranp traj ect pcy/vkagoRe As
shown, a controller 1140 is connected to receive a plurality of data val ues
represented by line I 135 that correspond to the tenperature val ues as
measured by the thernocouples 36, 42. Additionally, the controller 1140
receives tenperature output values, Touput from a ranp-up/ranp-down
tenperature val ue generator 1145. As will be explained in further detai
bel ow, the tenperature val ue generator 1145 provi des the tenperature out put
val ues, Toutput, to the controller 1140 in response to at Least the
tenperature setspQl. LN h WeoYol Ly a that, for
THP SRk REplEE ¢ S PRI 3 sSHbE clorbhuch of pieer B

exanple, is enter ser a céss rec t he
| ogi cal ti f - . I
gener at or Fatis.AaFa 56 LB Brebits WIR 0 UPHRLLATI, MR BARENIGE, (T 1D

ti . ol troll
P90 15 conein e sEae LS pRekils hdiobnlEl ik MERGRAN ol i L)
Cor e Bl e el A8 2O ARSGRL BFRoLRe Bf bpnDnPRLF . 17

pa[ticular' | rate ) e an is a
) SERERERE e bR YRR B D ™ o
he Eﬁﬂfr?ﬁigﬁjﬂﬁ%ﬁ@ﬁ%ﬁaﬁ%ﬁ%ﬁ%??@gﬂ*%%&%&ﬁ“ "
TEMPERATURE K s CRTHER b PEFERAEE bndthl Ch | 5

t re e recogni ze

; T
her eby i ncorpora by erence. However, 1t w t hat ot her

mul ti -vari ap,%&:e&mtsh&ms% ExtdBSinAiSth &e@é&ﬁéﬂa@ygﬁhbﬁisﬁﬁm rhe control

logic flow IlTlustrated in Fig. 6 Is thus general epen (% t he

particul arfoﬁx?eﬁc[u%z drifieneabRE ITeProtSiod Ho h3 1&3@};;5:%41 € the ﬂéh@ix gﬂh&’ gener al

requirenent is that the controller 114D is capable of executing a dynamc

nmodel  basegoQbs AREL140T AlTRConERRAANCESHI/4 ik Ai2hied ineRMH SF thelMBikOh&sa! er 1140
applies the tenperature output value provided at 1155 and the thernocouple

data val uepheaprofilb3ermrdchupfes PN BN Eel e Inot hetRssari Lalighdde Wit kD spipes t he

i nput values to generate an output that conprises a plurality of control
val ues t hagerioCouple®96.d 2Rk prbfilE tiRMREPlMles 4@tmdabife RRp@uture it plotds by |i ne
1160 to the input of a heating elenent firing interface 1165. The firing
interface oM aprovide mandicaibd thPnperatiufe dffile WdatlbsigoeinasaEindéf tkones at
lines 1170 based on the values of the control values to thereby adjust the
amount of fespettive hevthglgdes. N each zone and thus regul ating the reactor

t enper at ur e.

A plurality of thermocouple instrumented wafers 44 are optionally employed during
modeling of the thermal reactor. Fig. 1B shows the thermal reactor 12 of Fig. 1A receiving
the thermocouple instrumented wafers 44 during modeling, These thermocouple
instrumented wafers 44 are uniformly spaced across the wafer load 16 to provide an
accurate measurement of the actual temperature of the wafers 28. Each of the exemplary

thermocouple instrumented wafers 44 includes & silicon wafer, and two thermocouples 46
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Not ably, the controller 1140 does not receive the set-point in h for
direct input to its dynam c nodel. Rather, the tenperature setﬁﬁ%Nmf @ﬁput
value is provided to the tenperature val ue generator 1145 which, in turn,
provi des the controller 1140 with increnental tenperature output val ues,
Tout put t hat wohvessmsntrol | er 1140 uses for tenperature cormoralsowfsshe
thermal reactor 12. The tenperature output values, Toutput,, SUBSTI TUTE
SHEET ( RULE 26) Q6 N OV 2002 WO 99159196 PCT/US99/10329 -3 7 forma
nodi fied ranp function over tinme. The tenperature output values formng the
modi fied ranp function drive the controljer 1140 at or close to a maximm
ranp rate toward the tenperature set-point input value, Tsp,, during a
portion of the ranp-up phase. The ranp rate of the nodified ranp function,
however, may be reduced as it approaches the tenperature set-point value in

d i I id f lip,
St o BT IR 0 R o e P
145. \Fig. 7. -
PSS s FROARS 8SaeChon b S SRR B v
scner o 1045 % s BT PR R RN BB 2%,
R e g e T P
| , . f ; i f.i ed f i
L B R
i 1178. j j
113 426 o Yo bl D R e 8 L
e R U e
e TR i, B TRl O BT BG4 D B
NOV 2002 V\Qm%i?hré%}%“ﬁ@%ggg,c MRS Valves 5B aktPmisd Bow AbMfougs skhend fERer ature

out put val ue, Tout put app es the tenperature set-point input val ue)

Tsp, the t QRRILAIMES 5Y HeUSdISREIsaE Ahd chatk? ABRIb PRockR giisQVhtd ShelpiRegONt r Ol | €1
1140 with tenperature output values, Tooutput, that correspond to a m ni num

ranp rate, o3gih. ThEMheSm# redciir T2 hafRurthed ifclhd® aUSRA 69 Mtdrhal b ExtlRlIRE AL UT €
out put value) T) provided by the tenperature value generator 1145 equal s

the tenper atdits usRtIaP O torkN B3 fs W@ M wet IokitiatiohNRocéssed By Rimihp@ ralolfMum ranp
rate, Rmn may be based on a value input by the user or may be a

pr edet er m meghogenShESMyEEH 6 bRbilce stedm inShdPrebLhdllly set to the m ni mumranp
rate that generates the nmaxi mumtol erabl e tenperature overshoot in the

t her mal react or Inkcordunte withesohé enliangemest, théysrodebiaiiveald nak 6 pressurigd &Fr t he
wor kpi eces beyond process tol erances. The point at which the tenperature
val ue genel@t presshrbAherniioh! tvafud Slefosicion (L€ VIDR$totasses ATRhdval ig Fig3psuch@ t he
mnimmranp rate, Rmn nay be set in a nunber of ways. For exanple) the

t enper at ur ehevipdl eace Bystent 00 préfefablyeiychsies & plesdufe dobgollet f6 BAGM baifonrart € when
the tenperature value is equal to or exceeds a threshold value. This

t hr eshol d \otetisuitably plessuleasssthg@evitd 8 witchcaergethe pressk i the piaeessgubat ur e
set-point input value, Tsp The value of X may be part of the recipe entered
by the userfand esmininiditey tizcméeasypedpedsare 16 the gresyiset @ralleN S4. aRdrtheDindhésar | y, the
tenperature val ue generator 1145 may switch to the mnimumranp rate at a
pr edet er m reWodimers, i the ttheemal argprtdd PsyRémasie. mahiikluds gdmpeand valest 60jeinval ue nay
be based on the predeterm ned percentage, Z, of the total ranmp tine,
(t2-tl).
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SUBSTI TUTE SHEET (RULE 26) 0 6 NO~ 2002 WO 991591 96 PCT/ US99/(LORBP 16039
Fig. 8 illustrates a further nodified ranp function that nmay be 1 npl enented
by the tenperature value generator 1145 As shown by function line 1182, the
tenperature val ue generator 1145 generates tenperature output val ues,
Tout put t hat warees®sd he controll er 1140 at the m ni num r amETBabd@E32RMI N at a
begi nning portion of the ranp-up phase. At a predeterm ned point) such as
at a percentage, Y, of the tenperature set-point input value, Tsp, or of
the initial tenperature value, Tinitial the tenperature val ue generator
1145 generates tenperature output val ues, Tout put that drive the controller
1140 at the maximumranp rate, Rrax At a further predeterm ned point, such
as at a percentage, X, of the tenperatures set-point value, Tsp, or of the
initial tenperature value) Tinitial the tenperature value generator 1145
agai n generates . er re out i T .t drive th ontroller
190"t T heORPRRRERT FARH i Rttt Bt e e ORISR S B L L
reaches the fenperatur - nol i nput value, Tsp As above, ranp rate
swi t chi ng %%‘eg‘?c’fe ?tHg ﬁv@rﬁéelg@‘g%%r n total ranp-up tinme) user programred
reci pe values, predetermn S mgconst ants, .etc. A-further dified
r1 zizg-yp fﬁncti pgoﬁg?g?ﬂneaol é:nlh(.%/rf;*eghﬁred% faecfit e%?i?dhagg‘feelﬁﬁ%ef%%rgﬁ\% :!, gengrgtor

is shown.in Eig 9 In.this exanple e.ranp ra urrent used by
the cont r o e s tpseee il b SpREAN S el 2R i T o€ Pevent | oxs
than the m_pi num. . hi nd, e ,r [ate current at
gu%iS#'rll Uﬁ' Erfalf) ra SZ&L?E{EE%:?? \%Eﬁ%f&w'own&a@;%%&&%gir %'eztj?ha@;th ¥R lZ%a\_i_c\/s%:r .

. - ~ = ~—~ - ~ a
Toutput Y [g piater aSeot e N coitfink oottt sid e oo o
constant); . Bk feaddh 12X Th ey <4 Y <l .e. Tsp is
t he terrperé'?@rgéh set -ep0| n]t' va %Jog;r as#ctfanﬁ %pr-EH:%g/ djw%ul{“lgg‘&o r_,;u'bsy "Us99/ 10329
The ranp traj ol g TH 1=+ IS Sbtik 384 th0a ! DY or T,~: r;
~00) di o ~afdr€c§%s%5c?ﬁeg§:g 4 szilt 6 RY alk é( h LGt a! PR Fecilirth, Gl &
temperature subsystem 68 for temperature control in accordance with the process sequence.

Both the process sequencing subsystem 66 and temperature control subsystem 68 follow
user defined process recipes that, for example, are entered through user interface 82.

In the illustrated embodiment, the process sequencing subsystem includes a
microprocessor that interfaces with random access memory 72, a programmable EPROM 74
that stores controller logic, a plurality of digital input and output channels 76, a plurality of
analog input and output channels 78, and a user interface 82. A plurality of serial input and
output channels 80 for external (remote) communication may be included, if external
communication is desired. While other user interfaces can be employed, the user interface
82 of the disclosed embodiment comprises a touch screen terminal interface with which a
user can enter a user defined process recipe. In the process recipe, the user can define, on a

per step basis, step time, gas flows, chamber pressure, temperature setpoints, and ramp rates.
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ald ~S~ ~ ~max TNP~~ NCWsP DT . Rnt X' ~~,.,4x Definitions,
dependent set point value that defines the ranp trajectory .L'

T~ =
pdl &

WiV T,

Tepnew for all t ) T~w---- New target set point SUBSTI TUTE SHEET ( RULE

26)

0 6 NOV 2002 WD 99159196 -41 Tsp old a A d target set point OT -

TsPnew - Tsp@loboiserss Ti me vari abl e as neasured from start wirsesiesm - _- Ranp
time constant T;~ a Input ranp trajectory that is subsequently filtered
PCTI US99110329 If the ranp rate cal cul ati on above results in a val ue that
is less than the mnimumranp rate, Rte, then rcurrent = R',;" so
ranp rate used by the tenperature val ue jgener at or I's never |ess than the
mnimmranp rate. As shown in Fig. 9) tenperature output val ues,
generated in the foregoi ng nmanner provide a snoother transition between the
m ni rum and nmaxi mum ranp rates

Parameters necessary for temperature control are communicated to the temperature control
subsystem 68 as input parameters that are used by the temperature control subsystem to
implement the temperature control aspects of the recipe. This communication capability is
illustrated by line 87, In the disclosed embodiment, such parameters comprise at least the
temperature setpoints entered by the user for the recipe.

As noted above, the thermal reactor system 10 may include enhancements, such as a
gas delivery system and/or pressure control system, that may be used for film deposition or
the light. Such a system may include the control system interface illustrated in Fig. 3 that
provides an interface between the process sequencing subsystem 66 and the hardware of the
gas delivery system and/or pressure control system. As shown in Fig. 3, a gas panel
interface 104 is connected between the gas panel 48 and the process sequencing subsystem
68. The gas panel interface 104 provides the control system 64 with an interface to
communicate with the mass flow controllers 54, the gas valves 52, the internal or external
torch 62, the pressure controller 56, the boat loader 18, etc. Further, the gas panel interface
104 may include a a plurality of hardware safety interlocks for the thermal reactor (e.g., to
ensure hydrogen flow with a proper oxygen to hydrogen ratio, to detect a flame from the
torch 62, etc.).

The temperature control system 68 controls the temperature within the thermal
reactor 12 in accordance with a user programmed recipe. Temperature control is preferably

based on dynamic modeling of the thermal reactor 12 in which desired temperature states
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used over the duration of the ranp-up phase. Such snooth transitions all ow
the controller 1140 to nore accurately control the tenperature of GtNOY 00
thermal reactor 12. Fig. 10 illustrates the effect of the value of given
mninmumranp rate values, Rmin on the tenperature output value, Toutput In
the il ustramioma/ssibs ne 1210 is a graph of the tenperaturecmaisputeszsal ues,
Tout put where a large mninumranp rate) R',;") is used. Line 1215 is a
graph of the tenperature output val ues, Toutput wherein a mninmum ranp
rate) Rmin is used that is less than the mninmumranp rate used to obtain
the tenperature output values illustrat g by line 1210. Simlarly) lines
1218 and 1220 represent tenperature out'g it val ues in which even | ower
mninmumranp rates are used. As can be seen fromFig. 10, a |lower m ninum
ranp rate lengthens the time that it takes to SUBSTI TUTE SHEET (RULE 26)

0 6 NOvV ?~02 WO, I5%§96 -42 % NS99110329 u tina.elﬁ reach the, tenperature
set - poi nt P adelepbaseg gn meastipblt &SR ParRmEtsrs, {theReratipm, the 16PIRS, SSRRASHSY t hat

| ue thereby reducing and/or. elimnating t t hpot in th
nermal | cABHSToTs R0l HiteR g i el G o R AR . T, i s
ied L t] t ant |t i ther transiti bet th
i i mum and ORNTFRGHT (AR SVBL RGN A ner, provide for smoother

transition as the tenperature output val ue reaches the tenperature
set-point value, Tsp In addition to tenperature overshoot avoi dance ot her
advant ages of using a nonlinear ranp trajectory include: | . Better overal
control behavior and zone-to-zone matching; 2. Specification of a single
trajectory with ranp rates that fall bel ow wafer plastic deformation
limts. The alternative nay be a cunbersonme set of |inear ranp segnents
that are pieced together. Typically, there is a tradeoff between different
control objectives. In a preferred enbodi nent hi gh bandw dth controllers

w aggr essi ve di ﬁ;ﬁgﬁﬁaﬁce r Gt%'n on ti eﬁFﬁ osm‘ﬁ.@?&ges can be
viewed as a di sturbance). @ATI near %“ab‘?r@@{}here oﬁ@?ﬁ%an represe a |large

di st ur bance thabog\ﬁml_ﬂgr essive controller response. Nonlinear ranps
snoot h the di sturbance, and also the controller response. Although the

Todi 11 e 1anD 1 il @Skelahd 5124, A ibelalife LA U PR-PELANRILS, 2T ©

directed toward application in a tenperature ranp-up phase, It wll be

recogni zed dyB&HpuSiimbls ?B?Gicﬁbﬁﬁefﬁlé’dqﬂlatlr%_l(‘z_&f& i@E%ﬁle@i?eﬁn&b%iPe iBgut womdviich @

t enper at ure ranp-down phase. SUBSTI TUTE SHEET ( RULE Z2Z6)
the temperature at the profile thermocouple for the respective heating zone may be
determined, and a spike thermocouple input from which the temperature at the spike
thermocouple for the respective heating zone may be determined. These profile and spike
temperatures are provided through a thermocouple interface 130 as illustrated by line 215
and are used in conjunction with the temperature set-point input at line 135 to provide one or
more heating element output control values at lines 140. The output control values at lines

140 are supplied to the input of a heating elements control interface 145 and are used to

control the electrical power that is supplied at lines 150 to respective heating zone elements,

SUBSTITUTE SHEET (RULE 26)



0 6 NOV 2002 WD 99159196 -43 PCf/US99! 10329 When used in a ranp-down phase,
one of the goals of the nodified ranp operation is to prevent the
tenperature of the reactor fromfalling belowits newy applkzﬂiﬁgyzgﬁéﬁt

t enperat ure. TEMPERATURE CONTROL SYSTEM HAVI NG VI RTUAL TEMPE OR
Fig. 11 ill ugbratass one manner of inplenmenting the tenperratrusenonatro
system 68 with a virtual tenperature sensor. As shown, a controller 2160 is
connected to receive a plurality of input data values. The controller 2160
is constructed using robust optimal control theory with enpirically derived
nmodel s of the furnace and workpi eces th%% are to be heated. Mre
particularly) in the illustrated enbodi ffent) the controller 2160 is
preferably a mufti-variable controller that uses a dynam c node
constructed using Hinfinity control theory. One manner of deriving the

TS0 5 U ol Sk B L L
{hat ot ner M SATUR S rabreroF EriaRe: Tt GHE Ray abiolie R be used
of the par 1bGiER %otk Pt b e et g e & B BT ekhe onl y
gener al " <SSR, ekl 9 it T Rty SRR i 0 °
e oy £ 5ol AT BTN A 8 Tl

45, Those vaRgueS, 8 TBR o KBl SR Bu i VAR ikl RERIRREIR . CC D1
0 TR A il i R B, 1,

set - poi nt im%.{eveg F%ahgg iaﬁgéé la¥q %nn%fe};%ﬁti?%ksi e rf?reaﬁg%g&ngg%ﬁugm ered by

t he user as par rocess recip e controller es the

tenper at ur gcfggélb‘?&ia Sghgﬂeﬂén@&%n}é%gﬁ&. ?ﬂtg&@%ﬂ&%e@a&lﬁ%}f@%’s ERGAR G data

val ues at to it ynam ntro uses the input

I . _ . : I
val ues to g&ﬂ?ﬂ%&%ﬁa&sxw Q}én%ﬁiee@g tuﬁxtﬂ Plt wilf e @w%hﬂédatﬂttsymé)&veﬁ%t{t&l val Ues

that are prov for exa e out put represented by ne 2140 to

the input QEmgéP&u@%kés%y% QEGRRE 1h hechrdanck Witk bhdGhbodibftat of Gydid: R0

interface 2145 applies controlled power to the heating el enent zones at

lines 2150 |8@siewd] @hpkiaRireVidhddefiayobe Lefred Bbt 0300 \dREre@SCdifs! (R RiBYeved] Ust the
anount of heat provided in each zone and thus regul ating the reactor

t enper at Ur Gemp@atire fafRdinhy vBPRALRAabod L0 d¥iRdes EeliilsUlafd R highdsal tS 1 n an
i naccurate reading froma thernocouple wll cause the dynam c nodel of the

controll er wifathre rafeé inkEbedbntérEddbORA0SEdbrets Cdlsusf The fahige overwHidh eaghut put
val ues that are shown logically at line 2140. In conventional practice, the

t enper at ur ecoa@éllef Speratey tHuSeRedn8s rowgHECH/ 2156 dpréees eioufkay\entsh@ngedetagtrahad. | ur e
conditions are detected. In contrast to this conventional practice, the

t enper at ure contgafH oftEdogitoliefs 9, RIdEO RS conbrRied LS HURS bptinkl esntal Vi rt ual
t enper at ure SUBSTI TUTE SHEET ( RULE 26)

theory with empirically derived models of the furnace and workpieces that are to be heated.

More particularly, in the illustrated embodiment, the multivariable controllers 96, 98, and
100 are preferably constructed using H-Infinity control theory, One manner of deriving the

models used in the controllers 96, 98, and 100 is set forth in W098/35531 cited above. As

SUBSTITUTE SHEET (RULE 26)



0 6 NOV 2002 WO 99/59196 -45 PGTII US99/10329 sensor in place of the failed
input value to facilitate either continued operation of the reactor in
accordance with the programed reci pe or an orderly system shutdown that
may mninmze the risk of danmge to the workpi eces. The enbodi %q“gfmmhe
control systeamookeibs 9. 11 enploys at |least three logic cmmmsgm 9t
execute the substitution of the virtual tenperature sensor in place of the
failed input value. To this end, the profile and spi ke thernocoupl e val ues
are provided at the output 2180 of the thernocouple interface 2130. These
values, in turn, are provided to the in ¥t of thernocouple failure
detection | ogic 2185, virtual thernncodg'é | ogi ¢ 2190, and the thernocoupl e
switch logic 2170. The thernocouple failure detection |ogic 2185 nonitors
the thernocoupl e data values to detect a change in one or nore of the

val ues which js indjcative, of a hardware failuge, Generally, the hardware
failure corJ‘]séi?EFGnﬂsﬁ’f‘o&pal‘%‘?"l’ $AY eAnTRISE dien pretsrably Ot WO hmamiey wi t h
provi di ng the jinput |l ye from rticular thernpcouple and i s not
Pecessar 1 ynitely Potiof B daie e Bk isremeimtat otEr SHhESERte SRrous st at e
changes may indicate.,such a failure. For ex l.e) the thernpcouple failure
ot oot on. TmsyPeisR i ip By il s FRer Bk aea O PRE A oupt e o
det ermi ne whether t val ue exceeds a predeterm ned upper threshold val ue
or falls bm?eﬁb?‘ﬂg"&%ﬁ&@ﬁ&’dy &?&eﬁl‘s?dhreshold value. Such limts may

i ndi cate an ope iit.condition. or..s t condition of the

: ' t ci :
t her mocoupl e or%é&rgfrédo%‘b Wugrpied ml'—Fdﬁ"'Pﬁr ef’%&%@f@“&@”’é%’é‘?ﬁ?ure change
i ndi cated by the i t I f h b dt
upper or 1 4ot e vt e e e v E D R theoy Heng LB R o1 50106
PCT/ US99/ 10329, -46 th I lLue.t tect a.fail diti f th
thernDcoupﬂ%g%ﬁu$¥F§F@§§ggé%b%@&pgF O‘gﬁc’%PgﬁFﬂ$él%%SB%gQ%%ﬁhﬁﬁgoof tﬁe

t her nocoupl.e_i.nput_ val ues isagggﬁﬁted the detection | ogic 2185 provides a

failure outbﬁffflo Préenoélnfo SRBWA T oeg'P%’tsf ormat 2195 that indicate a failure

|ure out B “SPEHAT ndi cate a fal
ol ed, The v r Lt bR B toe UplsBl Bl Bfpal ERFREPUR R BPM Boile 0 0 e
failed. . 1 < . .

ata val UeSyantatogs: HESEu BrHESu Al Mk Sad Qi BN BhddrPldhipar

t her nocoupl s) at |east el ‘respective assocl ated with each

t her MOCOUPlyG fifthgmbEhuifs 312! R sel-oid ol A el 1P 1ok RBIGEO R OL | er 2160
l e del i es

at line 2165. Each dynam c thernocou gned to provide a

virtual thef i9cedidd the Qibdi tentpl@hurAfabl tiial i€ tobelafiliesS TR RhIut RQetbdiffegOCOUP! €
data input to the controller 2140 for a particular thernocouple input woul d

have been vy théfaritdlak rdeipk Wat IsNRMETHAERERed B3AHE sy3RM MO bndBeDndHbingCt 10 a

hardware failure. In the disclosed enbodi nent) the dynam c nodel for a

particul ar difyhedras hepat bR ofihe ey 96, elsakmsicbhesihii@fyBeRWPR | Nput
val ues for ich the nodel is designed to thernocouple input values from

one or mor eoffollbld®6,0H8Nak 106 dnbleaisPletsives! & Bidrality of Bita GAMNs idicailer@®m 1N a
preferred enbodi nent 1 n which both spi ke and profile thernocouples are used

by the dynaégerdtie odlSes sébedtoh ehediRihscalgiR 36 &ki6R, TREWelpdifteripeRitird @lue
t her nocoupl es are nodel ed. The virtual thernocouple output values are

provi ded t indl iR thétPoéouplt dhth Salb3QERHINEALA dSMtiE Mol BdspechvelPassatfatedhown
| ogically by line 2200. The thernocoupl e i nput values shown | ogically at

line 2135 avith édcipemte Bintrolers §6 98 taal @0M ko hdnerate bspattive Qighud dbntrdllRegf t he
t hermocoupl e failure detection |ogic 2185. Under SUBSTI TUTE SHEET ( RULE 26)

generally illustrated at lines 160, 165, and 170.
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0 6 NOU ~~02 WD 99159196 PCTNS99/ 10329 -47 nornal operating coqﬂ£&@€$ﬁ in
whi ch the thernocouple input values at |ine 2180 accurately ref %
tenperatures of the thernocouples 36, 42, the thernocouple switch |ogic
2170 effectively through-connects these values for input to the controller
2160 at |inewddfbviggVhen a profile thernocouple or a corr ggprRRshigds conponent
fails, this failure is detected by the thernocouple failure detection |ogic
218S that, in turn, provides the failure output at line 2195 to at | east
t he thernocouple switch logic 2170. In response to the failure output at
i ne 2195, the thernocouple switch logic 2170 inhibits the
t hr oughconnection of the failed thernncaﬁple i nput and substitutes the
virtual thernocouple input that corresponds to the failed thernocouple
input to line 21b5 for use by the controller 2160. Preferably, the failure
output at line 2195 is also provided to the controller 2160 thereby making
the control | er Alspehabove tbﬁf‘&‘ﬁé‘cf’%ﬂdﬂ&}s@ Bosrgh couleds optrized or s t ake the
appropriate action. Such appropriate ctioq may i nclude an orderly shut down
of the readV¥rd IEPRYBYS rag tm@aer@we%avslw e tPRReraIE Fange fop which et i ed
execution of the recipe. Wich action the controller |ogic pursues may be
dependent wamic madelsaf thesthey copproliers agrdesigneds ﬁér“n‘fgc%‘aﬁ‘ft@“ F?WBF‘?J%%@ failed. A
virtual tenperature sensor such as the one discl osed, above y be used in
the foregoiles 189mpeh 4841 © RBHES Wree oteptishsolwions gk may tbﬁé‘s‘ﬁr?%”b&e of

i redet erm ned, generally

non over | AERG 1 BB R BTGRPy ol S5k L g APt FERRS: o of o
2 LRl TR S g A S B ity T T
L i A S R 1
Cenper at ur SRR OFTRGe PSP Tt R gk S BeoRto Rt oo

di ct ed fil nodel 10, 2215. Predi fil I d
D210 1 s optte ey Ppe et bt P8 heitge PraeoTal i bireed fpeand ™ 1 0
t enper at ur range for which the predicted profile value nodel 2215 is
optinized.%Wﬁe %?3&?5?@?3 %file thermocoupl e val ues of each nodel 2210 and
2215 id [ t .of , [ j l. r 2220. Th
ot edi ot od prof 1 Feink Spdeafig RS, RseBuilh SELLEG: BE b RaE ERkBaeie ™0 (17, ¢
ndi cat i . : . S : o
oper ati ng o lsAfes ATRCEBLIDy BARF o SRk o DB Wb BAERAL i " 111 o

val ues at '1&%@ﬁ§10a2?o5m% 13230 §rB|(wn,0tlﬂL RiteroPlathds N 112608650, 185, a3 e €d

enbodi nent e predicted profile selector 2220 Is responsive to a spike

t enper at ur grdvitfalito HinpiR ofthe bdn8l AiRORIbRAL Wit 179 WhEAL ih e, QlittHGodeeTPEr at ur e

sensed by a spi ke thernocouple that is disposed at a central portion of the

thermal reagt O colidol valued 03€a SGRSIEChIICTIRRE, RhOWE gdndlally bMIBI1 B0, tHRg Rt | M zed
range of the high-tenperature predicted profile val ue nodel 2210, then the

predict ed Rrofdedrfinédakididn Hitefid. "ehe 3dToR ErfterCir& prefefhbly Yased Wh Rithsufible 2200.
Simlarly, if the sensed tenperature falls within the optimzed range of

the | ow t enpRE Hikks SraPin@iddt€ Whith B AE dynfmid3ddBls (RIS defidihg thel BRMLIER 6 Pr €di ct ed
profile values at line 2230 are sel’'ected for output at 2200. The val ue of
the tenper ajguind 166 is dpfitniltunded M lzived condlifiéhs213 S (see Fig. 11 ) may
alternatively be provided to the predicted profile selector 2220 and used

as a basis for gpbeahd Slerith el bebd b?&&cﬂom&eutﬁwwmmﬁmﬁm a( RULE 26)
0 s Nov zooz WD 99159196 -49 PC fNS99/10329 profile value nodels 2210 or

7215 are onfakifRk sl whithorte\tBitrot IS stOBSprovidedidMhe WahikSelthent fithg
tenperature set-point input falls wthin the optimzed range of the

hi gh-tenperature predicted profile value nodel 2210, then the predicted
profile values at |line 2225 are selected for output at 2200. Simlarly, if
the value of the tenperature set-point input falls within the optim zed
range of the |lowtenperature predicted profile value nodel 2215, then the
predicted profile values at line 2230 are selected for output at 2200. It
w Il be recognized that a wide range of logic architectures other than
those set forth in Figs. 11 and 12 may be used to inplenent the disclosed
virtual tenperature sensor sSUBSTITUTE SHEEBULERSE)t is therefore

contenpl ated that all such systens fall wthin




the anmbit of the present invention. HEATI NG ELEMENT FAI LURE %VT
tenperature control system 68 controls the tenperature within t e I
reactor 12 in accordance with a user programmed recipe. Tenperature control
is preferably based on dynam ¢ nodeling of the thermal reactor 12 in which
desired tenpeoaiodsis St at es are nodel ed based on neasur ablyTakss HEIP9
paraneters. I n operation, the recipe conprises tenperature set-point val ues
that are used by one or nore dynam c nodels to drive the thermal reactor 12
to the desired tenperature state. Wth reference to Fig. 13, the
tenperature control subsystem 68 receives at |east two input signals for
each predefined heating zone; a profil &2&her nocoupl e i nput from SUBSTI TUTE
SHEET ( RULE 26) 0 6 NOU Z002 WD 99159196 PCT/ US99/ 10329 -50 which the
tenperature at the profile thernocouple for the respective heating zone nmay
be determ ned, and a spi ke, thernocouple input frgmwhich the tenperature at
the spi ke tmefasitupthe setooint ipaut valugE dgs vas HEWR PR §ne bivethass-ppiat BBt er ni ned.
These profil e and spi ke tenperature are provi ded through a_thernocoupl e

i nterface 3piBpmaYbe Arpyidedraspnigrgyo the F@Ué?f?P“‘asﬁli%?Péwﬁ%’%Si NVHHRtct i on with
the tenperature set-point input at line 313S tQ provide one or nore heating
el ement outcprtol vabyes ilastrayed a bikes 460, 1163, 8 B9 Approvided 28 the uiputcefiibs @ntelal ues at
lines 3140 are supplied to the input of a heating el enents control

i nterface upstsgletion switqhdlds) thug depeiide phihe PHECUEY ERSIPRTARIER SEhRAME inPRtue; o
supplied at |ines 3150 to respective heating zone el enments. A process of
desi gni ng PHRYIdEdadingi3d%ers 96, 98, 100, and 102 is described in detail in
W98/ 35531, or titled "MODEL BASED K TEMPERATURE \ ER FOR SEM CONDUCTOR
THERVAL PROCESSHRSICrdapgs with pne m@seﬁwefan%ﬁw&h@sﬁw%@%@we value, ¢ he

enmbodi rent Qf the thernal .processor djsclosed in that lication, two
Lypes. Of  moULE LEmpFTanie RO nPGr YA ALY BIcatip UPPeREAIop foprer FeBoly e .

hat, 1 TSt S e LSRR B SRR,
0Pt 201 o0 Sl B0 BB P B ST S BRI R Brr
R e e T
Rl o A g S GAVERRYBLS (R bRRBERNRLE PRI TUTE

set of control values at 165 of the mid-level temperature controller 98 may be switched to

the output 140. Similarly, when the set-point temperature value is above Thig, the set of
control values at 170 of the high-level temperature controller 100 may be switched to the
output 140. In this example, the value of Tyow is preferably chosen to be close to the upper
temperature value for which the dynamic model used by the low-level temperature
controller 96 is accurate and/or optimal. Alternatively (or in addition), Tiow may be chosen
to be close to the lower temperature value for which the dynamic model used by the mid-
level temperature controller 98 is accurate and/or optimal. The value of Ty, is preferably

chosen to be close to the upper temperature value for which the dynamic model used by the

SUBSTITUTE SHEET (RULE 26)



PCT/ US99110329 i nstrunented wafer nodel. Each off line nodel is used to
design the controllers 96, 98, 100, and 102 in the tenperature su Velf? A
single on-line nodel is developed to estimte wafer tenperature during
operation of the thermal reactor 12. The on-line nodel predicts the actual
tenperature glodhaoywalf ers 28 using real tenperature neasugEgedpifor omt he
spi ke and profile thernocouples 36 and 42. Because nodeling of the entire
thermal reactor 12 is conplicated and very susceptible to variations and
mai nt enance operations over tine, sinple nodeling of the relationship

bet ween the wafer tenperatures and the E@gsured profile and spike
tenperatures is perfornmed to provide an“accurate indication of the wafer

t enperatures during dynam c changes in tenperature. Further, it is assuned
that under steady-state conditions the profile tenperatures are indicative

f th tual, .t t f 1 f 28., Aft | i the.th ff
Ui ne model Sniesel SEpaaneE Faliphin T Mo Buhar e’ st AUEPEONL /1 For s 1 he

100" The s ISR ot i iseh Lk’ ke it Pyl dbuhivs g Rranif e © | ©
The hower  <BBETIE MRS uie B B HRRD Ry PR  SoRo s 100 i Rt bt apitc ol | br 08
moasur ement s as ARRDE iR et e SUfH pCog FriB ol i SR ftst: e

wafer _set pitlt & ey HHELE o7t VYRR s 3850 FALSRAA? P MR GPIPE B eodel s
091 59196 PETFTREST B BrePut e I & E8Heh b pR el Mol 3R ol | er
desi gned TR f e g2 A1 TR oy BR 180 SlhirRorotbie Knsm i BT sH% | col ar iy,
inothe 1R RLESREROMIRL AR @.\Itpﬁ:%&%%t‘?oncs(v)wqgt{ 5 SrienAbGor bt var! abl e,

in which thée”interacti Ween zones 1S taken into I deration
t i de j .0 i ] t- i nt.
o i 11 b VRINBE BRI REE 3001165, AP PRIP o} et Snd ABooBE " PO "L

used 10 | MRLELRALswilE 1 SR RbdoAL Sy ik Barilifor helbl RehpeHRAMAEP U @ cONt ol

node logic circuit I's selecta anong aval | e contro

mode | ogi ¢ fhifdial finel 136) PidkeRBIyA khEHB TaQpi ' bffpit (Fig.
13) defini n‘g’b\gﬁd&g enent cor?t rgﬁﬁmde@glg'bsgggésggmkggﬁﬁnréo%eﬁggiof:ﬁ i rcuit
(Fig. 14) _dﬁfdiﬁ%b&@l oRAHE £ HUM-pHion"Bthe Ractht NABhGer GO MsddOlo D?Bdi@e lpgi c
circuit (Fig. 15) defining a dynamc control node, and a control node
| ogi ¢ ci I cUhdmb&duple tehiperabd inflit RElu@ TRermfoLdtiple® bispHedproiaslthe inid-p&s& contr ol
node logic circuits are defined by a single one or a conbination of the

cont rol | er o refr chdther @Y tolYRdvRie Ripbrafibd ifgut Waluds gt b8 HRRY indibktife SIDSYSt em
68 enpl oys the spike controller 96 for the elenent control node (Fig. 13).

The t enper ahdiivRrageemp&rhtarfabi8sseeRh@ry ShambeONMbi nati on of the profile
controller 98 and the spi ke controller 96 for the base control node (Fig.

14) . The tenper a Wplrafich) Syuikien Gdkic @plendent dnCHEDYANRL bOBheO thefnitRoupRf €r
controller 100) the profile controller 98, and the spi ke controller 96 for

the dynam e linpiDeue(rydnvoh@allochBSeh BréRilidh @8)of thd) 6 NOV
2002 VIO 991 26106 PCT US98/ 10326 ocRlgadhpeitlee Rinfds bv 0

controllers 96, 98, and 100 is to be selected for output. If the thermocouple input value

indicates a temperature lying in a range below a given threshold value, Tio.w, the set of

control values available at 160 of the low-level temperature controller 96 may be switched
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-53 Finally, the tenperature subsystem 68 enpl oys the non-|inear Dt
controller 102 with the profile controller 98, and the spike controller

to provide the Dt control node (Fig. 16). A user can provide a @&dﬁﬁéﬂz
conprising multiple steps and which uses any one of the control nodes in
each step. Feosesampl e) a user can provide a recipe that pemusednersf rom one
control node to another at a given stage of sem conductor processing. One
suggest ed approach is to enploy the base control node during a furnace
check and push in of the boat 18, prior to a ranp up in tenperature, to
enpl oy the wafer control node during tggperature ranp up and tenperature
stabilization, to enploy the Dt control node during wafer processing steps,
and to enploy the base control node during boat push out. Another suggested
approach is to use the base control npde during all processing steps. The

2:2232:S§WWﬁké%ﬁTgﬁg %M@Qﬁ€%L @@Mﬂbﬁe spl e coﬁ%§§E?%rBﬂ%ntﬁgILnon
the basis ﬂmg?hég%%g o 45%86{9_? @Wsﬁ&maﬁ T]r;%&géﬂy()s‘éteoi* &;fg@ vategd in

nor mal proces ase control I'sS the default

mode of Opfﬁh&&leﬁ’lt u@fﬂss'o%tﬁeh,ﬁldmgﬁe ot @MLM&;@ SifROPRI e wi th

respect to enent fallure se contro profile

controller, tgsfvsméoyawm Shetfibcoftd fbu GRRL nfleu dipdterhie 6tk A @ Profile

error. The’ pro e err erence between pro

termeraturgé%gg zup&anfm@,qnéﬂs& Pl LER GlGMEL o TRRS H0eHBME highteveli® Profile

thernncoup he "spi ke controller 98 controls power to t1he thermal

reactor baggy ger&ﬁre%ghd%‘ﬁerelrob Bhay bR kdBe BlthiRN140. Sn BASREMAR th\andf f er ence
bet ween spi ké set-point and spi ke tenperature measurenents by the spike

SU9STT TUTErgH gaga&x%&féa@@mosenqo Be DO 14 QR2upPE? RRperitde® GaBCINSANN IS 29 - 54

t her nocoupl es he base control node provides accurate control resulting

i n i nprovegRnhRGRSR! Wa bk lolMeREmperalre &ﬁ%ﬁerrﬁdy‘mﬁﬁr&@ af/br dpRathied to
faster stabilization times. The base control node |ogic CII‘CUI'[ uses the

profile ang: sl aRerk@il) @rlieiRinieh)BelchRBeRURl dosd¥ thapademferidieMahoget her. As
illustrated in"Figs. 2, one or nore heating elenent failure signals are

provi ded tgr m@hamymhkeﬁod@&sédrmhmmkmzmpamwhmliemsalsla@wr@a shown
generally at 101. The heating elenent failure signals, illustrated in logic

format | i aiok@Btrde Sinlrilg alid ViRe of T frbiaBly fiostn focdeteldséltorthe bigat i ng

el ement in one of the predefined heating zones. Such failures can be

det ect ed | fempétturtUvdhRr fodfwHighnhe rdmanti® rmeiiangetiejy tHeemiddevey admperandd t he
measur ed spi ke thernocoupl e values that are provided for a particul ar
heati ng zoemtroliee ©8 tsi asurdi@yhdloe oprintal, barmey alternglivkle Cér imaddition)becchoddh@n t he
absol ute value of the derivative exceeds a predeterm ned threshold val ue
for a partbeadsaro thploker teinparavne gale! fer, whith theadynamid inode! @sed bly shielhighdevef t he
correspondi ng heating el enent for the zone. A heating elenent failure

si gnal naytemheatutzeonmiier 180 scdcdumteahdoroptimealol | er 68 indicating a failure of
the correspondi ng heating el enent. Anot her manner of detecting a heating
el enment fai | ur eThegpresent imeertany lve foenddhdt itas desicablelie have elh of thecapolies %et - poi nt
val ue and the tenperature as neasured by the spi ke thernocouples. If the
di f f er ence9% ankH¥scarulpringionizol vilnes daseh owthiivo redpestiveldynamic mogehevenabbmr zone) it
may be used to indicate a failure of the correspondi ng heating el enent for
t hat zone. the control value of a particular controller is not used at output line 140, However, they

have also recognized that switching to a control value output of a previously unused

controller once the switching criterion for the unused controller have been met in the control
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SUBSTI TUTE SHEET (RULE 26) p 6 NOV 2002 WD 991 59196 PCTNS99/ 10329 -55 A
still further manner of detecting a heating elenent failure is 4 © NORaslur e
the current flowi ng through the heating el enent or the voltage across the
heating el ement for a particular heating zone. If the current falls below a
pr edet er m negotshgasol d val ue for a particul ar heating elperrisbyroize nay
indicate a failure of the heating elenent. Simlarly) if the voltage across
the particular heating el enent exceeds a predeterm ned threshold value, it
may indicate a failure of the heating el enent. Wen the controller 68
detects a heating element failure in onggor nore zones, the controller 68
swtches to the el enment control node shown in Fig. 13. Further, while in
this el enent control node, the spike set point is |owered for the heating
zone in which the heati ng el enent failure occurred. Preferably) t he spi ke

f f I . f th
pi ko t Rérrrﬁ *°§Z§W*r‘i‘ra { Frgat R B e el s B AR ﬁ%&ﬁ%ﬂ s
manner has Sﬁf%rﬁat ALY BHESenpE AT S AL B € o1l g P event s

erratrcall§ ra Fom occurring t he 1 ng e enment

recovers fno "lr,[*&ﬁaa‘;n?énltnﬁcie?us%&‘ﬂtﬁ’e%‘t\&fed uﬁﬁéﬁ?{eﬁ%mtﬂé AR nidddl defhePr EVENt i ng

waf er sllpl?WI erw se occur rat re overshoot if the

heating el gy ettﬁmtgrradn%rraﬁ%rcghror@muéaﬂ&tﬁgghﬁgtsg@ﬁ antEhaiagil T ecovery

fromthe fart e con ng prevents the

re-occurr e%gglrbg%n &Q, QUEL LETRE ﬁlﬁxoﬁ?ﬂ@?} e)%soycbﬂltaf fRY;48t herw se occur

through te over shoot . al l'ure handl i ng nmakes
sal vagi ng do wo e @i lure.
SUBSTI TUTE SHEE%E’@G%L@&%?%@%%‘*%%W%%ﬁ 1 &FsbrEk e “EeEERY 40520 5 6
Profi e t NELITRE QRS $adlCoddiliel 85,4, RIS 38 HdhcuiAtidddg iRH% rdfeofvel 02T
Users prefer not to’ ch ange their récipes’'to conpensate

sol ution t%semeﬁggtg%hgm 'lo%tcttfﬂrtslb.‘))woeﬁhdp@@fiﬂd% TebBGIVD SipRtafife YURESI resul ts

i n readi ngs gene e profile thernbcoupl és nore accurate y mat chi ng

tenper at ur §§gi@tnit BV, @dgeanefzte |E8é}fjtem-5&%m‘é)’d3ﬂt%l%§’é ute R, 265Nl 210, rmde (Fig.
15) provides a solufion to the problemw thout requiring nodification of

the profil empRRERD GRURIHREVE [dy@ehid! lo8® NYase@font hE st rplteGdlRe155] et he
dynam c control node, the warer controller 100 provides predrctron or

esti mati on piiralir6f th@MBEI Bl WS Fal6ls indiethRd By Bk 15Chn€ @ bbservert ibaske
tenperatures for the wafers 28 which approach the desired or reci pe waf er

t enper at ur estputl Rdued BATEIGroROIhE FépeciRO@sdivey ghia feadbdck Redicaiitag@ansial i enpl oyed
during tenperature ranping and stabilization steps. The dynami c control
mode i nvol ugss 120£228) dn@ 230 FRacipbbsérie ghih GdetBaciOMBik @nit 135] 190 @0 t185] revaib&@r s 44
during nodeling) as discussed above. After nodeling) while the control
system i s idfe tiSrore inpet villesthit Gre Qeed td genertte the obseiver gainTecdbeazk bingutvalhe foeact or 12
based on predicted wafer tenperature using the on-line wafer tenperature
esti mat i ng thedepectite! tenifemndn -chritok lowid @nit t185p&Itatand 198S T N iillwstraseddel 114
predicts wafer tenperature based on neasurenents fromthe spi ke and profile
t her nocoupleatbodithestneach dbseivar gaip Seedbiackulogic luyit 1881100, ané ITRE; rredeivee onesorpr edi ct ed
based on neasurenents fromthe spike and profile thernocouples 36 and 42
and t he relmdre corsioligr dugiutvesues ceadaiedebyetht sespaatienteinperdtive coftenl dpioournitl e
instrunmented wafers 44 (representing wafer tenperature) and neasurenents

t aken by t #80206fanH 81Q peishoph kidintd1236,240,canp 245 atbfeadoatk 4Rlueb provided foohe| | ng.
SUBS5T1TUTE SHEET (RULE 26) 0 6 NOV 2002 WD 99/59196 PCT/US99/10329 -57 In
t he dynam che controlodutpud delectiothewithflegic E8nasrsbovrest 1in€0250r @34, dad 260, pThef i | e
set-point based on a wafer error. The wafer error is based on the

di f f er ence doetraller nutputov¥aiues stiommper lirtesi 285, 40,- pudi 246) arapcefeyatdy idite valeesper at ur e
measurenents by the profile thernocouples 42. The profile controller

provi des a spi ke set-point control signal based on profile error. The
profile error is based on the difference between profile tenperature
sit-point produced by the wafer controller 100, and profile tenperature
measurenents by the profile thernocouples. The spike controller controls
power to the thernmal reactor based on spike error. The spike error is based
on the difference between spi ke set-point and spi ke tenperature
measurenents by the spi ke thernocoupl es 36. The dynam c control node uses
the spi ke controller 96, theSPBSTITUEE SHRET RULEREOS) and t he wafer
controller 100 cascaded together.



In the Dt or thermal budget node) the Dt controller 102 measures
tenperature exposure or applied thermal energy and controls en@foNgww
respect to set-point or desired energy. Thernal budget is controlled, using
measurenents fromprofile thernocouples 42 and taking the integral of

et' 2~' ~ wheredogisgedol t zmann' s constant and T i s tenperatpgraspgesyr ed usi ng
the profile thernocouples 42, to maintain Dt val ues in accordance with
desired energy. A calculation is made of energy sent into the thermnal
reactor, and energy sent into the thermal reactor is controlled. The

t hermal budget node is advantageously ugﬁd to control thermal budget during
critical processing steps to maintain conhsistent Dt val ues both down the

| oad and run-to-run. SUBSTI TUTE SHEET (RULE 26) 0 6 NOV 2002 WD 99159196
PCT/ US99/ 103729 -58 In the Dt control node (Fig. 8)) the [1 controller 102
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The spi ke SPIRF Sfecton, SalFRdREis 105 cicrs BHER B Caish ouBrie CREBURIE and pi ke
t t nt by th h I 36. N

mod! £ 1 cat | R GIEHE 2Bs] 994 g ufpafaééjaﬁeﬁg‘fﬁﬁt’eﬁfmthoui’”‘ééﬁzfu ng from
the b t hi t .h Al th b
Hoser: bed i cubh PRRR BoRbsst g HealiCydie o Tt 4 SR R A acr 1
enbodi ment s, Lh Sgon?rol Geegxi%e flor at]gxpgn nﬁ%f hf ggnlroller%ctﬁ vaéueF {'la nes 8%29(? S hay. be

made theretpmmu e scope ‘nvention

2002 VD 85755%?E%tdpﬁ%aﬁﬁﬁiﬁ"ﬁ%%&%%fi’fﬁf@?@ﬁ%ﬁ@ ELpaRahE BT ol syt em

for contr Oli{ Baggc%%glxédeaqgﬁtiﬂgn{ﬁ%ﬁ4@ i'or rot"m%m@ he'H %%%%%Eeg}ekpﬁnx{%lwﬁgc%t ure

control system risi nper at ure I'S optlnlzed

for computing dof bluthic §aivah s&ARIPLe ngufaﬂwco\ﬁamaﬁ%u% Efahfts bl i senper at ure

range; a second tenp ratdre contr IS optl or conputing a

second set 916 BY dePbf BMEdPViuéak U Bn 168 when RRGAINE ifpBIR RhAb 4 ifdibaa0e. the

first

that the output of the controller 96 at line 160 is provided at output 140. This same given
set of low temperature controller output values at line 235 results in a different set of
control values, Y, at line 160 when the value input at line 250 indicates that the output of
the controller 96 at line 160 is not provided at output 140. To this end, the controller
output model at lines 235, 240, and 245 minus analogous observer feedback vaiues at
lines 250, 255 and 260 are preferably subject to a first control matrix calculation by the
respective observer gain feedback logic unit 185, 190, and 195, when the control value
output of the particular controller is supplied at output line 140, and are preferably

subject to a second control matrix calculation by the respective observer gain feedback
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tenperature range being different than the second tenperature range; and
control output selection |ogic for determ ning which of the fi rs@ @rr\@ﬁ ond
set of control values is used to control the tenperature of the pl rD
reactor. 2. A tenperature control systemfor controlling the tenperature of

a thermal re@@igksiod he tenperature control system conpri Spdi@jseddofzol St
tenperature controller that is optim zed for conputing control output

val ues over a first tenperature range; a second tenperature controller that
is optimzed for computing control output val ues over a second tenperature
range, the first tenperature range bei ng different than the second
tenperature range; and an observer gain Feedback systemfor driving the
control values of the first tenperature controller toward the control

val ues of the second tenperature SUBSTt TUTE SHEET ( RULE 26) 0 6 NOV 2002
WO 991 5919 60 ,PCT/ U 99110ﬁ 9{ control |l er when the aecond set of control
val ues |5 RGNV RIS sprtiof ke Pept &f theepapicuian controlier ig ot supalieddt dri vi ng

t he control val ues he second te ture controller toward the control
val ues of PH‘@“‘f'f’Ps‘t"g eﬁ?ﬁﬁr"& {ugs é’%?ﬁ‘?@%‘f‘? rt°\I\H‘Fe’ﬁsﬂeﬁé"eftF’i"%"tmgrét“Hf° control

GUCERERCRO S E R SO MR DI T
logic unit 185, 190, and 195. Gain control matrix constants of the first gain control
matrix calculation are preferably selected so that the particular controller operates in an
optimal fashion within the temperature range for which its dynamic model is designed. A
different gain matrix constant is used for the second gain matrix calculation. This second
gain matrix is preferably selected so that the control value output of the particular
controller generally tracks the control value output of the controller selected by the
control output selection switch 175. As such, each controller provides an optimal control
value at its output when the control output selection switch provides its control value at
output line 140, and provides a control value that generally tracks the control value
output of one or more of the other controllers when the control value of one of the other
controllers is provided at output line 140. The constants for the first and second gain
matrix calculation for a given temperature controller 96, 98, and 100 may differ (and,
generally, do differ) from the comresponding constants used in the other temperature
controllers.

As noted above, the embodiment illustrated in Fig. 4 is generally independent of
the particular multi-variable controller used by the temperature controllers 96, 98, and

100. Fig. 5, however, illustrates one manner of implementing a temperature controller
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tenperature control systemconprising: a first tenperature control | er
applying a first dynamc nodel to a plurality of neasured input pﬁaNﬁihmgprs
to generate a first set of control values) the first dynam c nodel being
optim zed over a first tenperature range to provide generally optinal

val ues for tweodsoigt set of control val ues over the firspctespasasd ure
range; a second tenperature controller applying a second dynam c nodel to a
plurality of measured input paranmeters to generate a second set of control
val ues, the second dynam c nodel being optim zed over a second tenperature
range to provide generally optinmal valugs for the second set of control

val ues over the second tenperature range) the first tenperature range being
different than the second tenperature range; and SUBSTI TUTE SHEET ( RULE 26)
0 6 NOvV 2002 V1' O 99159l 96 PGT/ U899/ 10329 -61 control output selection

switch logic for glet ercm c| whi ch elttheo rrstu 50{ $ ugl §et Obe control
val ues is BE%OHEEHY rr8? *t*h& et ORSLFeAAte ROWET RN ohé’rfraol PP 4. A
tenperature,con mfor con g terrper ure of. t her mal
react or, tﬁtgert%%%grre{a Wiufs P Py e °@l u{(;sorTr%rl 4 nb sstD ?f'éﬁlyyer ature
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second set Qf6PR (e Y45 ,tem?atass&mugmas b1 BAGL RS\ QRLE M zed over

a second tenperature range o provide genetalTy optinal val ue or the

second set ,of og&g;{)"g)!m}@é& ol Eds §Bﬂ ond terrper ature range, the first

tenperature range erent t han t e second t enperature range; and an

observer gain f&@ﬂmﬁ& SIS LR sn Bl dchBHEy BB ihdicies 3 BlonfferfoP BpdaP! V2 UES

toward the second set of contro en the seco set 0 ontr ol
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when the first set of control values is used to control the tenperature of
the react Ofhermocouple values received at line 300. Similarly, a spike error signal generator 305

generates spike error values at line 310. The profile error values at line 295 are provided
to the input 315 of the profile controller 320 while the spike error values at line 310 are
provided to the input 325 of the spike controller 330. Such a design is set forth in WO
98/35531 and the specific details thereof are omitted for the sake of simplicity.

Unlike the basic temperature controller of the parent application, the controller 96
implements observer gain feedback logic in accordance with the system architecture of
Fig. 4 and the corresponding disclosure above. To this end, an anti-windup gain
computation matrix 335, a gain-schedule computation matrix 340, and an observer mode

switch 345 are used to compute the values of the parameters provided at input 315. The
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5. A tenperature control systemfor controlling the tenperature of a
thermal reactor, the tenperature control system conprising:. a dhuﬂkﬂmkr
responsive to one or nore tenperature input value to control one or nore
heati ng el enents of the thermal reactor; a tenperature set-point input

| ogi ¢ that prpybgkessa set-point for a vanpi ng tenperat ur epét/assidseon
corresponding to a thermal recipe; a tenperature val ue generator responsive
to the set-point input logic to provide one or nore tenperature input
values to the controller. 6. A tenperature control systemas clained in
claimsS wherein the tenperature val ue geperator determ nes the one or nore
tenperature input values to the control ['6f based at |east on a nmaxi num
ranp-up value. 7. A tenperature control systemas clainmed in claim5
wherein the tenperature val ue generator determ nes the one or nore

R e N e MR T YN
PC I'/US99/ 10329 .8.. A t t t | aj med i | aim5
wher el n t he BB spgr BRURT Y e aes, Theur LS et e giE
tenperaturelyglue i% uts tg3é¢ﬁz%%?%f°|%ﬁ%‘ba56d aé “ezst on a maxi mum

r anp- down VEPTISSS QPURValass sk P2k TR SHPHESE usB ASREORE st o BB PaRRetETSai m 5

R heTlgeeéUt)p?urt %lhjers%t \.{?g ahd 360 are provided to the input of the observer mode switch

345. The observer mode switch 345 selects which of the values at 355 or 360 are
provided to the input 315 of the profile controller 320. The observer mode switch 345
provides the output values at 355 of the anti-windup gain computation matrix 335 when
the value of the signal illustrated at 250 indicates that the control values at output 160 of
the controller 96 are being provided to the heating element firing interface 145.
Similarly, the observer mode switch 345 provides the output values at 360 of the observer
gain computation matrix 335 when the value of the signal illustrated at 250 indicates that
the control values at output 160 of the controller 96 are not being provided to the heating
element firing interface 145,

A similar logic architecture is associated with the spike controller 330. As
illustrated, an anti-windup gain computation matrix 370, a gain-schedule computation
matrix 375, and an observer mode switch 380 are used to compute the values of the
parameters provided at input 325. The anti-windup gain computation matrix 370
provides output values at 385 that are computed using a first set of gain parameters. The
gain-schedule computation matrix 375 provides output values at 390 that are computed

using a second set of gain parameters. The output values at 385 and 390 are provided to
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generator determ nes the one or nore tenperature value inputs to the
controller based at |east on a m ni num ranp-down val ue. 10. A te ?8 %mﬁ
control systemfor controlling the tenperature of a thernal @
tenperature control system conprising: a controller responS|ve to one or
nore tenperawo®/sprput val ues to control one or nore heatromussy/emmnt s of
the thernmal reactor; a tenperature set-point input |logic that provides a
set-point for a ranping tenperature transition corresponding to a thermal
reci pe; a tenperature val ue generator responsive to the set-point input

|l ogic to provide one or nore tenperature | nput values to the controller)
the one or nore tenperature input values‘%elng defined by a maxi mum ranp
limt during a md-portion of a thermal ranp cycle and being defined by a
mnimumranp limt at one or both of an end- portion or a begi nni ng-portion

i AT S P
t her mal r ecPifae vajues akgqasxe‘??gg&gf Hﬁ_rg’g’d tﬁtﬂi’edl‘p”égéf %ﬁﬁ%w%w@ #’ﬂ 'ﬁ%. mylo
L e i i e
t enper at ur e“UURYLALPE 1} %@p ep e ve 5%8&%"?’% é ggég@cé‘?‘bﬁa\/\'ﬁ?h t he y

thernmal r eaggng)rol,

values at output 160 of the controller 96 are being provxded to the heating element
firing interface 145, Similarly, the observer mode switch 380 provides the output values
at 390 of the observer gain computation matrix 375 when the value of the signal
illustrated at 250 indicates that the control values at output 160 of the controller 96 are
not being provided to the heating element firing interface 145.

A de-coupled observer feedback system can also be implemented using the logic
architecture of Fig. 5. In such a system, the gains associated with the input values
designated with circles are set to zero.

It should be noted that a wide range of system logic architectures are suitable for
implementing a temperature control system that utilizes both the profile and spike
thermocouple data values to calculate control values that are selectively provided to the
heating element firing interface 145 and which include the disclosed observer gain
feedback logic. For example, rather than using a controller in which the spike and profile
controllers are designed for the same temperature range, the temperature control system
may be designed so that a set of output values from one of a plurality of profile

controllers designed for different temperature ranges are selectively supplied to the input
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tenperature sensor failure |ogic disposed to detect a failure of at |east
one of the plurality of tenperature sensors; a virtual tenperature sensor
model circuit having at | east one output tracking at |east onel6fNOYVHE?
plurality of tenperature sensors based on inputs received from ot her

sel ected onesWOPYMé plurality of tenperature sensors; a EEHUSH/10229
responsive to the plurality of tenperature sensors; substitution |ogic
circuit responsive to the detection of a failure of the at | east one of the
plurality of tenperature sensors by the tenperature sensor failure logic
for substituting the at |east one outputzsof the virtual tenperature

SUBSTI TUTE SHEET ( RULE 26) 0 s Nov 2002 -GS sensor nodel circuit for the
failed tenperature sensor for input to the controller. ~ 14. A tenperature
control systemas set forth in claim13 wherein the plurality of
tenperature SOl S rd . ; r r tro
Systom as S FORFreFa oRE ol RARTDRUEL Flyechs. o haNBF oIS A L
Sensors COonpLj T Qf | X i s. 16. A tenperature
control sysfﬁﬁ§§§b2§t° Qﬁ?ﬁﬁﬁﬁg§ﬁﬁfﬁﬂﬁﬁﬂﬁﬁg?%@ﬁ%@ﬁe virtual tenperature
sensor nodel circuit nodels the profile sensors. 17. A tenperature contro
systemas set forth in claim 15 wherein the virtual tenperature sensor
nodel circuit nmogglsed MeuRE O&meﬁﬁnmefSﬁﬂVW [ Wé%ﬁmmspi ke
sensors. 18. A tenperature control systemtor controlling e tenperature
of a thermal reagt OcTORS 1GOE 0! system conprising; a tenperature
controll er having a base control node and an el enent control node; and

Fig. 6 illustrates one manner of implementing the temperature control system 68

with enhanced ramp trajectory logic. As shown, a controller 1140 is connected to receive a
plurality of data values represented by line 1135 that correspond to the temperature values as
measured by the thermocouples 36, 42. Additionally, the controller 1140 receives
temperature output values, Toupw, from a ramp-up/ramp-down temperature value generator
1145. As will be explained in further detail below, the temperature value generator 1145
provides the temperature output values, Toupu, to the controller 1140 in response to at least
the temperature set-point input value, shown logically at 1150, that, for example, is entered
by the user as part of the process recipe. It is the logical operations performed by the ramp-
up/ramp-down temperature value generator to generate the temperature output values,
Toutput, that assist in preventing temperature overshoot in the thermal reactor 12.

The controller 1140 is constructed using robust optimal control theory with
empirically derived models of the furnace and workpieces that are to be heated. More
particularly, in the illustrated embodiment, the controller 1140 is a multi-variable controller

that uses a dynamic model constructed using H-infinity control theory. One manner of
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AVEND O 6 NOV 2002 -65/1 a heating elenment failure detector disposed to
detect a failure of at least one heating elenment in the thernmal Jgaaytan by
measuring at |ast one tenperature associated with the heating el ement,
relative to electrical power applied to the heating elenment, the controller
responsi ve twoldbesibeati ng el enent failure detector to swpcghséoomnwt he base
control node to the elenent control node upon the detection of a heating

el enent failure. 19. A tenperature control systemas set forth in claim18
wherein the heating elenment failure detector detects a failure of a heating
el ement by nonitoring one or nore signals indicative of the power supplied
to the heating elenent. 20. A tenperat UP¥ contr ol systemas set forth in
claim 18 wherein the heating elenent failure detector detects a failure of
a heating elenent by calculating the derivative of nmeasured spike
tenperature sensor values that are provjded f articul ar__heating zone

i ' OX
wi Lhi n t he deReRE e dynamie edek yisd inthecdopRller 1 B inenbrdn WOSBE3E 1M conpar i ng
t he absol ute value _of the calc d i vatiye a tern ned

threahor d viQise 5a8mD | SrEREEAERREC RHROIL KT e 2 SBLEEGYBLRDR ) i m 15
wherein the_heating el nt..fai.lure detector tects a failure of a heating
el enent by%??ﬁ&gm%i ‘f?h‘%}}‘é i‘:"ébYb‘E‘E“\’i?é?é"l’f’qi ¥d Frk’%"’es@?’wﬁﬁf'h‘tw‘val ue and a
tenperature as mgaa red by a spike te er,a# ure sensor and comparing the

di f f er ence begecasired thet ethermyitiahafiphl e eontsp! dosiegesigns pResivebeysed. Hieg NOv 2002

-65/2 22. A tenperature control systemfor controlli the tenperature of a
thermal re é;exgt&lnﬁgic tlow il?ustrated in Fig. 6 }/s thus generally ?ndepen ent ofn tge particular crggtrol

theory used to design the controller. The only general requirement is that the controller 1140
is capable of executing a dynamic model based on one or more measured variable inputs.

The controlier 1140 applies the temperature output value provided at 1155 and the
thermocouple data values at 1135 to its dynamic model. The controller 1140 uses the
input values to generate an output that comprises & plurality of control values that are
provided, for example, at the output represented by line 1160 to the input of a heating
element firing interface 1165. The firing interface 1165 applies controlled power to the
heating element zones at lines 1170 based on the values of the control values to thereby
adjust the amount of heat provided in each zone and thus regulating the reactor
temperature.

Notably, the controller 1140 does not receive the set-point input value for direct
input to its dynamic model. Rather, the temperature set-point input value is provided to
the temperature value generator 1145 which, in turn, provides the controller 1140 with
incremental temperature output values, Touwps, that the controller 1140 uses for

temperature control of the thermal reactor 12. The temperature output values, Toutpu,
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based on thg.difference between a spike set-point and spike tenperature
measurenents; a profile controller, providing a spike set-point control

signal to the SRiKE afeQBer b manners for implementing the modified ramp function of

the temperature value generator 1145. Fig. 7 illustrates one such implementation.

With reference to Fig. 7, the goal of the temperature value generator 1145 is to
provide a sequence of temperature output values, Toupw, that drive the controller 1140
and, thus, the reactor temperature, from an initial temperature, Tina, to the temperature
set-point input value, Ty, In doing this, the temperature value generator 1145 provides
temperature output values, Toupuw, that form a modified ramp function over time. One
particular form of such a modified ramp function is designated by line 1178.

As illustrated by line 1178, the temperature value generator 1145 receives a new
temperature set-point input value at time t; and proceeds to provide the controller 1140
with incremental temperature output values, Toupu, that correspond to a maximum ramp
rate, Rmax. The value of the maximum ramp rate, Rma, may be based on a value input by

the user or may be a predetermined system constant.
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101 S 10%| xﬁgélll.{e)g'enerator 1145 generates temperature output values, Toupa, that drive the controller
1140 at the minimum ramp rate, Rmin, at a beginning portion of the ramp-up phase. At a
predetermined point, such as at a percentage, Y, of the temperature set-point input value,
Te, or of the initial temperature value, Timua, the temperature value generator 1145
generates temperature output values, Tompw, that drive the controller 1140 at the
maximum ramp rate, Rmax. At a further predetermined point, such as at a percentage, X,
of the temperatures set-point value, Ty, or of the initial temperature value, Tina, the
temperature value generator 1145 again generates temperature output values, Toupu, that
drive the controller 1140 at the minimum ramp rate, Rqa, until the temperature output
value reaches the temperature set-point input value, Ty, As above, ramp rate switching
may alternatively be based on total ramp-up time, user programmed recipe values,
predetermined system constants, etc.
A further modified ramp-up function that may be implemented by the temperature
value generator 1145 is shown in Fig. 9. In this example, the ramp rate, Reurent, used by
the controller 1140 varies over the ramp-up phase, but is in no event less than the

minimum ramp rate, Ryin. To this end, the ramp rate, Raurent, at a given temperature

output value, Toupa, may be described as follows:
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3T
F - Tharget = Toupa R = ::Pn
T

where: 7 is atime constant (user programmed or system constant); and

AT

Tunial + Remax % t fort<—
Rumax
Thuge =
AT
Tse fort<——
R
where: Ty, is the temperature set-point value; and
AT =| Tsp = Tinitiat |-
The ramp trajectory is obtained by solving the following system for Ty,
| ( | Tingot = Teo l}}
AT = ou (oD | Mox (Rrminy © T 7
— old Z AT—’
/SF += Rmc‘x')._ 3 { = Rm:!
Tinput =
F News 'l\.' S 'A'T"
T Rrncy
P )
Definitions,

Ty = Time dependent set point value that defines the ramp trajectory

[T < Typ < Typ™™ forall t ]

T$"" = New target set point
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T = Old target set point

AT = Ty™" - T™®

t = Time variable as measured from start of ramp

© = Ramp time constant

Tispw = Input ramp trajectory that is subsequently filtered
If the ramp rate calculation above results in a value that is less than the minimum ramp
rate, Rmyin, then Reyren = Rmin 50 that a ramp rate used by the temperature value generator
is never less than the minimum ramp rate.

As shown in Fig. 9, temperature output values, Toups, generated in the foregoing
manner provide a smoother transition between the minimum and maximum ramp rates
used over the duration of the ramp-up phase. Such smooth transitions allow the
controller 1140 to more accurately control the temperature of the thermal reactor 12.

Fig. 10 illustrates the effect of the value of given minimum ramp rate values, Ryin,
on the temperature output value, Toupu. In the illustration, line 1210 is a graph of the
temperature output values, Toupu, Where a large minimum ramp rate, Rmin, is used. Line
1215 is a graph of the temperature output values, Toupu, Wherein a minimum ramp rate,
Rumin, i5 used that is less than the minimum ramp rate used to obtain the temperature
output values illustrated by line 1210. Similarly, lines 1218 and 1220 represent
temperature output values in which even lower minimum ramp rates are used. As can be

seen from Fig. 10, a lower minimum ramp rate lengthens the time that it takes to
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ultimately reach the temperature set-point value, Ty, but provides for a smoother
transition toward that value thereby reducing and/or eliminating temperature overshoot in
the thermal reactor 12. A similar effect results when the time constant, <, is varied.
Larger time constants result in smoother transitions between the minimum and maximum
ramp rates and, further, provide for smoother transition as the temperature output value
reaches the temperature set-point value, T,p.

In addition to temperature overshoot avoidance other advantages of using a
nonlinear ramp trajectory include:

1. Better overall control beha:vior and zone-to-zone matching;

2, Specification of a single trajectory with ramp rates that fall below wafer
plastic deformation limits. The alternative may be a cumbersome set of
linear ramp segments that are pieced together.

Typically, there is a tradeoff between different control objectives. In a preferred
embodiment high bandwidth controllers w/aggressive disturbance rejection properties are
chosen (SP changes can be viewed as a disturbance). A linear ramp therefore, can
represent a large disturbance that cause aggressive controller response. Nonlinear ramps
smooth the disturbance, and also the controller response.

Although the modified ramp functions illustrated in the foregoing environments
are directed toward application in a temperature ramp-up phase, it will be recognized that

such modified ramp techniques may also be used in a temperature ramp-down phase.
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When used in a ramp-down phase, one of the goals of the modified ramp operation is to
prevent the temperature of the reactor from falling below its newly applied set-point
temperature.

TEMPERATURE CONTROL SYSTEM HAVING VIRTUAL

TEMPERATURE SENSOR

Fig. 11 illustrates one manner of implementing the temperature control system 68
with a virtual temperature sensor. As shown, a controller 2160 is connected to receive a
plurality of input data values. The controller 2160 is constructed using robust optimal
control theory with empirically derived models of the furnace and workpieces that are to be
heated. More particularly, in the illustrated embodiment, the controller 2160 is preferably a
multi-variable controller that uses a dynamic model constructed using H-infinity control
theory. One manner of deriving the dynamic model used in the controller 140 is set forth in
WO098/35531, titled "MODEL BASED TEMPERATURE CONTROLLER FOR
SEMICONDUCTOR THERMAL PROCESSORS", which is hereby incorporated by
reference. However, it will be recognized that other multi-variable control logic designs
may alternatively be used. The control logic flow illustrated in Fig. 11 is thus generally
independent of the particular control theory used to design the controller. The only general
requirement is that the controller 2160 is capable of executing a dynamic model based on

one or more measured variable inputs.
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The controlier 2160 receives data values represented by line 2165 that correspond to
the temperature values as measured by the thermocouples 36, 42. These values are through-
connected from the thermocouple interface 2130 through thermocouple switch logic 2170.
Additionally, the controller 2160 receives the temperature set-point value at line 2135 from
the temperature set-point input, shown logically at 2175, that, for example, is entered by the
user as part of the process recipe.

The controlier 2160 applies the temperature set-point value provided at 2135 and
the thermocouple data values at 2165 to its dynamic model. The controller 2160 uses the
input values to generate an output that comprises a plurality of control values that are
provided, for example, at the output represented by line 2140 to the input of the heating
element firing interface 2145. The firing interface 2145 applies controlled power to the
heating element zones at lines 2150 based on the values of the control values to thereby
adjust the amount of heat provided in each zone and thus regulating the reactor
temperature.

As is readily apparent, a hardware failure that results in an inaccurate reading
from a thermocouple will cause the dynamic model of the controller 2160 to arrive at
improper solutions for the control output values that are shown logically at line 2140. In
conventional practice, the temperature control system is immediately shut down when
such failure conditions are detected. In contrast to this conventional practice, the

temperature control system of the present invention substitutes a virtual temperature
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sensor in place of the failed input value to facilitate either continued operation of the
reactor in accordance with the programmed recipe or an orderly system shutdown that
may minimize the risk of damage to the workpieces.

The embodiment of the control system of Fig. 11 employs at least three logic
components to execute the substitution of the virtual temperature sensor in place of the
failed input value. To this end, the profile and spike thermocouple values are provided at
the output 2180 of the thermocouple interface 2130. These values, in turn, are provided
to the input of thermocouple failure detection logic 2185, virtual thermocouple logic
2190, and the thermocouple switch logic 2170.

The thermocouple failure detection logic 2185 monitors the thermocouple data
values to detect a change in one or more of the values which is indicative of a hardware
failure. Generally, the hardware failure corresponds to a failure of one or more
components charged with providing the input value from a particular thermocouple and is
not necessarily limited to a failure of the thermocouple itself. Various state changes may
indicate such a failure. For example, the thermocouple failure detection logic 2185 may
monitor the input values of each thermocouple to determine whether the value exceeds a
predetermined upper threshold value or falls below a predetermined lower threshold
value. Such limits may indicate an open circuit condition or short circuit condition of the
thermocouple or related components. Further, the rate of temperature change indicated

by the input values of each thermocouple may be compared to an upper or lower rate

SUBSTITUTE SHEET (RULE 26)



10m 10nf;, 10%1& () - (10%& ()-3 & 10%& ()- " 10%& ()-13 |

10%r& ()-y10%& ()-_q qog{qqgqqrxY:/ 10ns 10%r& () - | 06 NOV 2002
10%r&' ()-! @ 10%& () -ynl0%& ()-vy, 310%r& () - ¥%810%r& () -

10nT nT 2u} uVXgxr xsxt xdYNC 10m 10m 10m 10nS; S10%& () - $10%r& ()-F "

10%m& () - | 109@%0M6919¢3 T 10%m&' () -t xxxxx@zdEYNC 10m Y f e¥§e%99 329

10968 () - MLO%3& () -1 y@O0%S&' () - y410%5&' () - % 10%5&' () - ne( ~v~~( CDEFAYNC 10m
10G 10G 10G @0%& ()-210%& ()-010%3& () - |

-46-

threshold value to detect a failure condition of the thermocouple or related components.
When a failure of one or more of the thermocouple input values is detected, the detection
logic 2185 provides a failure output signal, shown in logic form at 2195 that indicate a
failure condition and identifies one or more of the thermocouple inputs that have failed.

The virtual thermocouple logic 2190 also receives the thermocouple data values
and uses these values as inputs to a plurality of dynamic thermocouple models, at least
one model respectively associated with each thermocouple data value input that is to be
provided to the controller 2160 at line 2165. Each dynamic thermocouple model is
designed to provide a virtual thermocouple output that accurately tracks what the
thermocouple data input to the controller 2140 for a particular thermocouple input would
have been if the particular thermocouple input had not been subject to & hardware failure.
In the disclosed embodiment, the dynamic model for a particular thermocouple input
preferably relates the thermocouple input values for which the model is designed to
thermocouple input values from one or more of the other thermocouples used in the
control system, In a preferred embodiment in which both spike and profile
thermocouples are used by the dynamic model(s) of the controller 2160, only the profile
thermocouples are modeled. The virtual thermocouple output values are provided to the
input of the thermocouple switch logic 2170, as shown logically by line 2200.

The thermocouple input values shown logically at line 2135 are dependent on the

state of the failure output 2195 of the thermocouple failure detection logic 2185. Under
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normal operating conditions in which the thermocouple input values at line 2180
accurately reflect the temperatures of the thermocouples 36, 42, the thermocouple switch
logic 2170 effectively through-connects these values for input to the controller 2160 at
line 2165. When a profile thermocouple or a corresponding component fails, this failure
is detected by the thermocouple failure detection logic 2185 that, in turn, provides the
failure output at line 2195 to at least the thermocouple switch logic 2170. In response to
the failure output at line 2195, the thermocouple switch logic 2170 inhibits the through-
connection of the failed thermocouple input and substitutes the virtual thermocouple
input that corresponds to the failed thermocouple input to line 2165 for use by the
controller 2160, Preferably, the failure output at line 2195 is also provided to the
controller 2160 thereby making the controller 2160 aware of the failure condition so that
it may take the appropriate action. Such appropriate action may include an orderly
shutdown of the reactor system, continued execution of the recipe, or modified execution
of the recipe. Which action the controller logic pursues may be dependent upon, for
example, which of the thermocouple inputs has failed.

A virtual temperature sensor such as the one disclosed above may be used in the
foregoing temperature control system. Moreover, the principal of optimizing one or more
dynamic models for use over predetermined, generally non-overlapping temperature
ranges may also be applied in the design of a virtual temperature sensor. Such a system

is shown in Fig, 12,
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As illustrated, the virtual thermocoupies logic, shown generally at 2190, receives
the spike temperature input values as shown logically by line 2180a to generate virtual
profile thermocouple values. The spike temperature input values are provided to the
inputs of at least two predicted profile value models 2210 and 2215. Predicted profile
value mode! 2210 is optimized for a temperature range that is higher than the temperature
range for which the predicted profile value model 2215 is optimized. The predicted
profile thermocouple values of each model 2210 and 2215 are provided to the input of a
predicted profile selector 2220. The predicted profile selector 2220 is responsive to one
or more input signals indicative of the temperature range in which the thermal reactor is
operating or is to operate and selects the appropriate predicted profile values at lines 2225
or 2230 for output at line 2200. In a preferred embodiment, the predicted profile selector
2220 is responsive to a spike temperature input value at line 2180b that is indicative of
the temperature sensed by a spike thermocouple that is disposed at a central portion of the
thermal reactor 12. If the sensed temperature falls within the optimized range of the
high-temperature predicted profile value model 2210, then the predicted profile values at
line 2225 are selected for output at 2200. Similarly, if the sensed temperature falls within
the optimized range of the low-temperature predicted profile value model 2215, then the
predicted profile values at line 2230 are selected for output at 2200. The value of the
temperature set-point input at line 2135 (see Fig. 11) may alternatively be provided to the

predicted profile selector 2220 and used as a basis for selecting which of the predicted
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profile value models 2210 or 2215 are optimal under the given conditions. If the value of
the temperature set-point input falls within the optimized range of the high-temperature
predicted profile value model 2210, then the predicted profile values at line 2225 are
selected for output at 2200. Similarly, if the value of the temperature set-point input falls
within the optimized range of the low-temperature predicted profile value model 2215,
then the predicted profile values at line 2230 are selected for output at 2200.

It will be recognized that a wide range of logic architectures other than those set
forth in Figs. 11 and 12 may be used to implement the disclosed virtual temperature
sensor substitution system. It is therefore contemplated that all such systems fall within

the ambit of the present invention.

HEATING ELEMENT FAILURE CONTROL

The temperature control system 68 controls the temperature within the thermal
reactor 12 in accordance with a user programmed recipe. Temperature control is
preferably based on dynamic modeling of the thermal reactor 12 in which desired
temperature states are modeled based on measurable system parameters. In operation, the
recipe comprises temperature set-point values that are used by one or more dynamic
models to drive the thermal reactor 12 to the desired temperature state.

With reference to Fig. 13, the temperature contro] subsystem 68 receives at least

two input signals for each predefined heating zone: a profile thermocouple input from
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which the temperature at the profile thermocouple for the respective heating zone may be
determined, and a spike thermocouple input from which the temperature at the spike
thermocouple for the respective heating zone may be determined. These profile and
spike temperature are provided through a thermocouple interface 3130 as illustrated by
line 3215 and are used in conjunction with the temperature set-point input at line 3135 to
provide one or more heating element output control values at lines 3140, The output
control values at lines 3140 are supplied to the input of a heating elements control
interface 3145 and are used to control the electrical power that is supplied at lines 3150 to
respective heating zone elements,

A process of designing the controllers 96, 98, 100, and 102 is described in detail
in WO98/35531, or titled "MODEL BASED TEMPERATURE CONTROLLER FOR
SEMICONDUCTOR THERMAL PROCESSORS", which is hereby incorporated by
reference. In the embodiment of the thermal processor disclosed in that application, two
types of models are created: off-line and on-line. By “off-line model,” what is meant is a
model that is created for control system design. By “on-line model,” what is meant is a
model that is active during the operation of the thermal reactor 12, such as to process
actual semiconductor wafers 28.

In the embodiment disclosed in the foregoing application, three off-line models
are developed: a power set-point vs. spike thermocouple model; a spike thermocouple vs.

profile thermocouple model; and a profile and spike thermocouple vs. thermocouple
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instrumented wafer model. Each off-line model is used to design the controllers 96, 98,
100, and 102 in the temperature subsystem.

A single on-line model is developed to estimate wafer temperature during
operation of the thermal reactor 12. The on-line model predicts the actual temperature of
the wafers 28 using real temperature measurements from the spike and profile
thermocouples 36 and 42. Because modeling of the entire thermal reactor 12 is
complicated and very susceptible to variations and maintenance operations over time,
simple modeling of the relationship between the wafer temperatures and the measured
profile and spike temperatures is performed to provide an accurate indication of the wafer
temperatures during dynamic changes in temperature. Further, it is assumed that under
steady-state conditions the profile temperatures are indicative of the actual temperatures
of the wafers 28.

After modeling, the three off-line models are used to create three separate and
unique controllers: the spike controller 96, the profile controller 98, and the wafer
controller 100. The spike controlier 96 uses the difference between the spike set-points
and spike thermocouple measurements as inputs, and then outputs the power set-points to
the firing interface 108. The profile controller 98 uses the difference between the profile
set-points and the profile measurements as inputs and then outputs spike set-points to the
spike controlier 96. The wafer controller 100 uses the difference between the wafer set-

points and predictions of the on-line wafer temperature model as inputs and then outputs

SUBSTITUTE SHEET (RULE 26)



U& ()-NJEYNC 10m s 1098& () - | 06 NOV 100
109B& ()-!, z109B& ()-smloYB& () -, 3109B& () - $109B& ()-" @EYNC 10m.. 109B& () -
, 1098& ()-3109B& ()-s SF109B& ()- -109B& ()- | F109B& ()-@.bC

10nyf 3109Z& () - F%@0%& ()- 10B 10B 10B@

S109B& () - 21998 sébs 0109B& () - . =BdEBC 10nF s 109&Z& () - 10%&&ishor k@& () -
109&Z8&' ()-yml0%Z& ()-!f-109%& ()-PdYNC 10m 10Z 10Z 10Zy;

S100Z&' ()--109&& ()-3 * 109%&& ()-,)Z10%Z& ()-f109%Z& ()- dEYNC

-572.

profile set-points to the profile controller 98. In the illustrated embodiment, each
controller 96, 98, and 100 is designed using H-Infinity robust optimal control theory.
More particularly, in the illustrated embodiment, each of these controllers are
multivariable, in which the interaction between heating zones is taken into consideration
to provide improved temperature response to the desired ramp or set-point. It will be
readily recognized, however, that other control theories may be used to implement the
controllers.

In the illustrated embodiment, a control mode logic circuit is selectable from among
different available control mode logic circuits including an element control mode logic
circuit (Fig. 13) defining an element control mode, a base control mode logic circuit (Fig.
14) defining a base control mode, a dynamic control mode logic circuit (Fig. 15) defining a
dynamic control mode, and a Dt control mode logic circuit (Fig. 16) defining a Dt control
mode. Each of these control mode logic circuits are defined by a single one or a
combination of the controllers 96, 98, and 100.

More particularly, the temperature subsystem 68 employs the spike controller 96 for
the element control mode (Fig. 13). The temperature subsystem 68 employs a combination
of the profile controller 98 and the spike controller 96 for the base control mode (Fig. 14).
The temperature subsystem 68 employs a combination of the wafer controller 100, the

profile controller 98, and the spike controller 96 for the dynamic control mode (Fig. 15).
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Finally, the temperature subsystem 68 employs the non-linear Dt controller 102 with the
profile controller 98, and the spike controller 96 to provide the Dt control mode (Fig. 16).

A user can provide a recipe comprising multiple steps and which uses any one of the
control modes in each step. For example, a user can provide a recipe that switches from one
control mode to another at a given stage of semiconductor processing. One suggested
approach is to employ the base control mode during a furnace check and push in of the boat
18, prior to a ramp up in temperature, to employ the wafer control mode during temperature
ramp up and temperature stabilization, to employ the Dt control mode during wafer
processing steps, and to employ the base control mode during boat push out. Another
suggested approach is to use the base control mode during all processing steps.

The element control mode is typically a maintenance mode (e.g., to burn in
elements). In the element control mode, the spike controller controls on the basis of spike
thermocouple temperatures. The mode is not used in normal processing of wafers.

The base control mode (Fig. 14) is the default mode of operation, and is the mode
with which there is a concern with respect to heating element failure. In the base control
mode, the profile controller 98 provides a spike set-point control signal based on a profile
error. The profile error is based on the difference between profile temperature set-point, and
profile temperature measurements by the profile thermocouples 42. The spike controller 98
controls power to the thermal reactor based on spike error. The spike error is based on the

difference between spike set-point and spike temperature measurements by the spike
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thermocouples 36. The base control mode provides accurate control resulting in improved
process uniformity and cycle time reduction attributed to faster stabilization times. The base
control mode logic circuit uses the profile and spike controllers simultaneously by cascading
them together.

As illustrated in Figs. 2, one or more heating element failure signals are provided to
the controller 68 from heating element failure logic, shown generally at 101, The heating
element failure signals, illustrated in logic form at line 103 are indicative of a failure of a
particular heating element in one of the predefined heating zones. Such failures can be
detected in any number of manners. For example, the derivative of the measured spike
thermocouple values that are provided for a particular heating zone over time may be
monitored to detect a failure. When the absolute value of the derivative exceeds a
predetermined threshold value for a particular spike thermocouple, it may indicate a failure
of the comresponding heating element for the zone. A heating element failure signal may
then be generated to the controller 68 indicating a failure of the corresponding heating
element,

Another manner of detecting a heating element failure is to measure the difference
between the spike set-point value and the temperature as measured by the spike
thermocouples. If the difference exceeds a predetermined threshold value in a particular

zone, it may be used to indicate a failure of the corresponding heating element for that zone,
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A still further manner of detecting a heating element failure is to measure the current
flowing through the heating element or the voltage across the heating element for a
particular heating zone. If the current falls below a predetermined threshold value for a
particular heating element, it may indicate a failure of the heating element. Similarly, if the
voltage across the particular heating element exceeds a predetermined threshold value, it
may indicate a failure of the heating element.

When the controller 68 detects a heating element failure in one or more zones, the
controller 68 switches to the element control mode shown in Fig. 13. Further, while in this
element control mode, the spike set point is lowered for the heating zone in which the
heating element failure occurred. Preferably, the spike set point for the failed zone is
dropped with the measured value of the spike thermocouple 36.

Handling of the heating element failure in this manner has several advantages. For
example, such failure handling prevents erratically high temperatures from occurring when
the heating element recovers from the failure and power is restored. This assists in
preventing wafer slip that may otherwise occur through temperature overshoot if the heating
element is immediately driven to the set point value upon recovery from the failure
condition. Further, such failure handling prevents the re-occurrence of an over-temperature
condition that may otherwise occur through temperature overshoot. Still further, such
failure handling makes salvaging do workpieces 28 possible despite the heating element

failure.
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Profile thermocouples do not match temperatures at the edge of a load. Users prefer
not to change their recipes to compensate for this. One solution to this problem is to shorten
profile thermocouples which results in readings generated by the profile thermocouples
more accurately matching temperatures at the edge of a load. The dynamic or wafer control
mode (Fig. 15) provides a solution to the problem without requiring modification of the
profile thermocouples or adjustment of the user's recipe.

In the dynamic control mode, the wafer controller 100 provides prediction or
estimation of the temperatures of wafers 28 and control to achieve temperatures for the
wafers 28 which approach the desired or recipe wafer temperatures, The dynamic control
mode may be most advantageously employed during temperature ramping and stabilization
steps. The dynamic control mode involves the prior use of the thermocouple instrumented
wafers 44 during modeling, as discussed above. After modeling, while the control system is
in use, the dynamic control mode controls the thermal reactor 12 based on predicted wafer
temperature using the on-line wafer temperature estimating model 114. The on-line wafer
temperature estimation model 114 predicts wafer temperature based on measurements from
the spike and profile thermocouples 36 and 42. More particularly, wafer temperature is
predicted based on measurements from the spike and profile thermocouples 36 and 42 and
the relationship between measurements taken by the thermocouple instrumented wafers 44
(representing wafer temperature) and measurements taken by the profile and spike

thermocouples 36 and 42 during modeling.
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In the dynamic control mode, the wafer controller 100 provides a profile set-point
based on a wafer error. The wafer error is based on the difference between profile
temperature set-point, and profile temperature measurements by the profile thermocouples
42. The profile controller provides a spike set-point control signal based on profile error.
The profile error is based on the difference between profile temperature set-point produced
by the wafer controller 100, and profile temperature measurements by the profile
thermocouples. The spike controller controls power to the thermal reactor based on spike
error. The spike error is based on the difference between spike set-point and spike
temperature measurements by the spike thermocouples 36. The dynamic control mode uses
the spike controller 96, the profile controller 98, and the wafer controller 100 cascaded
together.

In the Dt or thermal budget mode, the Dt controller 102 measures temperature
exposure or applied thermal energy and controls energy with respect to set-point or desired
energy. Thermal budget is controlled, using measurements from profile thermocouples 42
and taking the integral of e”*" where k is Boltzmann’s constant and T is temperature
measured using the profile thermocouples 42, to maintain Dt values in accordance with
desired energy. A calculation is made of energy sent into the thermal reactor, and energy
sent into the thermal reactor is controlled. The thermal budget mode is advantageously used
to control thermal budget during critical processing steps to maintain consistent Dt values

both down the load and run-to-run,
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In the Dt control mode (Fig. 8), the Dt controller 102 provides a profile set-point
based on an energy error. The energy error is based on the difference between an energy set-
point, and measured energy. The profile controller 98 provides a spike set-point control
signal based on a profile error. The profile error is based on the difference between profile
temperature set-point produced by the Dt controller, and profile temperature measurements
by the profile thermocouples 42. The spike controller 96 controls power to the thermal
reactor based on spike error. The spike error is based on the difference between spike set-
point and spike temperature measurement by the spike thermocouples 36.

Numerous modifications may be made to the foregoing system without departing
from the basic teachings thereof. Although the present invention has been described in
substantial detail with reference to one or more specific embodiments, those of skill in
the art will recognize that changes may be made thereto without departing from the scope

and spirit of the invention as set forth in the appended claims.
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CLAIMS
1. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising:

a first temperature controller that is optimized for computing a first set of control
output values over a first temperature range;

a second temperature controller that is optimized for computing a second set of
control output values over a second temperature range, the first
temperature range being different than the second temperature range; and

control output selection logic for determining which of the first or second set of

control values is used to control the temperature of the thermal reactor.

2. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising;

a first temperature controller that is optimized for computing control output
values over a first temperature range;

a second temperature controller that is optimized for computing control output
values over a second temperature range, the first temperature range being
different than the second temperature range; and

an observer gain feedback system for driving the control values of the first

temperature controller toward the control values of the second temperature
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controller when the second set of control values is used to control the
temperature of the reactor, and for driving the control values of the second
temperature controller toward the control values of the first temperature
controller when the first set of control values is used to control the

temperature of the reactor.

3. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising:

a first temperature controller applying a first dynamic model to a plurality of
measured input parameters to generate a first set of control values, the first
dynamic model being optimized over a first temperature range to provide
generally optimal values for the first set of control values over the first
temperature range;

a second temperature controller applying a second dynamic model to a plurality of
measured input parameters to generate a second set of control values, the
second dynamic model being optimized over a second temperature range
to provide generally optimal values for the second set of control values
over the second temperature range, the first temperature range being

different than the second temperature range; and
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control output selection switch logic for determining which of the first or second
set of control values is used to control the temperature of the thermal

reactor.

4. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising;:

a first temperature controller applying a first dynamic model to a plurality of
measured input parameters to generate a first set of control values, the first
dynamic model being optimized over a first temperature range to provide
generally optimal values for the first set of control values over the first
temperature range,

a second temperature controller applying a second dynamic model to a plurality of
measured input parameters to generate a second set of control values, the
second dynamic model being optimized over a second temperature range
to provide generally optimal values for the second set of control values
over the second temperature range, the first temperature range being
different than the second temperature range; and

an observer gain feedback system for driving the first set of control values toward
the second set of control values when the second set of control values is

used to control the temperature of the reactor, and for driving the second
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set of control values toward the first set of control values when the first set

of control values is used to control the temperature of the reactor.

5. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising:
a controller responsive to one or more temperature input value to control one or
more heating elements of the thermal reactor;
a temperature set-point input logic that provides a set-point for a ramping
temperature transition corresponding to a thermal recipe;
a temperature value generator responsive to the set-point input logic to provide

one or more temperature input values to the controller,

6. A temperature control system as claimed in claim 5 wherein the temperature value
generator determines the one or more temperature input values to the controller based

at least on a maximum ramp-up value.
7. A temperature control system as claimed in claim 5 wherein the temperature value

generator determines the one or more temperature input values to the controller based

at least on a minimum ramp-up value,
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8. A temperature control system as claimed in claim 5 wherein the temperature value
generator determines the one or more temperature value inputs to the controller based

at least on a maximum ramp-down value.

9. A temperature control system as claimed in claim 5 wherein the temperature value
generator determines the one or more temperature value inputs to the controller based

at least on a minimum ramp-down value.

10. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising:

a controller responsive to one or more temperature input values to control one or
more heating elements of the thermal reactor;

a temperature set-point input logic that provides a set-point for a ramping
temperature transition corresponding to a thermal recipe;

a temperature value generator responsive to the set-point input logic to provide
one or more temperature input values to the controller, the one or more
temperature input values being defined by a maximum ramp limit during a
mid-portion of a thermal ramp cycle and being defined by a minimum
ramp limit at one or both of an end-portion or a beginning-portion of the

thermal ramp cycle.
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11. A temperature control system as claimed in claim 10 wherein the maximum ramp

limit is programmable through entry of a thermal recipe.

12. A temperature control system as claimed in claim 10 wherein the minimum ramp

limit is programmable through entry of a thermal recipe.

13. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising:

a plurality temperature sensors disposed to measure temperature associated with
the thermal reactor;

temperature sensor failure logic disposed to detect a failure of at least one of the
plurality of temperature sensors;

a virtual temperature sensor model circuit having at least one output tracking at
least one of the plurality of temperature sensors based on inputs received
from other selected ones of the plurality of temperature sensors;

a controller responsive to the plurality of temperature sensors;

substitution logic circuit responsive to the detection of a failure of the at least one
of the plurality of temperature sensors by the temperature sensor failure

logic for substituting the at least one output of the virtual temperature
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sensor model circuit for the failed temperature sensor for input to the

controller.

}m‘} 14, A temperature control system as set forth in claim 13 wherein the plurality of

temperature sensors comprises thermocouples.

15. A temperature control system as set forth in claim 13 wherein the plurality of

temperature sensors comprises profile sensors and spike sensors.

16. A temperature control system as set forth in claim 15 wherein the virtual temperature

sensor model circuit models the profile sensors.

17. A temperature control system as set forth in claim 15 wherein the virtual temperature
@ sensor model circuit models the profile sensors based on inputs from the spike

Sensors.

18. A temperature control system for controlling the temperature of a thermal reactor, the
control system comprising;:
a temperature controller having a base control mode and an element control mode;

and
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a heating element failure detector disposed to detect a failure of at least one heating
element in the thermal reactor, by measuring at last one temperature
associated with the heating element, relative to electrical power applied to
the heating element, the controller responsive to the heating element failure

ﬂ% detector to switch from the base control mode to the element control mode

upon the detection of a heating element failure.

19. A temperature control system as set forth in claim 18 wherein the heating element
failure detector detects a failure of a heating element by monitoring one or more

signals indicative of the power supplied to the heating element.

20. A temperature control system as set forth in claim 18 wherein the heating element

. failure detector detects a failure of a heating element by calculating the derivative of
@ measured spike temperature sensor values that are provided for a particular heating
zone within the thermal reactor that includes the heating element and comparing the

absolute value of the calculated derivative to a predetermined threshold value.

21. A temperature control system as set forth in claim 18 wherein the heating element
failure detector detects a failure of a heating element by calculating the difference
between a spike set-point value and a temperature as measured by a spike temperature

sensor and comparing the difference to a predetermined threshold value.
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a spike controller the splke controller controlling the power to the thermal reactor

based the difference between a spike set-point and spike temperature
measurements;

a profile controller, the profile controller providing a spike set-point control signal
to the spike controller based on the difference between a profile
temperature set-point and profile temperature measurements;

a heating element failure detector disposed to detect a failure of one or more of the
heating elements of the thermal reactor, wherein when failure of one or
more heating elements is detected, the temperature of the thermal reactor is

controlled using only the spike controller.

% 23. A temperature control system according to claim 22, wherein when failure of one or
more of the heating elements is detected, the spike set point is lowered for the heating

zone in which heating element failure occurred.

24. The temperature control system of claim 18 where the heating element failure
detector comprises a spike thermocouple, and means for monitoring a temperature
rate of change, detected by the thermocouple, and the power applied to the heating

element.

25. The temperature control system of claim 24 where the thermocouple is attached to a

heating element.

26. A temperature control system for controlling the temperature of a thermal reactor

having one or more heating elements, the temperature control system comprising;
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a spike controller controlling the power to the thermal reactor based on the
difference between a spike set-point and spike temperature measurements;
a profile controller, providing a spike set-point control signal to the spike controller

based on the difference between a profile temperature set-point and profile

temperature measurements;

a heating element failure detector disposed to detect a failure of one or more of the
heating elements of the thermal reactor, wherein when failure of one or
more heating elements is detected, the temperature of the thermal reactor is
controlled using only the spike controller, and the profile temperature set
point is reduced to prevent overheating, when the heating element failure is

remedied.
27. The temperature control system of claim 26 wherein the spike or profile controller

% detects when the heating element failure has been remedied, and then restores the

temperature set point.
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a heating element failure detector disposed to detect a failure of one or more
heating elements of the thermal reactor, the controller being responsive to
the heating element failure detector to operate in accordance with the
element control mode upon the detection of a failure of one or more

heating elements.

19. A temperature control system as set forth in claim 18 wherein the heating element
failure detector detects a failure of a heating element by monitoring one or more

signals indicative of the power supplied to the heating element.

20. A temperature control system as set forth in claim 18 wherein the heating element
failure detector detects a failure of a heating element by calculating the derivative of
measured spike temperature sensor values that are provided for a particular heating
zone within the thermal reactor that includes the heating element and comparing the

absolute value of the calculated derivative to a predetermined threshold value.

21. A temperature control system as set forth in claim 18 wherein the heating element
failure detector detects a failure of a heating element by calculating the difference
between a spike set-point value and a temperature as measured by a spike temperature

sensor and comparing the difference to a predetermined threshold value.
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