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CONTROLLI NG MOVEMENT OF A WORKPI ECE | N A THERVMAL PROCESSI NG SYSTEM

Backgr ourMO®R/2{¢458 | nventi on The present invention rel at es RGI/GB&YFBEM an
met hod for processing a workpiece,.such as a sem conduct or workpi ece, and
more particularly relates to a system and, nethod for controlling the
tenperature of the workpiece in a thermal” processing system 10' Ther mal
processi ng systens or furnaces have been w dely known and 15 20 used for
many years to pSYSFEMBAND METHOD EOR CONTROLLING MOVMEMENT OdeAses,

i ncl udi ng anneal i ng, u ' i 100 : eposi tion.
As a result, these p?@gg@%%ﬁé\\efﬁ%n er@?gcgﬁ?gggﬁéism%/ﬁth regard to

.the inpact of process variables on the quality and uniformty of resulting

pr oduct s. Tmaggouaamﬁéimn&uﬁnaces typically enploy either a
hori zont al - ] ticaltype furnace. For some applications,

verti cal -5type furnaces are preferred because they create | ess particles

during use, thus decr gasiphgeitifivéntioh FE18RE 14 sFtith and ﬂﬁtﬂdﬂﬁoﬁgécm{&gm ece
waste, they can.be easily automgted, and.they require |l ess f]oor space
because of  PIRERRISGE, Py &1 GmiseRRPCIPLWPHPiSeE, andgpore il ORI fos. of
furnaces ar sydianiagdagtiod foredntdHimetve canptratuny ofwhé eoskpieced aithiethal
tenperatures Qg S@é%rgg{e ei ther diffusion of inplanted dopants to a desired
depth or to%eF?o €r conventional processing techni ques, such as the
appl i catlion of an oxide layer to the wafer or deposition of a chenical

ravr Ty o (e el Ay L R 2 B

generally inportant a sel'y non nvent1’ona
verti cal -t ypeed foemeay ypars éepaform 4 variehy ebsemjcendugtor fabisisaBon pocessehaces, are

desi gned t 0jRMRREY Anrdehlnd) AARRTSH, BLidatiGE anll LhimichNeapbta&RRRINN Ahe vert ingftl
sse y

position. The thermal furnace so . typically, | oys a fer . boat
which is noEﬁ?PLﬁdt%Fst? P&ﬁiﬁ%@feawgﬁPP%@&@F&R@%@%@ 1St E?rth?rHUW’?ﬁoghe waf er
boat inti® apeboess vadiablel en pepaliti 4@ Unifofmiti ofvedsalting dastucty Thesaabl y is

depl oyed adjacent d parallel to the.wafer-hboa ssenbly to transfer the
selr[:‘i cgnduct bfocﬁ%flﬁa’glq&?ﬁﬁyﬁﬁfdg e@ggogeqxﬁﬁgrsa TN al-&geetfﬁgb%gpr ad gé‘r?ﬂ{'y. The
waf ers are typerfumacs elforisntne appliationy, vertical-tyipe dmrnhesatargpreferted. bethset ube i s
t hen sl ow i i - B i .

t orper at ur & TR o8 bl uriRhek ARBE AL Histh AE idE B bEE S hin 6

PCT/ GBOL/ 038uworkpiece Afastss (gl an be pasily agomated; npdiheydegiiedessdinprispecenas er s

removed Ao Ogkdauge STHREir tQattRIPIRAIEIoRRIM! 0OCcessi ng. A drawback of this
processing technique is that" it places constraints on the

time-at-tenperature to which a wafer can be subjected. Conventi onal
vertical furnaces of Bodseonvasticahgped yffesnazesarsdosipnaind gascribed in 5

. S. . , I d._i . , 3%7,
of “Kak zaki SRiegoEkf e R abHRE wip i alfr SRR & oceasi ng
systens is ihplantedl dopands lorRdesirepdentie o6 torpprfoemi atiesy convemtiool prbeessiager i s
subj ect d%ﬁnigﬁés, &Qh%‘?ﬁé%ﬁﬂi@?ﬁ&i@n%ﬁ&dﬁ?% tBE&@%?Q} &ezﬁgiﬁoﬂ%?ta' ng

profile due to system constraints. For exanpfe, prior syst enpl oy
nul ti pl e pyFesRRicR @pphlayerds theewalshp Ehahestiag sequitgsmentsof the waleeateocat i ons,

and then usgeddralyniulgortahtanditBikadre cbedl§ mid@rdy t he pyronmeters to control
operation of nmultiple heating units, such as |anps. The system cycles the

| anps on and off according to the systenis heating requirenments. 15 This
heating control arran@enesitionaltvepittab-eypelthovatul prbcessirpefutactd) euctyasttabe and

eneral | kes it di.fficul 0 process a.wafer iLn.accqordance wth the
gr e-estabpl i ‘HE%CCIF‘]’e%? ?%Séér}? (5% f"lgpéD.OPLItﬁ%P gocfs S}’?Ugv\éatg% gv'gtgungt%ﬁ a?erimttﬁ% art for a
ther mal provesisilmysiipst dire 2@mblafurtece alsatypigallyemploysa wafee bosteasdnngyi n
accordance Wiy i@ niafRE G hpPrEp@ite HaAUAGHR BEHahishs for moving the wafer boat

into and out of the processing tube. A wafer-handling assembly is deployed

; e3e$l $i <4. 6dTWO 02/ 27059 PCT/ GB01/ 0380G -1 SYSTEM AND METHOD FOR O
B

adjacent and parallel to the wafer-boat assembly to transfer the semiconductor

35 wafers from wafer cassettes to the wafer-boat assembly. The wafers are then raised
into a quartz or silicon heating tube. The tube is then slowly raised to the desired
temperature and maintained at that temperature for some pre-determined period of
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O her general and nore specific objects of the invention will in part be
obvious and will in part appear fromthe drawi ngs and descri ption which
fallow. 2093y of the Invention The present invention BHEBUASSG e
foregoing with a system and net hod for processing a workpiece in a thermnal
processing furnace. According to the presgnt 30 invention, the nethod

i ncludes the steps of neasuring the tenperature of the workpiece in the

t hermal processing furnace, and based upon the intended tenperature profile
and t he neasime dAftampadsathetebais stovdy woolkei anddhe wafersgnidved imnk fhiedgte t hr ough
t he furnace -1.he, i | I

i nt ended ¢ otpoyapie Bt PEESRie! 3 BOMARLEGEUATRRLAINE (BERRNR e R pidtEe |

-i ncl udes t h&orstaintsen fredimetphigmasrature do sdurh 2 wpler amugfesqbaqmd-e of the

br 0065el ng (Ol rlthl AR RR LR WS OREPEREFAD IO MRS SISANETL 5

i : ) -

«PCT/ GBO/ Ségsd%‘wm%g’ﬁﬁé%éﬁfﬁﬁ?eeeté@ @étl&il-ge?at%il\‘ﬂ- é%ﬁv?tﬁﬁ@ft her mal
processi ng fKikiaREet ghhi ch are then used to construct the intended
tenperature profile. According to another aspect, the nethod of the

i nvention enploys the 5 step of noving the workpi ece through the furnace
based upon the furnacemdierpoobi¢s wittheonventiomdbthetmaipeoaessing systarhs ise and t he
nmeasured te I rkpi. : : i t, the

et nod | ot oot aflag br br8Ges il SBLIGRG o WAL e Wiarerds AALAE aG8REE

gener at i iy fclaselygnateh a slengasd presedtahlishefbbicatiogpeofde dre tsystent eonstmaimts.
controlling il 1 ket r kpi ece
general ly 1(%;189_ gacco%’(fiﬁ) %égf,%c%éﬂﬁp 1e0 9121#151 ﬁr@%@%ﬁﬁg% ﬁ%:@&g@ Eérlg%(r:éé\&i s noved
by using an verieysifumace ifsatiense ang thep uss b Jenltiplestgnalseaeaeiated ltyefgﬁer ature of

t he wor kpi eg@ronidiérs iCErR] 6t aliiE bRt hsaﬁngaﬁﬁs,@ﬁcmaglqmpe.r FThelr e ramp-up
rate, a terrperaturgl r%g-down ﬁ&ée and.a so terrglergt ure. 15 According to
anot her asp&¥stemepgle; Mvdampoen PrEPL aecording t%ﬁ?psé’s% HRGAMR TR TIERES-

em ssi vilyy Ghidheatingcdmiod agangentknbanteducysamwanedawisedh he gystein idie

wor kpi ece, det el ni 1 h er [ t.h LeGR. . T ure
can be rreaswg%er%@)n' pag‘%’l ld?hﬁ%éugggé)ﬁ‘lgésegf \S/ i“ﬁgerégﬁﬁéﬁés%’?%&' ‘%VP% ﬁ%t’r%@@é?em 20

Accor di ng t deatinigiprofileot her aspect, the workpi ece tenperature i s determ ned
Wth a feedback subsystem for detecting and neasuring the wafer
tenperature. According to one practice, the tenperature is neasured by

det ermi ni ng the eni ssiliEreythes exisis apgedin the ardera thagnalpregesying s¥stgRal with a
pyromet eg0 i rghit Gduirmely@ontrbig Wi iHeatiRgREdRbIdaAce With hempaatufeotidanng Si gnal ,
and based on the wafer em ssivity and the 25 output signal, determning the
waf er tempePstife. A control facility is provided for controlling novenent
of the wafer within the thermal processing furnace in response to the
nmeasur ed waf er tenper ol f.aci ki W - t,ion by
determ ning the di ffe?%ﬁ%?eggﬁma‘g&gﬁ%ﬂeegpﬁéggﬁlrb kéystog(r?rl{;)geﬁ'g u%éenhgﬁld&]tﬂ%g te

t enper at ur e opvigfis g widl mparh appeasriram ths dyawings and dessviptign whiéchdatlew. wi t hi n
the fur e wth an el evator 30 subsystem The control facility can al so
optionally performthe steps, of scaling the error value, sanpling the
tenperature fthe Dhpre points, determ ning the boundary
conditions of the elevator subsystem and noving the wafer at a sel ected
speed within the cha r. 35 The present invention also provides, a tem
for processing a wor kpi 6 EESSHBVELOR e}cﬁsﬂﬁagcge%mgg]gﬂ Syﬁﬁe&%"éis'f‘ﬁtg‘gg

f ur nace havifergpracessiog aseorkiecdoiara thernia pdivasding futsacst éwcomling dhe presde

f ze Ir:)g‘.i_} 0? gglggg&g, tl];euﬁlgﬁgg ir(c?ﬁ(deg (la'l]iees%ﬂsnoq IEBHB%ME %m;?graﬁ]peeof thmo%iggeo 59

in the thermal processing furnace, and based upon the intended temperature profile and
N the measured temperature of the workpiece, moving the workpiece through the furnace
to heat process the workpiece generally according to the intended temperature profile.

35 According to one aspect, the invention includes the step of providing an
intended temperature profile of the workpiece to be generally achieved during
processing in the thermal processing furnace. The method also allows a user to



wor kpi ece When di sposed in the processing chanber, a control facility for
generating a control signal based upon an intended tenperature profile of

t he wor kpW&B/23H8 t he paraneter of the workpi ece, and an e‘T“eT/QP&/O@%system
in conmunication with the control facility for noving the workpi ece through
the process chamber in response to 5 the_gontrol signal to heat process the
wor kpi ece generally according to the intended tenperature profile. The
control facility is adapted to control the el evator subsystemto nove the
wor kpi ece aldetegmine anatog mibeel sgletthd st poingthofi the thermekeretesging famiaes, wadchnare
function of tﬂéh%sls&&&{ﬁiﬁﬂu#ﬁﬂ@ﬁﬁ@ﬁdégf%edg?ﬁé?&t'dlree%roﬁfé. The system can al so
include a user 1 nterface tfor providing a wafer processing recipe that
.includes a tenperature ranp-up rate, a tenperature ranp-down rate, and/or a

soak tenperature. The £yt fRihoRhe? Asfieh Y mathol df Al iVentBRRAIAGWR thé OF
generating the intended tenperature %rgflle inre ponsg to the I’EQIPE. 1S
«Accor di ngSg t SteprRf MR the oy Pig e Ehi & farpase YRAnd8e frpacesht PIRtSsibgnal
to nove tEe iMﬁdﬁaﬂgelgpeﬁaﬁfr@pgiﬁlé &edfhurQi]agmeb@aﬂped ﬁ&tﬂﬁibﬂthewfoﬂtpi@ée set f
points, the jntended tenperatu rofile, .and t nmeasur ed. tenperature o
Phe vor kpi ecAPoRE AR etk Beipt Bio S S R BE AT D of t he
wor kpi ece i pretessngiecet, paiendgirglfeornadid redipeetherhtepdeaitempemsure pbfideaaddi ng to
anot her asp . .. i ng
the. t enper atoPuolipE picBfaRts LWOHER b (FGe fo B AR SleleBt liRRRNY
measur i nif) { Recarding4o thet tymperature prafiler Thawerkpidaelis moved by usige af olevaior t er i ng
one of {he HEASHRfinBHRASAOEE nbAthrEdchRlckithit of ICHEIDILBE ThE

subsystem generates a 25 signal correspordi n |'tered tenperature
of the wor kpRERE OGRS SRQIE 94 At MBFHAUFRTAPS HREALC, A tHEPEIIUS FATRRIAOWN §458, aidiaude
a plurality seik tehfpergeeupl es for nmeasuring the tenperature of the furnace
at one or nore locations. A furnace nodeling stage generates an out put
signal corresponding to the actual neasured 30 tenperature of the

t her nocolfpl es i n respokserding enaratipprtassecy nisd ingemtemaihelddésythe Breps of

th I .Ch.i .epr. i . th 1. th
fur nace. . an SIS bR B S Woticte, AP CE BB B LBRERMTSR AL 1 00 o)
nore si gnal svarkpiecradeteemipingthe temperatuee gfthemoririece( sliheliemperatuee camnvbe

esivit | . : . ;
emssivity %Q&sﬁﬁ%i{pgé]ﬂaﬁﬁs‘éﬁ eﬂﬁ&g%{)@/&n{fkﬁgg‘%%&eyﬁﬁﬁu?@ygt ponse 10 a

wor kpi ece position enerat e evator 35" subsystem and the
out put signal of the furnace thermal nodeling stage. WO 02/ 27059 -5

PCT/ GBglzbl§3806 Q her gmblfﬂlinglmtnpf@é&@@gﬂegi,@tg@»]pbm@tet%ﬁ@ém diftuteyent idon will
I n par e 0ODVI Qus ,an 1 n r e.evj aen rom e draw ngs an

Gosori pt i on dekraimes Stioeipach Bkt (o Tpircite MEmEAAna IE $5%he T or egoi ng
and ot her ol¢mpdraturd. etaordiag amdnaphaetideathesempertuee ismuenstiedbywietdrmireng the
apparent fraom:t.k | j L pLi t.he yi ng
o ngs, 1 SRS (b€ WeBd AERELE R SREH AARANE R by ot AR AR

t hr oughout  twaferdempenatine, filiezing therowspelrsighiahgod ibasedsuy the & afariemissivitysandfthe he

I nventi ofk a%ﬂ;pu@hifgﬁﬁy&!éleﬁgh%fgﬁg%Qzafer%&ﬁﬁ&am?é?oﬁ(\’céﬁmtfhéiﬁty% Qter FIG 1

is a perspective_ View of rocessi ng{hsyst em enpl oyi ng a control

system for COREPHNE mayemstiofhe water withan the thermal pracassing HERACE iEFSPANSA R e

accﬁor di ng L ;’t’hd IEe%s_ﬁxee@c‘b&fagfcanerétme: mh@%ﬁﬁtfroliMﬁ@?ﬁ@fﬁm@ﬂliff@cti&% 'byha Cor
schemati c bl ock di.agram.representing the gperational aspects o e waf er
or 0cessi ng S ErBIi e Elienceis oo g Meaglvd R e ARG PG
i |'Iustrati ngrafile tefogmedn qroaveismsl, agd 2 vimgahe maderofithih ehecfantace witheani dlé viayorof-
FIG 1. G LS a i C | j t i J d
for heat:}f:dng Sléés\xg‘?‘glr' ’?geh%gﬁ%%ghgyg%nsggeépt%@g& %F%ﬂ%%%ﬂ%ts&eﬁ)é °gg°*’§“ﬂg tﬂgé‘?%m of
FIG 1 in acebedsamplingtthetempseiunegsofdlf at e o memwmoints\dsteringning the boundary
conditions of the elevator subsystem, and moving the wafer at a selected speed within

the chamber,

35 The present invention also provides a system for processing a workpiece.
The system includes a thermal processing furnace having a process chamber, a feedback
subsystem coupled to the thermal processing furnace for detecting a parameter of the



25 FIG 5 is a graphically representation of a ranp rate and correspondi ng
tenperature profile enployed by the wafer processing systemof the present
i nventi oWORBKZOSE i s a graphical representation of the teMsdf@BUMEYrofile
of the 30 process tube 18 of the system 10 of FIG 1. FIG 7 is a graphical
representation of the tenperature profile of different wafer types and

em ssivities. 35 FIG 8A is a graphical representation of the use of the
feedback linearization Equation 14B when tracking a desired trajectory

enpl oyi ng awgdipiecefwhen dispobediy tRe phstessingRERN(HEEN)/20386:61 fatility &3 gesemting a

2 Cehorat i conbim SeuR eRL o Al RE P e b i AR RS e O 0

.system of t parameteeof iherwarkipieco pad at ietayaion sebsy sty intcothmaumdcasion rithather at ed

<

mode.  FI G égntfo'? fz?cil?&qglfrﬁa/ﬁ\g%@*ﬁﬁhgﬁéceitﬂu‘oﬁgfl Ek@tﬂrg&s%hatrﬂﬁcrriﬁ%gﬁﬁse% .
processing a silicon"wafer according to a s€l ect'ed processing recipe wth
the waf erS phscesphygns) &a beat prpcessghe masknpiecesesnerally esnrlisg to fhedntenged s 4
schematic grapRagle grbﬁl_é.s R tcbolahcilifeis ab@mkd fbcdfroPtheRiGaiHsubdiBRm to
oot pe i ¢S MY G [FPb A58 A IEYLTRBIETRS BF BEBARITEURIOR 215
recipe with [ > %15 FIG
12A 1's a schgizabn 6f Geapendad tefpbtatire ptdfde. of the wafer processing system of
the present invention operating in a saturation node. FIG 12B is a
schematic graphical illustration of the tracking error present 20 when
processilfy a sel ect ed The kystem cambbso irdedsr aliseg irterfacedet provistinga saéssi ng
recipe with_t fer. pr ' _ ;gf_ ' ' . G 13A
is a schenanoggsgSp%prﬁl&ggltt?aﬁ?rﬁ% rgt% %/%% ou9%rs 8@?@%%?‘?8%@@%&%?%98& i ng
' ggi men usi rage,tane/owafseakgﬂprrtpl@@wien@hsyw@mcen alsnempleseiraierioneggnesor 25 F G
i's a schemiif Gk aRtidea erhpdriRid fokifinQEsgolse {o'the kdcije. €r ror present
when procesgl ng arrgsgfect ed sfi:l#cron V\g!?)elr gcc%;rogi ng to grtg:el ected processing
recipe with the wafer processing systemof the present invention.. 30

Defscri ptison of Illustmaksﬁi@mw%r@pe@, trr@eomfole&]gﬁm:y:gauaa?eism ool sigsala
waf er processin stemthat e a cantr L1t ar _coptrolling the
t enper at ur e%m?%ﬁy% ngleﬁaﬁ%@HﬁX?‘HBaﬁﬁgqaéWoW%a‘ﬁﬁ f'é{”%‘/‘i%eﬁﬁﬁrﬁ?m%r essi ng
furnace in higepkedsenpearamrsprofile and therméasireduemperatite afthe veorkpiesaur ed
According to one practice, the measured temperature of the workpiece is determined

using the wafer thermal properties.
20
According to another aspect, the feedback subsystem includes a
pyrometer for measuring the temperature of the workpiece, an emissivity measurement
stage for measuring the emissivity of the wafer, and a filtering stage for filtering one of
the measured temperature and emissivity, wherein the feedback subsystem generates a
25 signal corresponding to the filtered temperature of the workpiece.

According to another aspect, the system can also include a plurality of

thermocouples for measuring the temperature of the furnace at one or more locations. A
furnace modeling stage generates an output signal corresponding to the actual measured

30 temperature of the thermocouples in response to an input signal generated by the
thermocouples, which is representative of the thermal properties of the furnace. An
optional wafer temperature modeling stage for generating one or more signals indicative
of one or more parameters (such as the raw emissivity and temperature values) of the
workpiece in response to a workpiece position signal generated by the elevator

35 subsystem and the output signal of the furnace thermal modeling stage.



35 wafer tenperature. The wafer processing systemfurther provides for
generating an intended tenperature profile based on a given wafer
processi NYQ®EP®, and control ling novenent of the wafer WEHGBAEOIMML r ol
facility to achieve the intended tenperature WD 02/27059 PCT/ GB0/ 03806
" profile. The present invention is thus an.adaptive processing systemthat
predicts wafer tenperature during proceséisﬁg and then controls the wafer
position based on the actual neasured tenperature. 5 FIG 1 illustrates a
waf er processing syst adhddgdnerdand tibravspecifidsbjéctactthagsveafion (el i weehd

nanal i ng. sy <Paist ot i et ol FEER pisiRai B8 dereupion RRRTORNE)

.remove a wafer from a thermal processing system 14, in accord with known
techni ques. plAg hlskHstibAbEthd DRAWRIasPr 0cessing system 14 includes a main
out er housi a vertical furnace having a

.cylindrical process tube 18 that has a closed end 18A and an opposed open

end 18B. The cylindri cpie ford}®i Qﬂ‘tixéi%‘bje%tsb%%%dré@aﬂradﬁmge%%fféﬁ@méﬁtiép-
The process tiﬁ e 1% can_be us as a_constant or contlnuouS heat source. As

used her ei n,Witlthe appargnt- e the, ing descHpUo A anparent iromdhe a¢rompaBY®Shot h

in tenper at Wrewidgsl if «idiigkestefdrane chaRdtersiiefer p6 tHesamepdhe thkSughaot e f or rrgd
an

of any high erat ur 5,materi.al such.as .al umna, sj.lico r bi, de,

ot her sui ¢ aSTERT ARV Ras afbanes ysrBE Pfinls bYind huvehtion 55T ifbuesmed by
a t hree Hbnecalesshewireltime dimergiomedul e conpri sing three suitable heating

el ement 22A, 22B, and 22C that use resistance-heated el enents or RF heated
bl ack body cavity susceptors as the pri mare/ 20 heat source. This particular
type of heat source i SFIG. dp$ @ pewspeatiye direnef a wafer prdeassing sistezeemploglingi adel y
accepted as @nfr6l élyé’t@nefo} e&ﬁmgﬁgnfo%méﬁm'agyﬁmﬁuﬂ«%rﬁg! Pho et rfae t €

furnace tenperature. According o0 one enbodi nent, eat1 ng el enents
forms part GECHIHNELP ghe twardungs qffihe present inVgptORal | y oriented, three zone
resistivesheating unit. The heating el enments can be conposed of | ow nass,
hi gh tenperature netalljc,wres. 25 e insul ation surrqundi ng the heating
el enent can be corrposé:'lc}boi2 1%%F§W“F;£g’é>}(§hﬁm’ﬂir%e§eﬂ§ﬁ$ giei@ﬁra\%ﬁf‘gé’sﬁ‘??&s | ow
t her mal nasof thd Wafar prodessingrsydtefroof FlG@stl. r esponses to tenperature changes.
The nmodul e can al so include an air cooling systemto help cool the
processi ng chanber 20. The process tube 18 dianmeter and thus the size of
the vertical furnace d3f. Bds adetnilgd sphamatic diogrorBlsisatingdhesignalpredessingyi ng
si zes. 3fh Theathiek Wb {He@bRol fASHRbE PIPQeSsi Ng system 14 can be any suitable
t hermal processing furnace that” is adapted for the thermal processing of
silicon wafers at selected tenperatures. According to a preferred practice,
the illustrated ther mHIGP4dce sctiefithti6 YohedhadtHidgraaiRastatiag tie méthodifdrher nal

processi ng furnace spld under the. 35 trade nanes ,of . Summ t e] i ance by
Bt on Ther et BB b ASte 4 AR S pifed iR R aiibD R EICOHICREREY |
parti cul ar | ywitidtha tdaaljiegsief thepresentinventmnsi ngl e waf er furnace that achi eves
ni gh rep%atabi lity and uniformresults with relatively low WO 02127059
PCT/ GB0/ 03806 _g_ nmintenance requirenments. The thernmal processing furnace
devel ops a tenper at ur F1§r ads @ araphigally repiesgntation ofidramp 1aéq ardeprreppaRdingsi ng
chanber 20 fghpesrhingd ﬁroﬁ'ﬁ:fé?ﬁplB&éEWﬁie%féﬂ]ﬁbé&ﬁingfsyMtdfE}{eeprla@ﬂpinbé‘x'imﬁr. This
hot wail chanber is ‘devel oped” by di sposing the heater nodule at the top of
the furnace and a cooling system (not shown) 5 at the bottom 18B of the
chanber, thereby creatHIGg6as & giphical ieprséiitaibnedtithé te@ipetdi@retppgrilefof tHee
process anber to tzg E%or? qsgr}tﬁgj tenperature gradient fromtop to
bot t om otV t REOG5FLWRE 48 @ &r eBY fed, with the top of the bell jar
substantially approaching a black body radiator. Wth the tenperature
.profile of the heatin har - t xed, ' eis
achi eved by sinply adjq:&?t_?%;Eﬁg&ﬁéﬁpﬁgﬁ“%*%lﬁ thé {%ﬁ@g@#r&?’qwg\ng?ﬁifﬁ& te
processi ng otaderiypes20d emHssivikieer tenperature ranp up and ranp down rates
.are controlled by the velocity with which the wafer is vertically noved

t hrough the tenperature gradient within the chanber. Those of ordinary

skill w3 also recoghil@edfint eeaphica} repissentption elihe Bie @fghe fasgbackages can be
provi ded, i mindtihatib®Eqh&idnBIB Whetstrackiggla Q@ erafectdre Binptbyindegdebegt ed
ranp rates and el evator speeds determ ne the 15 overall heating and cooling
rates of the wafer. The illustrated wafer processing system 10 enpl oys a
series of thernocouples, such as thernocoupl es 36A-36E) that are

di stributed about the furnace to neasure the furnace tenperature. The

t her nocoupl es neasure tenperature at 20 sel ected | ocations for subsequent
use by the control facility 30. The control facility can establish a

sel ected thermal gradient along the process tubes, and the output signals
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30 heating el enents continue to be actively controlled through the

t hernocoupl e neasurenents during wafer processing to naintain a stable
thermal eW@IR8AMENt. The heating el enents 22A, 22B, and 2RCHEBOHIBeMged
about the process tube 18 to heat the processing chanber 20 to a
predeterm ned tenperature, e.g., 400C 35 to 1200C in the case of chem cal
vapor deposition, or 800C to 1200C in the“Case of oxidation or diffusion.
The control facility 30 can be used to regulate the tenperature of the
process tube 18 accor IG98BQs b 8ﬁi@aﬁ&ﬂfds@f§taﬁﬁn 6ﬂﬁ¢&5&&ﬁ§éfr&g aE@&JaﬂigOcHe-
For WO 02127059 -9 PCT/ GB0/ 03806 exanple, according to one practice, a
t enper at ur e 88¥nsor, such as an optical pyrometer, can be used to sense the
.chanber tenperature and can be coupled to the control facility 30 for

providing a signal th n be.correlated to wafer tenperature. .The heating
it preferanl y for m A5 5 b e resplsol RE B RFRL ot P i atetn
~chanber 20, pascessngsystemnf the ibveatian wheil operatihg st a sdterdtedeahd an hasatiiategl syst em
12 can incl any suitable wafer transport assenblies for |oading and

unl oadi ng a water on the el evator subsystem 24. An exanple of one type of
waf er handling systemis described in U S. patent No. 10 ' 5, 820, 366, the
contents of which are Hier g0 4 EEHBAE SaBRicAViNOQEARIRE he z-ggiﬂts%f‘i)\‘@ée%in a
subsystem 24 _can include a quartz wafer holder 36 that sits on'a wafe

el evat or t ulsBicon wafpftaceordmgrp ¢ selsgted PEocssing Krsipeguitipthe wefer proeassing sustem

nmot or (nm  shelspreseaninventtdpl ed to the guide rod or elevator for

sel ectively noving the elevator vertically along the guide rod into and out
of the processing chanber 20. The servo notor can be controlled by the 15
control facility 30, WiGchl issnschambticgraphicaladiistextiioa offtie toavkingrerraripresent The

control facigly . | LSl I ! ating
sel ected pr 8‘%:”5@?.“’%39%‘24 ggggés}g(ltl:lgg? %rgw\%ﬁ % ﬁCﬁ‘gH? E‘%aé Iﬁ%iga%&r g@é&%ﬁ'ﬁgrgglég rwg{hl on
of the ill ushe saferipfogessingsystemdofahe present inventiawe 32 for al |l owi ng sel ected
informatjpn to be inputted to the system 10 or exchanged between the system
and a user. The user interface can be any suitable input 20 device, such as
a keyboard, nonitor ahdPol2dviiatchematic gppbicakillagptiopf ihe wWafenprocessing ence
to FIG 1, fhderhbf tietpradeatintehtidn sfcpfmESh AGadysioathdde. i ncl udes a feedback
subsystem 34 for detecting, nmeasuring and/or determ ning the tenperature of
the wafer within the thermal processing system 14, and in particular, 25

wi thin the process ch&iGet2B6k a schembéegiaphicalsillbstyaionmf clenraiijngoyra present

pyr omet f.er i ter. 0 i e e

ar amet o Htp BEEHAPS P PR AP REEoRding P sClEEE o REte BB WHAT, .,
can detect theewafppprocessing sysfiem ofdhe presend ifvention.ne waf er, and t hen gener at es
a signal that is received by the control facility 30. The control facility,
based upon this data, n,determ ne the em ssivity and 30 then tenperature
of the wafer W One efi&fpl@éﬁa%F@WE‘%IS’I@W%‘HB%%I%L%éﬁ}PéWNéorﬁl”ﬁ%q osed
and descri bggbcestinpoRgitin@ing the viadérgibcessing b estdrh @R tiegréseht MVERRIN.

09/ 280, , entitled SYSTEM AND MET FOR THE REAL TI M E DETERM NATI ON OF
THE I N UEMSSIVITY OF A WORKPI ECE DURI NG PROCESSI NG filed March 29,
1999, the contents of Fifii 3B &raschemeiingiapbioalitinsttaidn lof theatakimgoaror Pheseb
pyr Ot €1 CqheflReliind S 6dlediOy HEGENLL: (DORIRENRD balhdn FRANMGE 5e WRkeT

t enperature. pyrorreter can then generate an outpu I'ghal °that~ can be
correl at ed the wifer pracessingesiypremanfithepresuné ipigntieret er signal is then coupl ed
to the control facility 30. WO 02/270S9 - 10 PCT/ GB0/ 03806 The
illustrated control facility 30 n, be any suitabl e conputing apparatus,
such as c Descrintion of Ilustrated Embeod 3Avi ng suitable storage and

processi ng el enents. The control facility 30 preferably stores a suitable
 tenperature control S _program.that. contr.(g%ss operation. of the wafer

processi ng system 10 t cﬁgeégnténwxgp PEQYALRSR W CF Brosessing sy pamd Rolqraploys

t enper at ur ecouted fdcilityrfot comtedltngy the tehyeratoretofahe wafeg bamgvigf the abifsr witlihay s

,the data prqui . dback subsyste 4 I he i nded rature
profile to g"eebgfﬁ(rjﬁr%es%lﬁg f‘%‘ﬁ‘g eo%rrle’sé]togges%eaesgﬁ%% c?ﬂg&éﬁlpe?’astugﬁg%ﬁ%@ésagg%ﬁas
vel | as 35he wabs iternparatufe. t Piee wefeeproaessingrsystam futthetpovideOfoTigenaraung ai
Facility 30;aciddat&apdrMarehoid Wise®HPS biveh WattPr6thstiflg teifk, and controlling

movement of the wafer with the control facility to achieve the intended temperature




noves the wafer in the processing chanber 20 so 'as to generally achieve,
attain, follow or match as cl osely as possible the intended tenperature
profile. WR&BI®Jat or subsystem 24 noves the wafer Win t RCHEBLEW80G:hamber
20 in a selected manner so as to heat the 1 S wafer tenperature in a

sel ected manner. The wafer Wcan be heated according to a desired recipe
that conprises anong ot her processing paraneters the tenperature ranpup
rate, ranmp-down rate, and soak tine or tenperature. As used herein, soak
tinme is interdidel The presdnttievention is tifas a adhptiat brocesind\@Rten hadpretifves waleer
when resi dept vvitthrin t.hqurocess c(g rr‘nern en t he ten%oera urg rggch S .or
attains for SPEETISIREScessne aldfirn sontels the WHstPOREN bated o3Il | s
.general | y i leastrechtemtperatum. gr aph of an actual or intended tenperature
profile as a relatively horizontal region between the ranp-up and ranpdown
times. According to one practice, the soak time generally occurs at wafer
.tenperat@res at or ab&¥©. | dbpiaes asvafenprocesping sysemdPeniacci oG Weagr am

i | lustratingathiggd of @6 &)?éSEmn%}Hidﬂpqm%tih%a%d water Eé‘sfsin%r ASiGcRMSE em
10 of FIG 1. Th%lellustrated wa e%ﬁﬁroces ing system 10 "enpl oys the
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paranet gr5s  gierall Sthi Bralrpiak] sibéor HEbite GnBSther YWatdAbié il Matbfid80/ 03806 - 11
which is input to the wafer processing system 10 through the user interface
32. The thernocoupl es 36A-36E measure the tenperature profil e Qf_ t he.
Preoclezfet u:)eel& t I n t?mflpkdaesg;m;géﬁ cmyg$ emrrdlﬁ:rled be aalgnaé zOhe feamw%g@afgg and
gu S g :
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att ?i nfad].coaT_mf_isnmggc?o@ plee@ér:lggrdmh@t@d blaghhd?g@vm isgitegzrs asphe pﬁnat)o t he
contro c I Poratol : ally
corr espozndsht%ts%‘%,e 'sp?{?é;%{et t r%@ of tﬁée%eelr ng%pgtgcf]es?l Lieglg\?\ln'%,rsle, t he
t her nocoupl ehapgeriged and Jyigelraseepied a5 ayiekinblg Aechpigue for stable apd pRiforareontRby mal

properties &Pthe foinagereffperaliie. IAdcodisgloashefemibddiiterithde mia#tixgr&méx%tk esmit age
.the furnace
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system 14. Bhe aehting eldiserss crabescapepused bElbvbassh bighhemperatupiegllic tvaes.
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thermal 15 pighgesdation valuepnddewshenmal mass.oddl g designed foufastregpossesipat i ve of
the actual fahIRES B! THemddife LOCISPHOIRL &8 airUaSlnzg %gg?e'n% F}bghe%}\g]g%?l

i ntroduced or ‘input to a wafer thermal properties sta ]

t her mal pr oprRrPeessiag shambey 20a Thseracess Bivedsidjameser b the sigstoi dbsat i cal
stage for npgekhltarmacycan VedRily ssalb @t achbaRUSR Avafkls bif Ratyigy fE@cess chanber
20. Onc%ot he processing system 14 attains a thermal state, the wafer 20
physi cal”"properties dictate the thermal response of the wafer. The wafer

t hermal properties st dheiliBtiated therarb beocgssivgy 9ysem bhcaubepary suitaple tizdronak
_signal 50t e | f: r.. during

or ocessi ng. Dipessff SRRRL o Maipletd iy SR IEADGBUE ilcdf MR a

gener at es aselesiedigmpersiterss.v Acgordingrtala pferrpdipracice, dheridlustrated thesmaf t he
.actual raw gm.sstN ' ' kgnal s 50
and 52 25 qEcr il flieR 1 REoHRLRL ELblIhRha RO e et il
subsyst ém 3kraderpaangs) qf Paumrait o5 Rebenss dyiEatem EjermahPmeessingRystenpBEVIsian.f ur t her
detai | bel oysAThEnd SiaARAUesiEHRGMEMITpSfictiRy AAPINRIeBuPULEIR LSS siRdle iidér
conmuni cat e Wth&ée'ﬂi@’ r.ovi des@bqgut o%. a ten@eratur coirﬁ)c i on and
filtering sfUfFeahat apflicvesiugh seneatssidy, ped wpifopma sty vith edatively loge an

em ssivity measurenent stage 56 that is disposed in comrunication with the
tenperature correction and filtering stage 62. The actual tenperature
signal 50 generated by the wafer thermal properties stage 48 is sensed by
the pyroneter 54, which generates an output signal 58 that can be
subsequently correlated to the tenperature of the wafer. The out put
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30 enbodi ment, the stages 46 and 48 can be inplenented in appropriate
software that is stored in any suitable storage nedi um di sposed within the
waf er proW&®ZA¢9syst em 10, such as in the control facilitBCBEB0KY3B06
significant advantage of the present invention is that the control facility
35 30 processes the filtered tenperature_ gl gnal 64 to determ ne how to
position the wafer within the process tub8 18. Specifically, the control
facility 30 processes the estimated tenperature signal 64 to generate an
appropri at e iedigteainee reqmredlems dEiecthednizd ptdvessivef firnace \AOv€l8p2d Rnfperature
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| 68 i d d
fgggascal . tnghegﬁg‘s&?;ggs SetCds B cgi?&%is‘%-ﬁﬁefh%g@% m&h&n@z{x 2l 1 bR £y gfacg uce
factor. The teowiasung the: Mmceg Ceraparatiyst ST hedh@chnwzles m@sumfegrperﬁé@mahg
per f or megh by gbl%d uééausagga&@&bs\ée&&ﬁ uld W&%%bﬂ@omahmqlOrheT%uBﬂfarcnﬁy lo&

reci pe desire user ‘I npacts 25 particul'ar scaling factor

enpl oyed by %q%@llé’c%ﬁql?fﬁﬁ%@]ﬁ’g'@al ?‘B@loé‘ﬁéhﬁ)P‘é’ce%sﬁ‘ébqse%‘}dﬁée EHRUHHESRRAIS er ni ned
by the end ysgr, spike aétﬁﬁ%sjégﬂﬁ&awdﬂi? tﬁathrehﬁwo@ples rc@lc B& Sdmifled &f armtsethsc théuch
as the ranmp rat and{a} ver ti,o q the te eratur ctory
Accor di ng. t GeUHE BRRETHE et it ohe by e e res B var o
the scaling tbdra@eot&ﬂesecqulhwsemcsmjsahbay&tan mﬂetenﬁmlwnmwfelantaﬁ ﬁuarayeski K
will re I > L: t | 8. menu
of choi s PR BLEFId Btestilf cich BERL Pét SiaBfe, BHGEEWaR BROBLH (i,
accordi ng t @ theranap gradiesit Rlong \ilef priocess Gthesldy lﬁgstﬂ@eﬁhp@bwﬁblstswmp hgatifigage 80

gener at es a@lmz&&ga@m@aaetéaslred&hermdcewe qst ﬂo?nt@al%q'%red 8(i"y?1eally,
trajectory sarrpl er 88 | es the i.ntend &@tq%gterature

particul ar tlil%@erawog\ehesﬁ pRBtsAre adjusied $o R Qfgh PHPIEJSHG&&PO?‘E? itte
sumer 86. |témp&5ﬂaﬁtﬂ%@ch ﬁsfmmnmgheBEhaﬁﬂibedefsire@ wafer@f*odesm@glte@ew@ﬂe 9het hat

ds to.t t t Simlarly,
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_tenperature profile at a tine WO 02/ 27059 - 14 PCT/ GB0O/ 03806 different
than the trajectory sanpler 88 and generates an output signal that is
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35 applying an anplifying gain to the signal 141. The illustrated gain
stage 140 generates output signal 142 which is introduced to a sunmer 146.
WO 02/ 27089 0P GB0/ 03806 - 15 The illustrated sumrer 128C{EBHASEY t he
val ue associated with signal 121 fromsignal | 19 to generate an output
signal 130. The summer output signal 130_4s introduced to a derivative
stage 132 for taking the derivative of the value of the output signal 130.
The derivative stage generates an output signal which is introduced to a 5
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illustrated in FIG 3. For exanple, the control facility determ nes the
anmount of error in the system, scales the error by a sel ected anount, and
then det eMA ¥&90%%he desired waf er position. The control faE?T’FP?l/@@O(aI so
determ nes the acceptabl e operati onal bounds or 35 range of the wafer
processi ng system based, at least in part_on the error signal. The control
facility 30 also converts the infornmation received thereby into suitable
waf er WO 02/ 27059 PCT/ GBOL/ 03806 _ |17 _ speed and/or position data for
novi ng the wafer within the process chanber to achieve or track the desired
tenperature profile. I s coptrol facility
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and a are uQeyes Biegeaet ia tb%eroswlraﬁhﬁ@@er 20y50 asdmasneely achigye akaia, tellgw of
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15 wafer temperature in a selected manner. The wafer W can be heated according to a

desired recipe that comprises among other processing parameters the temperature ramp-
up rate, ramp-down rate, and soak time or temperature. As used herein, soak time is
intended to include the time or duration of heating of the wafer when resident within the
process chamber when the temperature reaches or attains for a period of time a steady

20 state condition. The soak time is generally illustrated in a graph of an actual or intended
temperature profile as a relatively horizontal region between the ramp-up and ramp-
down times. According to one practice, the soak time generally occurs at wafer
temperatures at or about 1050 °C.

25 FIG. 2 is a schematic block diagram illustrating the integration and
operation of the wafer processing system 10 of FIG. 1. The illustrated wafer processing
system 10 employs the control facility 30 for receiving and processing selected data
signals generated by the system. In particuiar, the control facility 30 receives a
temperature trajectory signal 68 that is generated by a trajectory generator 74, FIG. 3,

30 that forms part of the wafer processing system 10. The trajectory generator 74 generates
an intended temperature profile or trajectory, also referred to as a desired temperature,
which can also be supplied from the user interface 32. The trajectory generator 74
generates the intended temperature profile based on a user defined wafer processing
recipe, which can include certain selected wafer processing parameters, such as ramp-up

35 time, ramp-down time, and soak or hold time/temperature. Those of ordinary skill will
readily recognize that other certain selected parameters can also form part of the recipe
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Here b is the usual perturbation éoararreter The | ead |ng ord5e gerturbatlon
equat i on noRFpetiissstage 48 for example generates an output temperature Signal 50 that represents

the actual raw temperature of the wafer during processing. The illustrated wafer thermal

properties stage 48 also generates an output emissivity signal 52 that is representative of
the actual raw emissivity of the wafer during processing. The output signals 50 and 52
25 generated by the stage 48 are introduced to the feedback subsystem 34.

The illustrated feedback subsystem 34 is described in further detail
below. The feedback subsystem 34 can employ a pyrometer 54 that communicates with
(e.g., provides input to) a temperature correction and filtering stage 62. The feedback

30 subsystem 34 can also include an emissivity measurement stage 56 that is disposed in
communication with the temperature correction and filtering stage 62. The actual
temperature signal 50 generated by the wafer thermal properties stage 48 is sensed by
the pyrometer 54, which generates an output signal 58 that can be subsequently
correlated to the temperature of the wafer. The output emissivity signal 52 generated by

35 the stage 48 is input to the emissivity measurement stage 56. The emissivity
measurement stage processes the signal 52 and generates an output signal 60
representative of the actual measured emissivity of the wafer. The output signals 58 and
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(5) Where we have used sone of the boundary conditions given by Equation( 1

a), Equation 10 (S) is the 1-D heat conduction equation for the wafer.
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with T {t) =eRpedturt sigfal 44)is dutrqdhiagd WthécanttblThcmmﬂOesentl ng the
tenperature variation in the radial direction (TIIT 1). Using this

expansion in Equatlond§'5) foll owed by an integration over the wafer radius
resul ts L& the desiredlig Dustpied caniral ScilitiS0pregessps onewpsrose oftbe 20 | a, ~PC

- (= * thmidébupl# signdr43) the fitented Riftperaire profile signal 68, and the filtered
temperature signal 64 to generate an output signal 70 that is introduced to the elevator
subsystem 24. The output signal 70 is representative of the appropriate speed Z¢ that the
elevator tube 26 is moved in the axial direction. The elevator subsystem 24 hence

15 moves at a speed determined by the control facility 30 based on one or more of the
foregoing appropriate input parameters. The elevator subsystem 24 moves the elevator
to a position Zy represented by the elevator output signal 72. This signal is disposed in
feedback communication via feedback loop 66 with the control facility 30. Hence, the
control facility 30 determines the appropriate elevator speed based on the wafer position

20 within the process chamber 20. The elevator output signal 72 is also introduced to the
wafer thermal properties stage 48, where it is processed along with the furnace
properties represented by output signal 47 to determine the actual raw temperature and
emissivity of the wafer during processing. Specifically, the elevator position in the
process chamber determines the thermal energy to which the wafer is subjected. This,

25 together with the wafer physical properties, determines the resulting actual wafer
temperature and emissivity during processing. Those of ordinary skill will readily
recognize that the illustrated stages 46 and 48 are depicted as separate stages for
purposes of simplicity and clarity. The stages 46 and 48 can be easily integrated into the
control facility 30, and need not be implemented as separate stages. In an alternate

30 embodiment, the sté'ges 46 and 48 can be implemented in appropriate software that is
stored in any suitable storage medium disposed within the wafer processing system 10,
such as in the control facility 30.

A significant advantage of the present invention is that the control facility
35 30 processes the filtered temperature signal 64 to determine how to position the wafer
within the process tube 18. Specifically, the control facility 30 processes the estimated
temperature signal 64 to generate an appropriate elevator speed to determine the wafer
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wafer processing system 10. The particular recipe desired by the end user impacts the
25 particular scaling factor employed by the scaling stage 80. For example, the recipe can
be determined by the end user in accordance with particular processing parameters, such
as the ramp rates and the rollover portions of the temperature trajectory. According to
one practice, when processing a relatively pure silicon wafer, the scaling stage 80
employs a scale factor of 1.2. Those of ordinary skill will readily recognize that the
30 scaling stage 80 can also provide a menu of choices from which the user can select a
particular scale factor according to the particular wafer processing recipe. The scaling
stage 80 generates an output signal 82 that is introduced to a summer 86. A trajectory
sampler 88 samples the intended temperature profile at a particular time and generates a
signal that is also introduced to the summer 86. In response, the summer 86 generates
35 an output signal 90 that corresponds to the sum of the values of the two input signals.
Similarly, the scaling stage 80 generates output signal 84 that is introduced to a summer

100. A second trajectory sampler 102 samples the intended temperature profile at a time



35 220 C /sec can be achieved in the wafer processing system 10. During
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mul tiple ref B@C\y 1gh, can-emnplgx any Hal;t)gglar almg factor Ags 1?lustre{3 g and merely by way

of illustration and is not to be interpreted in a limiting sense, the scaling stage 134

30 employs a scaling factor of 0.5. The illustrated scaling stage 134 scales the summer
output signal 128 to attain a signal indicative of a desired vertical position. This signal
is introduced to summer 138, which also receives a vertical axis signal 139. The vertical
axis signal 139 is subtracted from the output signal 135 to attain an output vertical
position signal 141. This output signal 141 is introduced to a gain stage 140 for

35 applying an amplifying gain to the signal 141. The illustrated gain stage 140 generates
output signal 142 which is introduced to a summer 146.
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agreenent with the graphs shown in FIG 8B. Further, the trajectory
illustrated in FTGS. 5 and 8A is "rounded" as the soak tenperature is
reached. YO @¥8¥ssed above, this is done to avoid the satRECHGBOHIB
problemw th the el evator acceleration (i.e. the snoothness requirenent for
the trajectory has to be satisfied). The If80_l | ow ng anal ysis quantifies the
trajectory snoothness requirenents that is needed to avoid this type of
saturation. Specifically, consider the follow ng tenperature trajectory
function af tveverd Beandodr | v ghe ensmisinity andedbsorPlvify of the wafdiSand the kubsctipReRb,

exp(-4.t / ) ak S t 0,
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24saT122' ~2 + BEdTi 3Tt + hpCT't (23) az az2 WD 02/27059 PCT/ GBOLl/ 03806
-30 In this t' ng %W’? been replaced with T~, in accord with the
assunption t (o] al gorithmis achieving sufficient trackin
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tenperature is nearly reached. During this period the system 10 is no

| onger under control and ranp rates nmay not track that of the trajectory.
For this WP#2#9scenari o, as the el evator cones out of saRAKEBIHIS06
overshoots result if the gain is high. Using even noderately |arge gains
(z~~<0.3) is prohibitive in such cases. _fhase of ordinary skill 5 will
recogni ze that lowering the ranp rate is not an attractive option, since
for a given furnace set point and when running a nunber of different wafer
types, the 8Ystedhetgmpesatureariatons 4cs0ss thihwarer Wrcleness angd along its sgdiustase 9f 1 as
opposed to traj egfeQrierorBRENts NA Bfpiddd Brdedid@nipBriu® P 1060 @0, thize waf er
surface). As described %el %gﬁé‘gf bg[ﬁ;[ appro?ch t% QSB{LJCh @gses is the use of
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system Specifically, recall that unless the value of z~~ is very large
(prohibitively |arge ' 1l i -
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| n order tongicwpdibsimply toplemented bl tke eanteo] Eacdlity S0 ¢he ssiear H0-uHencenhi ch i s
critical to ; i dah i ' uation
(14b) “can ba RRuREEERpRNIGe MeRpfiat iy Cherigt) pRtupRbRI R ey, BT
(T~i , Hrndiscussedbelgws (25) where superscripts (n-1) and (n) are used to
denote quantities evaluated at tines t and t dt, respectively. Here, dt is
one over the sanpljng frequency of the filtered tenperature data. Note that
for si mlicwﬂ%&ﬂhégent anal ysis z~~ is set to infinity. In the 25
description that follows the systemcan enploy finite gains. The quantity
dz is added to the va , BNl r . Q- t state
error, and is given b;[':ﬁ eplﬁéefa’:%%g-ﬁ?}(#arﬁ% é}iﬁ%grﬁ ¥?é§§n%g%(h(£§)ecrﬁé§g¥ﬁat in
st eady sltSat R eatio of the aferTSpecifically, Weriptreduperbg tollowamgipeIfubation Z(n-1 ),
Equation (2 8 hleZN-Zn 1 ~ f(Z't )-f(Tn 1)=
f(Tss)-f(Tn)giz%gnglgﬁﬁratg;e?ég?ﬁégimgad‘gﬁ%glegz the system 10 ensures that in
steady state T-~Tss. WO 02/ 27059 -32 PCT/ GBOL/ 0380G Next, standard
analysis is used to show t he dynam ¢ behavi or of the control algorithm

Agai n, assu 7 09zl H, and all quantities evaluated at tine ep n
in Equati ongﬂ(%p a%@?&g)@@@éﬁ?& lows: S pn =Fn-1 ~. dF ~t+... dt n_lﬁ%)n
all pracO cal situations the sanpling frequency is |arge enough such that
dtl zr<<1l. Thus, terns of the order of dtlzT can be negl ected. The final
result is given by: 10 T =1 (T 4 - Tt~ ) %28) ~T where, as before, T =Ti
-T and ~T =whee To(BE-H2 kgl)and FEFUnYRenHeE29 s tha gsyad gpripmbaiiomparamptigr. The

ef fect of a@&h@g&@dgﬁu;b%ghﬁﬁugtgn%wégogﬁgzter trajectory tracking {on
the thermal ti scal'e), and re inmportantly to achieve the correct steady
state value. For 15 exanple, if gains of 0, 1 and 2 are enployed, and the
heat inmst used in the nodel is assuned to be offset by 10% (just as in the
case presented igpFl 8A) , 3t rgeki ng gyegsponse of the control facility
can be expr qﬁ(é'd—gw Tbg:( ——Enlrﬂh' ase, the steady state errth
tends to zero fordrthéz or egft Qéf s, s%:' ally as the gain ( 1/z~~) is

i ncreased. Furthernore, when the gain is larger than one, the tracking
error everywhere 20 remains within about 1 C. One inportant factor in using
Equation (28) is the need to have tinme derivatives of the tenperature.
During operation, theNbt¥ that, 8br ddo€ofdtation wehevadropped the O-subscripy ohhe

pyr onet eE[O 5@ wher e ot}a_v,}&'u&t?) (un-correlated) and correl ated noise are 25
present. mperature 1.e. I = 1,nt)).




Finally, the control facility 30 when enpl oyi ng Equations (25) and (26) is
adaptive in nature, since the control algorithm enployed thereby corrects
for the pWe&I2@eY} val ue of z based on differences between PEREGBIESEG ed
(T~) fromthe 30 tenperature profile and the actual (T) of tenperature and
associ ated tine derivatives. However, thisg algorithmdiffers from
conventional techniques where the value of key paraneters in a nodel are
constantly updated based on the difference between nodel predictions and
measur enents. The appEyaation(4sentde dntbgated ncxissithetveafenthidkpessan oeder so f or all
paranmeter u i.nt.l: i . del., i i.s therefore nore robust and
easier to 3%8@%@3%%@6%5%7u§@d@%% 1/ 03806 - 33 Control

Al gorithm | npl ementation The control al gorithm enpl oyed by the control
facility 30 of the wafer 5 processing system 10 uses the notation Tp to
represent the pyr ofet er readi ng. The conbi nation of the algorithns given by
.Equat i onsS ( IﬂpﬁﬁT@d:(—i(aHs}UT‘biea@(per&sed as follows: Tn-1 Tn-1 Zn = f
~r.~-nt P ,Tin + ~9% 1 (29) zcc 10 where, just as before ~n 1 =2zn 1 - f Tn
|, Tn 1 (30) CP P 15 Not et hat #,nd gumaiﬁ (30) the term TP is used ags
opposed to T'p in ordeP’b‘Jlbtgr’zij/1 T (M thegaifficul ties that arise when )
trying to obtain a snooth tine derivative Of the pyroneter data. The
gquantity TP is given by the follow ng equation: hpCdT P - -2~~T p + ~~Qr
~Z ~+ gqb ~z~~'"t" hPC (T P T p ) (31) dt zm 20 where the last termon the
right hand side is the usual forcing termused to get a better agreenent
bet ween t he WWikrte wedaye usas spmesefrtberboundapy eapditions givea bydiaation(1p) Heuationes
used in ﬁﬂUQSZJiQ%e(ﬁﬂ-))h@fé‘oﬁdﬁ@ﬁo@E WAMbE f&ithe @afer. Typi cal val ues used for zm
are about 0.2-0.3 s. 25 In order %o investigate the effectiveness of the
"nodel -gain" terminvQlving ~" consider another set of sinulation results,
such as a wafer with tNs¥Lei¥gsaring hackitoFayation ) pyeaisplyedpr b adr vari ous
val ues of gdunthermpore-obtainsh¢ wmpgeatenedlifierarde agsnss thesthickpessf thewaledi ng to the
algorithm ~minfluences the tracking error, and 30 in order to conply with
st andar d opjr 2t;i nal _ﬁopdi]t iThisstempenahue didfesgncp iviveppsianyindhemadsiress anfe
nodel - gai n ﬁ o lzhi,g ér-othan si x. Those of ordinary skill will recognize
that usitgy swegibpoilcalatiynd)afdrgived bies of z", can create instabilities in
the system due to the sanpling frequency and the noi se associated with the
pyr onet er 54. WO 02/ 27059 PCT/ GBOL1/ 03806 -34 Thus, the control algorithm
of the control facility 30 contains feedback linearization together with an

adaptive capabilpty that allows for good trajectory tracking (sub 1.5 O)
wi th noni nald ﬁ‘%ﬁ/‘b ‘sf:é%ﬁy“*%%lt‘e%&lgor s. Specifically, this is done
usi ng Equati ons 9)-(31) wth the followng gains: 1/z=1-2 s-~, and 1/~">_
5s ~ 5
20

We next show below that the value of T that can be used in Equation (6)
is that of the wafer average (in radius) temperature.



By way of exanple, the control facility 30 can be enployed to ensure
accurate tracking of the tenperature during use) In FiG 10, the system
oper at i onWiO028A%n for a pure silicon wafer with the same FCKGBEHOSHL t i ng
as presented in FIG 6. In this exanple, the ranp-up rate is 70 s and the
ranp-down rate is -50 C/s. 10 Furthernorg; Tss = 1050 C, aR = 1.5 s, z~=
1.0s, and ~" = 0.2 s. As shown, the wafer tenperature ranp rate accurately
follows the requested values. Hence, the control facility 30 accurately
control s thdhg Juation ot Wwdier yetpparaturéy FI G 11, the tracking error for
both the silicon wafer as well as a wafer with a low top-em ssivity is

shown. The tracking error_drops rapidly after the closed | oop control

.begi ns. Then, the err@OWF%&I@%%@P@ﬁEQWP&%ﬁ&%‘EIWtékﬂla aptage of thee
rol l'over i nidtesent eRRALIAINH ML M el Y50 mD Rl Tollowingeikpi¥icinisivkedRE tigASES toO
w thin atgout 1 C._The steady state error a zero. In general, the tracking
error is coN@EIFIAPEIRNS t he predictions fromthe exanpl es and simul ati ons
descri bed above. The reason for the high value of the 20 tracking error at
the start of the closed |loop control is the msmatch between the actual
pyroneter ti erivative and the requested value of the ranp rate (70
Cs). That il&rtR&@yshEnd)10 accurately and adaptively noves the posiffon
of the wafer Wto achieve the requested ranp rate, during which the

tracki nglCer math i ncreases. This phenonenon can be reduced by "blending in"
the requested tenperature trajectory. This is done by 25 starting the
tenmperature profije,or trajectory at the same rate as that of the
pyroneter) and = J‘rﬁmdhilrtransi tion to the required rate. Those of7a)
ordinary skill wiwl °recogni ze that the tracking error does not fall bel ow
the 1 Clevel as predicted by the foregoing equati ons and nodels during the
30 linear tenperature ranp region, since the |ow sanpling frequency
together with the noise present in the pyroneter 54 prevents this from

occurring Badir, RiprdsbRsty the Sdifferafe vARAbY 8fthBYadimiReiiH0 (T <enpesiag ur e
measur enent system.to.pgrformsappling.at a higher rate, thard,ess nor.se.
35 Tn FI G i5hexRaRtion it Fayaiencd) IHIonAd biya uReARR Qverahe ae atius wanll ipow
t op em ssi viheydessedstequalibe férrth¢ evdragetemperatie f urnace settings are the
same as in FIG 10. Observe how, at a certain tine during the "recipe", the
el evator travels to the WD 02/270s9 PCT/ GB01/ 03806 -35 maxi mum al | owabl e
limt and stays there. The furnace settings in this case are not high
enough tg achi e\ufthz reg&gﬁ_.t,,ed I ratri:, and as a result the elevator

moti on &4 | g’nvpﬁtyt‘é‘émﬁ ot & +Mbi¥‘)g the saturation period the ranp
rate is no longer tracking the requested 70 Cs, and furthernore the
tracking error increases substantially. This is 5 clearly illustrated8n
FIG 12B, where the tracking error is plotted as function of tinme. As the
el evator conmes out of saturation the tracking error rapidly approaches
zero, with FNREPERYRTIRAET ShEistheat sopree terms pdicals ayeraewaOVPRRISsiAkIShi gher
gains ( 1/ z~~) results in higher overshoots. The results presented in FIG
12B cl e%l y indicate the robustness of the control facility and hence the
system agai nst this type of scenario. 10~ Additional exanples for a
silicon waf =aﬁe£ ywayyp FIGS. 13A and 13B. Here, all the parameterg)are
the same as th&*csases presented in FIGS. 10-12, with the exception of ghe
ranp-up rate which is 90 s (with ranp-down rate of -50 C/'s), and the
rollover time is 2.2 seconds. The figures, again, indicate highly effective
15 trajectory tracki nfquatidn (8hmevely statestthadthe ratesofitermperatu@: chigngs éorghe

ordi nary ski ] i 7 i L r gai n
par amet or s At sqyeh R feds Mt KO B Sors A SR b e e 0
capabi | 30 eZadiaph thermal prepeftieyiofthe &afely ocessi ng system 10 exhibits reliable
trajectory tracking and m nimal 20 over/undershoots (<_ 2 C) under a

vari ety of 2! ffgg&n%_ gger ating conditions and using wafers with varying
.surface cha i : git hernmore, an inportant correlation has been
presented that relates the el evator nechanical limtations to tenperature

overshoots. This corr Lon i sed o] he t+e rature trapectory
(or redesign the not o? gitﬁﬁs(?glrdcfz#H%@r%%‘ﬁieﬁ'éaggntgﬁge@%férﬁrlg%ﬁé)&ﬁé ergaaf#%t whi | e
avoi di n@Soveemhalgelwaic2Banipulafions. tThegedndt is edinearihaat ¢comductioneaguatoon b i ci ent | y
attains the objects set forth above, anong those nade apparent fromthe
precedi ng description. Since certain changes nmay be made in the above
constructions w thout departing fromthe scope of the invention, it is
intended that all nmatter contained in the above description or shown in 30
t he acconpanying drawi ngs be interpreted as illustrative and not in a
limting sense. It is also to be understood that the following clains are

e I I I r - r a Y M o, - . [T 1




WO 02/ 27059 -36 PCT/ GBOLl/ 0380G Havi ng described the invention, what is
clainmed as new and desired to be secured by Letters Patent is: WO

02/ 27059 WOMEIR¥PVS: PCT/ GB01/ 03806 1. A nethod for proceRGTHgBRI/AABIKpi ece
in a thermal processing furnace according to an intended tenperature
profile, said nmethod conprising the stepsoqf 5 nmeasuring the tenperature of
the workpiece in the thermal processing furnace, and based upon the

i ntended tenperature profile and the neasured tenperature of the workpiece,
movi ng t he goysps Eicelhatis itgleseritees the radiabdensnHence of throwsfer tempepasutesiusiog

generally apfREMA TiRré B thite HOAAFSRIRRERIHR: RaPhdidfrind theate Uiehiifen O

of claim1, rther conprising the step of providing an I ntende

.tenperafture_f?fr%fi e of the workpiece to be generally achieved during
processi ng ay t hRegidak 6RhightOep&atuid]dosd Rt thord Fapddly b the®WafBO@naAS tocl @i M |,

further qonprisi ng{ibge steLFl.of determ ning one or nore selected set points
.of the thermal pf WHY RS SHERUNARE t hen enpl oying the set points to

det er m ne ab} ar g&ontwatifoematienw dacadrs fivm erbeflijacte thel walth eameduke tenyferatia m 3;

further conprisi th i ng the 20 workpi ece through the furnace
based upon the fﬁg%gggoéé‘?yﬁ‘glihﬁ[{g%@e{?he I ntended tenperature profile and the

measur ed t emper atuyedgé heatingrlor kpilimgpof the Weifer, aegiNonl by thediauindary, conditioher
conprising the smﬁr@ag%ql\{wgﬂdqgrﬁgwg&gﬂcﬁgﬁ processi ng recipe, 25
e nde

generating from sai I pe the I nt tenperature profile, and
control 1i0g novenent of the workpiece in the furnace to heat the workpiece

\!/J\Ener al | %/haccor di n]g tge Fsh‘ﬁpbﬁﬂ?ﬁé éﬁlﬁh@i&rtg%ti th@resﬁktinEQqufﬁiﬂthQTPfsflﬁle&: m tl"
erein the step of providLn e. reci pe ri ses. ep of selecting
at |ast one " YMeESS ‘éqegﬁ‘é‘g?téﬁﬁl-“ﬁg“? 1ogs 05%2%&? jft?r“é’?‘?“iﬁfffdom rate,
and a soak irkpeardently end 4 pribhrebynsxiviag Eqhatidnai@in Bhatfisirvdiedveaedgeed sheng t he
step of providin el ati vely. snoot N Lti ween .af | ea ng of
the’t emper abt afd sy 2 nERERACOR BRI BRGLRE G il of iRk 288
t enper at Ur e equationdon , adineanigit tondustekequatipn fert Tix @ linear\heat0dhddgEH

equation for 7', and an analytic relation for AT

Without this procedure, computationally obtaining the solution of the

general Equation (1) is extremely difficult, since as we describe below, the radial

20 temperature variations are sub 0.1% in nature. Available numerical techniques, or
existing radiation heat transfer software, are not robust enough to readily produce results
with such accuracy. We do not encounter any such problems in solving the equation for
T\, since the primary variable there is the perturbed temperature and not the total wafer
temperature. That is, a 0.1% numerical inaccuracy in the solution of the equation for T}

25 results in an equivalent level of uncertainty in T'(r,f). However, a 0.1% inaccuracy in
solving Equation (1) results in a 100% uncertainty in the value of T(r,r). To solve the
radial temperature distribution, to within 0.1%, the solution of Equation (1) has to be

accurate to within 0.001%.

30 With reference to FIGS 1-3, to begin processing, the wafer is placed on a
quartz wafer holder 38 which sits on a quartz elevator tube 28. The wafer temperature is
then changed by moving the wafer up or down in the process chamber 20. That is,
wafer temperature trajectory is governed by the position trajectory in the belljar, as well
as by its radiative properties. Wafer temperatures up to 1200 °C and ramp rates of up to

35 220 °C/sec can be achieved in the wafer processing system 10. During processing, the



-38 PCT/ GBOL1/ 03806 8. The nethod of claim 1, wherein the step of measuring
conprises the steps of determning the em ssivity of the workpiece, and
based upoWRRBRE7&W ssivity of the workpi ece, deternining t RCTEBHEISUre 5
of the workpiece. 9. The nethod of claim1l1, wherein the step of neasuring
the tenperature conprises the step of proyding an em ssivity conpensated
pyrometry systemto neasure a paranmeter of the workpiece. 10 10. The nethod
of claim1, wherein the step of noving the workpiece conprises the step of
provi di ng arterapesgtaraat the eemtenafribe wn@rmnkzpumﬂelsmg@ugmsavpyocmpsnsemﬁber

15 11. The rﬁ?fes Ol;?pgeys&lrﬁ' ?héﬁ\easfu%&»bﬁfcr fe?xg}é['dtﬁﬂerlg tﬂelﬁ sed fiPc d&%h'&g t2{1€

el evat or to the neasured gPB at ure e WOr | ece.

.met hod of c|camrw Rlgqritbmestored Heﬂ@tcebtr%lf apRifs 3 iwtmm theelevaips pgﬁlélan éhat
det e{ M ni ng ig feq roltdeahe tedited tdlﬁﬁéi'@ﬂu@&@ajé@t@@f dA§shdven G, 8 {hew ng
equati on: ~7~~

o O Sub dsrper e iectohfon proGle sénpraletiy the Hﬁ%?wg&gerﬁﬁ@ogﬁgccm&gg B4 di ng

a feedback selestyd teavipd can teessoligws gl starabelclossi lobe coetnglent awefrepaflﬁédle

det or m ni ng RETEWES) b O EpGefilhor npdd i e PR, OB e s,
with a pyromspecified smkdemperetuas forlageriod Iobtxmeandedm:remtdm at:acgwm raerintiy t he
out put si 9“% ﬁﬁ'qn ad&d! Bftn! A #%Ht)%#r‘tﬂé %e?%&%hééﬁé@%%ﬁﬁ@d % si gnal ,

determnlngt evvor prece te urt her
conpri si Yy tdefined %cﬁgrdsmg sr o AU Ecipeg sndtasta wrvaterm that i &‘H@leﬁ:@rﬁh?téhpwng

novement of i} PG VI K xampW, tH ram f}stet HHTEl4 Qi YeRRFinBd ad 4 5ARS Bf dRcFefSPONSE
to the nmeasured workpi ece te era Zg) 2/ 27059 39 PCT/ G BO1 /03806
16. The met A¥HP&ReL R fimtema %Fra@sm# ﬁﬁlaﬁ ﬁétagtr@b’ss 'SBPERAHTRI 3 ¢ he

di fference hignvamp dowe reasTheachjéceoryel74atisithe deridtative ofithe rogsirdiegiaph aver e
fromthe tenperature prof le to forman error signal, and 5 based on the
error signal, noving the workpiece within the thermal processing furnace
with an Bl evat or subsyBheegeneric requirements of the control facility 30 of the present

invention can be as follows:
a) Trajectory tracking during temperature ramp-up can be if desired
within approximately 5% of the specified rate. Other percentages can also be used.
b) The temperature over/undershoot remains below 1.5 °C (for a 1000
20 °C soak time or temperature this corresponds to 0.15%). Other values can also be
employed.
c) The temperature error rapidly approaches zero as steady state is
reached.
d) The control facility 30 is robust against variations in wafer radiative
25 properties.

The wafer processing system 10 is robust against motion saturation of the
elevator at the top of process tube 18. In certain cases the requested ramp rate may be
excessive, and hence the wafer can be placed at the maximum allowable travel height.

30 Insuch cases, as the soak (steady state) temperature is reached the elevator rapidly
moves from the saturation position. Using large gains in the system to correct for this
can result in unwanted temperature over and undershoots.

Before processing, the wafer, a detailed general model of the wafer
35 temperature is set forth. The processing model consists of a single non-linear ordinary
differential equation (ODE) for the wafer temperature. The main underlying
assumptions in deriving the model are as follows:



17. The method of claim 16, further conprising the step of scaling the
error signal by a pre-determ ned value. 10 18. The nethod of claim 17,
further cW@®22308g the step of sanpling the intended tenpehGR/GBeI/IBE i | e at
one or nore points, and determ ning one or nore boundary conditions of the
el evator subsystem based on the sanpled ppints. 15 19. The nmethod of claim
18) further conprising the step of determ ning one or nore boundary
conditions of the el evator subsystem based on the boundary condition. 20
20. The net hod of cl aiagnTie, présu:ntdnefthc(wmmkniemgottdfﬁecstfepempemé digtriblecion

o
\(,:\g:]d:o!t ?gﬁ a%iﬁlciﬂe&%eﬁ% csi‘@of c%,\%s}s%h%&p? er co rtle\gl]%]g*@ﬁrh ?Pcﬂé‘ (l}gﬁ[ry
.sanpl i ng t hénd fabpfide thasmabpracessingfugtace. eThFS derea givembiraaqsiset qulefnthepm nts.

25 22. A SY§P&€%sftﬁﬁe %ﬁfeﬁa‘iﬁﬂeﬂgf%tWﬁﬂb@ﬁﬁnﬁﬂgmghg?dgg?%gbhﬁé@ gﬁati%gesa ng
ubsy u

furnace | rocess c a feed

.t her nal E 8&3&6&%@5 raﬂ%'@&nﬁwt Y h?gw cbar Bitd prellgsiiticd siase ks teglEnalhen
di sposled ! nrrtdlﬁﬁgbﬂhe Eube iporders, of&fihgmtmlrafgelr tﬂ@(xh#tldlf)fhé ?afegeneratl ng a
control sig ase an inte erat ur rofile o ece
and the par EaHQPWOB? f‘ﬁ"é ﬁ{?}}lffc S\/‘Hﬁ%% s‘i?HngaéT‘PfF thm“flﬂ) a
comuni cat i olvsed loopttdreperamre cxintlfoﬁtsydtem yhalt v triggered b ytthethneer dop itiermot dupdesgh

t he process&&ag%er in response to the control signal to heat process t he

ra

wor kpi ece géne y according to the intended tenperature E¢oflle WO
02/ 270590 40 PCT/ GB01/b)3BD&god! apphexisativrrmultiplsl raflastmp cem zgnnresiand

control facibieffinkry Qgegageﬁlg%ﬁw?ﬁrmsn sGﬁ@d’ﬁhéché%& 48 G I the

wor kpi ece along an |nt rou e processi ras a
function of S’tﬁ@“'ich‘tb&?déﬂcbéﬁi)%}% Eﬁf@CBYI&f?ﬁ%POuSOQﬁ The system of claim 22,
further conprising neans for acquiring one or nore selected set points of

the thermal processing furn c The \ést emof cla ](2)2 . Eurt Ele.r
conprising a user int E%E&eéglr %PB?/?‘H} rl@i 3“%&%‘%&8‘05}3 whichaspelatvelyy e
wher ei n Kai dimple apcomaihsi did of tie rtleasit phpscofand id thageéorausedinlddvelopimgphel p

rate, aten’g&m%{eﬁ%ﬁ&@gﬁlggcon{lge%}&th@@ﬁim?oﬁgcqhgterrperature 26. The system

of claim 24 aci y ‘generates the control signal to
nove the workpi ece through the furnace based upon the furnace set points,

t he i ntended tenperat it he
wor kpi ece. 15 27, Theq;:g gé}nmoli‘l&t Cgr?*riﬁcag?eqmﬁgﬁ'b?ﬁghﬁmrﬁlqg?%&gﬁﬁe?ég@ctory

generat or f SYMEEHY inther-dircation e q f@%@@tamﬁlecﬁrcemu@t? Wsm pbWse to

the recijge. wafer (i.e. 7 =0 defines the lower surface of the wafer, and 7 = h,, is at the top surface
of the wafer). For silicon, the specific heat and thermal conductivity are given by
C = C(T) and x =k (T), respectively. The appropriate boundary conditions for
Equation (1) are set forth in Equation (1a).

25 As described above, it is shown how the general two dimensional heat
conduction equation for the wafer can be integrated (averaged) over its volume to obtain
an equation for the average wafer temperature. Since the wafer temperature in the wafer
processing system 10 is highly uniform across the thickness and in the radial direction,
the average and center temperatures are nearly the same. We can thus devise a single

30 equation for the wafer temperature:

RO S0 = ~(e: + £, )oT* + 10, (2)+ 25, (2) 10

where T is the wafer average temperature, 4 is the wafer thickness, pis it’s density, and
35 C(T)is the specific heat. Also, £denotes total emissivity and « stands for absorptivity.
Furthermore, the subscripts ¢ and b denote the top and bottom surfaces of the wafer,



28. The system of claim 22, wherein the control facility is adapted to 20
determ ne the tenperature of the workpiece according to the follow ng

equat i on: WRIR2TSOdT =-(er +~6~dT4 +at qr (z~+abRb~z~~ 29. THRCEGBYERYE cl ai m
22, wherein said feedback subsystem conprises a pyronmeter for neasuring the
terrper ature of the workpiece, 25 an em s§|5w ty measurenent stage for
measuring the emssivity of the workpiece, and a filtering stage for
filtering one if the neasured tenperature and em ssivity, wherein said

f eedback subsspedtivelygdnegeatrel emissivityandabsorpt pioy siiesgong furtdofOofitempearaante

t enperat ure, of hi
conprising a 8 ?%é}ﬁ?)f@{alfayﬁﬁﬁerh%gg%%@@%f?&n%nﬁwﬂ ﬁm"?‘ﬁelyt Bﬁ§t£}’ﬁé e of
.the furnace demendsm en Gile qagting that E@tsifbﬁl on tigswafer surfase) y’Eheehnabsomceaiemnset)e
wher ei n sai g“}égl‘g roller further conprises a furnace thernmal properties

stage fors génerafing an output signal in response to a signal WO 02/ 27059
.-41 PCT/ GBOLl/ 03806 generated by tt}? one or nore thernocoupl es

repr esent at igy€z)of ¢; hﬂ?,JJ}ei)ﬁ‘ﬁ‘I+pgjopfer”( aE_Qf sideh€z ihefeah processi ng fyrnace.
32. The system of ¢l ai'm 31, wherei’d the controller further conprises a 5

wor kpi ece thermal properties stage for generating one or nore signals

i ndi cative ngél(gpegg Igth)gﬁe(zg&rifrg@goc o th?ﬁ%’l\%géﬂ)ﬁugn response tog\z)

wor kpi ece p t1on’s o} systemand th
out put signal of the furnace thernal propertl es stage. 10 ~ 33. The system

of cl ai mo30gepher e(zﬁ' ré seﬁ%rtlﬁé’bﬁ:%ﬁfa%f BE’E%Ie@ﬂ tlféCWHEf %?& R}?:ﬁ h@%hE EIRBlRd ure

and em ssivity. 34. ystemof claim?2 wher el n 2# el evat or subsystem
gener at es aFPR)QﬁtB%PeIB%WBHChﬂ%%tE’&P?‘@@“?)fC S%saiﬂtYr &2 TEPRESSRLT BV, ~ sai d
system f urt fetorco g betiongoflthe chambackhictesre T, puF|_RpIM(E'| 2)dis theviewtfpetdr i gnal
to the contro|l facility. 35. The system of claim 30, wherein the one or
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Below the process tube 18 is a water cooled stainless steel ring that remains at
approximately 100 °C. Observe the temperature discontinuity at the belljar/cooling-ring
25 interface.

Equation (10) sets forth in a similar manner that the rate of temperature
change for the wafer is governed by the heat input through the top and bottom surfaces,
as well as the heat loss by radiation. Both heat transfer terms are governed by the

30 radiative properties of the wafer (top and bottom surface emissivity and absorptivity)
which vary substantially depending on the type of the film that has been deposited on
the wafer. Typically, the emissivity (and absorptivity) of the wafer surface can vary
from 0.2 to 0.9. This is a substantial variation. To further quantify how these variations
can cause uncertainties in the accuracy of the temperature control algorithm of the

35 invention we consider two types of wafers with different top surface emissivities.
Specifically, we define the type 1 wafer with &= 0.4, g = 0.68, and type 2 wafer as pure
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maximum motor velocity limit. That is, the control variable must satisfy the following
differential equation and the accompanying inequalities:

dz
— < Vmax Zmin < Z < Zmax (13)

=g |a| < Amaxs 5

20

In the wafer processing system 10, @max ,is the maximum allowable acceleration, can be
about 1000 mm/s® and v, at about 400 mm/s is the maximum limit on the elevator
speed. The quantities Zmi» and Zmqx denote the lower and upper travel limits of the

25 elevator, respectively. In the event that any of the above inequalities is present (e.g. a =
Qmax OT Z = Zmax) the elevator subsystem 24 can be placed in a saturated mode, and
therefore may no longer be under system control. During normal operation, the motor
velocity limitation is never reached. The acceleration limit, however, can easily be
exceeded if certain “smoothness” criteria for the temperature trajectory are not met. As

30 we discuss below, an important function of the control facility 30 is to assure that the
requested temperature trajectory does not saturate the elevator. Hence, the temperature
trajectory has to be sufficiently smooth. Also, in order to avoid the situation in which z
= Znax, @ furnace set point, such as the belljar temperature profile, has to be sufficiently
high. That is, the heating power delivered to the wafer has to be large enough in the

35 region z< Zmax to achieve the requested ramp rate.
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.3"109%& ()3 gm%ta(gedmgqumnv @4b) 28d therpsulting 7(2).” At approximately 580 °C,

closed loop control begins with a requested ramp rate of 70 °C/s and T;; = 1000 °C. In
this example, an error of 10% is introduced in the belljar thermal profile in the solution
of Equation (14b). The gain used here is 2 (e.g., %= 0.5 s). As illustrated, the
trajectory of FIG. 8A includes a steady state error. Moreover, the system 10 exhibits

10 ° good tracking of the ramp rate in accord with system requirements. In FIG. 8B, the
tracking error for various values of the gain is illustrated. In principle, as 7..— 0, all
transient and steady state errors will vanish. However, the smallest practical value of 7,
that can be used in this system is ~0.3 s. The reason for this is the limited sampling
frequency and the magnitude of the noise that is part of the current temperature

15 measurement system.

In order to further understand the correlation between the steady state

error and 7., consider simplifying the function ¢(z) such that g(z)=q, z/H (i.e. linear z-

dependence for the heat flux). Here, H is the full travel length of the elevator and ¢, is a
20 constant representing the particular furnace settings. Furthermore, we assume that the

wafer under consideration is silicon with known properties. Hence, the only error

introduced by using Equations (14a and 14b) are in the heat flux. That is, when using

Equation (10) to solve for T(t) we use g(z)=g,z/H, while in solving for z from Equation

(14b) we assume an error in the heat flux due to model and measurement uncertainties,
25 such that g(z)=q,2z/H (g, is the model approximation to g,). In steady state, from

Equation (10) we find:
oT* =g,2/H (18)

30 From Equation (14b), on the other hand, we find:

- }
goz/H =0Ts‘.1s +(‘2_;Tp"c_}Tss "T) (19)

cc
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In the common case where T is nearly equal to 7}, we have:

TSS_T = 1_(qo/q0) (21)
Tss 4G, /q0)+(hpCl2e0ToT,,)
10 This is the desired result that shows how the steady state temperature

deviates from that of the trajectory as a function of any error in the model (g, / g, )

and 7. Observe that in the limit where 7,,—0, the error vanishes. In the more practical
limit where 7. is about 1s, and ¢, / q, is about 1.1, we find that T,-T is about -8.6 °C
for T;;= 1000 °C. In this example, typical silicon properties of p = 2200 kg/m’, h=0.75

15 mm, C = 1000 J/kg-K and €= 0.68 are used. In general, Equation (21) is in good
agreement with the graphs shown in FIG. 8B.

Further, the trajectory illustrated in FIGS. 5 and 8A is “rounded” as the
soak temperature is reached. As discussed above, this is done to avoid the saturation
20 problem with the elevator acceleration (i.e. the smoothness requirement for the
trajectory has to be satisfied). The following analysis quantifies the trajectory
smoothness requirements that is needed to avoid this type of saturation. Specifically,
consider the following temperature trajectory function after the rollover is initiated:

25 T,(f) =T, — (1/4)RTg exp(—4t/7R) 22)

Note that time has been shifted such that at t=0, rollover begins. Also,
Equation (22) smoothly connects to the linear temperature ramp function (with a ramp
rate of R) for t<0. The goal of the control facility 30 is to track this function. If one
30 assumes that the control algorithm is accomplishing this task, the system determines at
what point the motor acceleration limit is reached. That is, the system determines the
smallest value of g that allows the system to meet the criteria Z < @p,a. The system

attains this by differentiating Equation (14a) twice with respect to time to obtain:

2
35 g—g—q ite g 3 = 24£0TT,? + 80T T, + hpCT (23)
Z Z
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This algebraic manipulation eliminates time from this relation by
maximizing tr with respect to time. For a rollover time less than what is predicted by
the above equation, the elevator subsystem 24 falls into an acceleration-limited

15 saturation mode. Equation (24) also states that in the case of an infinitely powerful
elevator motor (1/a,,.x—0), or a wafer with almost zero thermal mass, the rollover time

can be zero. Furthermore, observe how increasing the vertical thermal gradients on the
belljar (dq/0z ) reduces the limiting value of Tx for applications where R is about 70

°C/s, 9g/9z is about 2X10° W/m’, and @ is set to 1 m/s°. Using these values together

20 with the appropriate physical properties for silicon we find Tg is about 1.2 5. This value
agrees well with both simulations and experimental data. That is, for a,,, set to a value
below 1 m/s? we observe overshoot in wafer temperature, when the requested value of
the rollover time is 1.2 s. According to one practice, the system 10 employs the value of
1r=1.5 5. Equation (24) is an important correlation that is now used to upgrade the

25 elevator subsystem 24 in order to substantially reduce 1y for “spike-anneal” applications
where minimizing the rollover time is essential.

Further, in the present wafer processing system 10, large gains (small 7..)

can cause undesired overshoots in cases where the maximum elevator travel height has

30 beenreached. In FIG. 9 is a schematic graphical illustration of ramp rate versus soak
temperature in the system 10 of the present invention. The dotted line in the graph
separates two possible and different operating regimes of the system. In situations
where the requested trajectory lies entirely to the left of the dashed curve, such as
illustrated by trajectory 1, the system 10 is under full control. However, in cases where

35 the requested ramp rate is too high for the system (e.g. trajectory 2), at a certain point in
time the elevator travels to a maximum z-position and is held there until the soak



#10% "r"& ()-s! #10%"r"& ()-s 109 & ()-"10% & ()-10% & ()-10% & ()-
10[[\]”__3[<14'1 " @D 10% & ()-! 9#10% " & ()-! " 9#10%W"& ()-!'9#1I0W " & () -
Y@o% & (Wolo2Rw%wsg' () - _aEcccccd}oMd! | " @' 10! X! 109&' () - 10 RET/GB01/03806
10! ° & #109& ()-! & #10% " & ()-18& #10% " & ()-ddef dhj kzX6Ma!! "9 #10%&' ()-@ "9
#10%& ()- @ 9 #10%& ()- @{9 #10%& ()-@ _3; .
T910%& ()-!'v!10%=& ()-kl TIl noooo}[ M?1 103 10 10! " 9F. #109&' () -
I"OF. #10% / & ()- '9F. #109%&' ()- ,10%&' ()- 9 #10%& ()- @oooq_rr"?M1
10F109%&' () - temBratoed3i8 ety rdasiied) urdig this petioddhe Jystehd U is(no [bOLE unlerr su] w
yy) zwU6M?1 : ; :
Tove () -1 SHRE PP raies gy ot gk gt of e sertony, Fos s PR 24
{ 5{ 6{ 7{ C{ ) {49 elenatar comegpptef sapurgtignmyeshoats 1e598 & thy gaindsdgh( Usingeveo
101", 8#10%& rhodetadly 1drge bRnYfr..<0.3) is prohibitive in such cases. Those of ordinary skill
5 will recognize that lowering the ramp rate is not an attractive option, since for a given

furnace set point and when running a number of different wafer types, the system may

not know a priori which wafers follow trajectory 1 as opposed to trajectory 2

(depending on the coating that exists on the wafer surface). As described below, the

best approach to such cases is the use of low gains, together with the addition of the

10 * proposed adaptation technique to the control algorithm of the control facility 30.

The control algorithm employed by the control facility 30 can be used in
conjunction with the scheme presented above in order to obtain a more robust control
system. Specifically, recall that unless the value of 7. is very large (prohibitively large

15  due to the noise and sampling frequency of the system) the steady state error in the
wafer temperature will not be zero. In order to achieve the correct value of steady state
temperature, which is critical to the success of the algorithm, the control law given by
Equation (14b) can be expressed in the following time-discrete format:

20 Zn =f(T-t’l,Tvtn)+AZn—1 (25)

where superscripts (n-1) and (n) are used to denote quantities evaluated at times 7 and ¢ —-
4t, respectively. Here, At is one over the sampling frequency of the filtered temperature
data. Note that for simplicity of the present analysis 7 1s set to infinity. In the

25 description that follows the system can employ finite gains. The quantity Az is added to
the value of z, mainly in order to zero-out the steady state error, and is given by:

Azn—l - Zn-—l _f(Tn—l,Tn—l) (26)

30 Observe that in steady state where T=0,T,= Ty, T(n) = T(n-1), and z(n) = z(n- 1),
Equation (26) forces T to equal T

=" = fTP) - FATY = F(T) - FTM) =0 @7

35 That is, by adding Az the system 10 ensures that in steady state T—T;.
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In all practical situations the sampling frequency is large enough such that Ar/zr<<1.
Thus, terms of the order of At/7r can be neglected. The final result is given by:

T=—T* -1 (28)

1
T

where, as before, T = I, -T and 77 =hpC/(2e0T, ,3) . Equations (27) and (28) indicate
that the effect of adding the Az term is to obtain better trajectory tracking (on the thermal
time scale), and more importantly to achieve the correct steady state value. For
example, if gains of 0, 1 and 2 are employed, and the heat input used in the model is
assumed to be offset by 10% (just as in the case presented in FIG. 8A), the tracking
response of the control facility can be expressed by Equation (25). In this case, the
steady state error tends to zero for the foregoing gains, specially as the gain (1/7) is
increased. Furthermore, when the gain is larger than one, the tracking error everywhere

remains within about +1 °C.

One important factor in using Equation (28) is the need to have time
derivatives of the temperature. During operation, the value of the wafer temperature is
given by the pyrometer 54, where both white (un-correlated) and correlated noise are

present.

Finally, the control facility 30 when employing Equations (25) and (26)
is adaptive in nature, since the control algorithm employed thereby corrects for the
predicted value of z based on differences between the predicted (T,) from the
temperature profile and the actual (T) of temperature and associated time derivatives.
However, this algorithm differs from conventional techniques where the value of key
parameters in a model are constantly updated based on the difference between model
predictions and measurements. The approach presented herein simultaneously corrects
for all parameter uncertainties in the model, and is therefore more robust and easier to
implement.
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where, just as before

Azn—l = zn—l “'f(fg_l,Tg—l) ! (30)

15 Note that in Equation (30) the term fp is used as opposed to Tp in order to avoid all the
difficulties that arise when trying to obtain a smooth time derivative of the pyrometer

data. The quantity fp is given by the following equation:

T, -T,)

dT .
hpC—E = ~2e0T; +elg, () + a5 ()] + hoC (31

m

20
where the last term on the right hand side is the usual forcing term used to get a better
agreement between the model and the measurement. Also, all the material properties
used in Equation (31) are that of pure silicon. Typical values used for 7, are about
0.2-0.3s.

25

In order to investigate the effectiveness of the “model-gain” term

involving 7, consider another set of simulation results, such as a wafer with top
emissivity of 0.9. The tracking error for various values of gain (1/7.) varies as the
model-gain is varied. According to the algorithm, 7, influences the tracking error, and

30 in order to comply with standard operational conditions of the wafer processing system
10, the model-gain can be higher than six. Those of ordinary skill will recognize that
using substantially higher values of 7, can create instabilities in the system due to the
sampling frequency and the noise associated with the pyrometer 54.
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By way of example, the control facility 30 can be employed to ensure

accurate tracking of the temperature during use. In FIG. 10, the system operation is
shown for a pure silicon wafer with the same furnace setting as presented in FIG. 6. In
this example, the ramp-up rate is 70 °C/s and the ramp-down rate is —50 °C/s.

10 Furthermore, T, = 1050 °C, 7% = 1.5s, .= 1.0 s, and %, =0.2 s. As shown, the wafer
temperature ramp rate accurately follows the requested values. Hence, the control
facility 30 accurately controls the processing of the wafer. In FIG. 11, the tracking error
for both the silicon wafer as well as a wafer with a low top-emissivity is shown. The
tracking error drops rapidly after the closed loop control begins. Then, the error value

15 peaks at approximately 3-4 °C until the rollover in the temperature trajectory begins,
after which it decreases to within about + 1 °C. The steady state error is zero.

In general, the tracking error is consistent with the predictions from the

examples and simulations described above. The reason for the high value of the

20 tracking error at the start of the closed loop control is the mismatch between the actual
pyrometer time derivative and the requested value of the ramp rate (70 °C/s). That is,
the system 10 accurately and adaptively moves the position of the wafer W to achieve
the requested ramp rate, during which the tracking error increases. This phenomenon
can be reduced by “blending in” the requested temperature trajectory. This is done by

25 starting the temperature profile or trajectory at the same rate as that of the pyrometer,
and then rapidly transition to the required rate.

Those of ordinary skill will recognize that the tracking error does not fall
below the 1 °C level as predicted by the foregoing equations and models during the
30 linear temperature ramp region, since the low sampling frequency together with the
noise present in the pyrometer 54 prevents this from occurring. Both of these issues are
resolved by upgrading the temperature measurement system to perform sampling at a
higher rate, with less noise.

35 In FIG. 12A, the performance of the system for a wafer with a very low
top emissivity is shown. The trajectory and the furnace settings are the same as in FIG.
10. Observe how, at a certain time during the “recipe”, the elevator travels to the
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requested 70 °C/s, and furthermore the tracking error increases substantially. This is
5 clearly illustrated in FIG. 12B, where the tracking error is plotted as function of time.
As the elevator comes out of saturation the tracking error rapidly approaches zero, with
a maximum overshoot of 2 °C. As discussed earlier, using higher gains (1/ 7.) results in
higher overshoots. The results presented in FIG. 12B clearly indicate the robustness of
the control facility and hence the system 10 against this type of scenario.
10 -
Additional examples for a silicon wafer are shown in FIGS. 13A and
13B. Here, all the parameters are the same as the cases presented in FIGS. 10-12, with
the exception of the ramp-up rate which is 90 °C/s (with ramp-down rate of -50 °C/s),
and the rollover time is 2.2 seconds. The figures, again, indicate highly effective
15 trajectory tracking with an overshoot of less than 1 °C.

Those of ordinary skill will recognize that various ramp rates and different gain
parameters can be used while concomitantly achieving similar tracking capabilities. The
illustrated wafer processing system 10 exhibits reliable trajectory tracking and minimal

20 over/undershoots (< 2 °C) under a variety of different operating conditions and using
wafers with varying surface characteristics. Furthermore, an important correlation has
been presented that relates the elevator mechanical limitations to temperature
overshoots. This correlation is used to draw-out the temperature trajectory (or redesign
the motor) in order to optimize the system’s performance while avoiding overshoots.

25

It will thus be seen that the invention efficiently attains the objects set
forth above, among those made apparent from the preceding description. Since certain
changes may be made in the above constructions without departing from the scope of the
invention, it is intended that all matter contained in the above description or shown in

30 the accompanying drawings be interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are to cover all
generic and specific features of the invention described herein, and all statements of the
scope of the invention which, as a matter of language, might be said to fall

35 therebetween.
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1. A method for processing a workpiece in a thermal processing furnace
according to an intended temperature profile, said method comprising the steps of

5 measuring the temperature of the workpiece in the thermal processing
furnace, and

based upon the intended temperature profile and the measured
temperature of the workpiece, moving the workpiece through the furnace to heat process
the workpiece generally according to the intended temperature profile.

10
2. The method of claim 1, further comprising the step of providing an
intended temperature profile of the workpiece to be generally achieved during
processing in the thermal processing furnace.

15 3. The method of claim 1, further comprising the step of determining one or

more Selected set points of the thermal processing furnace, and then employing the set
points to determine a target temperature of the workpiece.

4. The method of claim 3, further comprising the step of moving the
20 workpiece through the furnace based upon the furnace set points, the intended
temperature profile and the measured temperature of the workpiece.

5. The method of claim 1, further comprising the steps of
providing a workpiece processing recipe,
25 generating from said recipe the intended temperature profile, and
controlling movement of the workpiece in the furnace to heat the
workpiece generally according to the temperature profile.

6. The method of claim 1, wherein the step of providing the recipe
30 comprises the step of selecting at last one of a temperature ramp-up rate, a temperature
ramp-down rate, and a soak temperature.

7. The method of claim 6, further comprising the step of providing a
relatively smooth transition between at least one of the temperature ramp-up rate and the
35 soak temperature, and the temperature ramp-down rate and the soak temperature.
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compnses the step of providing an emissivity compensated pyrometry system to

measure a parameter of the workpiece.

10
10. The method of claim 1, wherein the step of moving the workpiece
comprises the step of providing an elevator for moving the workpiece through a process
chamber.

15 11. The method of claim 10, further comprising the step of moving the

elevator in response to the measured temperature of the workpiece.

12 The method of claim 1, wherein the step of measuring comprises the step
of determining the temperature of the workpiece according to the following equation:

dT
20 hpCITY—-=—(e, + £, )0T* + @19, (2)+ a5 (2).

13. The method of claim 1, wherein the measuring step further comprises the
step of providing a feedback subsystem for sensing and measuring the temperature of
the workpiece.

25
14. The method of claim 13, further comprising the steps of
determining the emissivity of the workpiece,
generating an output signal with a pyrometer indicative of the workpiece
temperature,
30 filtering the output signal, and

based on the workpiece emissivity and the output signal, determining the
workpiece temperature.

15. The method of claim 1, further comprising the steps of providing a
35 control facility for controlling movement of the workpiece within the thermal processing
furnace in response to the measured workpiece temperature.
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5 based on the error signal, moving the workpiece within the thermal

processing furnace with an elevator subsystem.

17. The method of claim 16, further comprising the step of scaling the error
signal by a pre-determined value.

10
18. The method of claim 17, further comprising the step of

sampling the intended temperature profile at one or more points, and
determining one or more boundary conditions of the elevator subsystem

based on the sampled points.

15
19. The method of claim 18, further comprising the step of determining one
or more boundary conditions of the elevator subsystem based on the boundary
condition.
20 20. The method of claim 19, further comprising the step of moving the
workpiece at a selected speed within the chamber and within the boundary condition.
21. The method of claim 17, further comprising the step of sampling the
intended temperature profile at one or more different points.
25
22, A system for processing a workpiece, comprising
a thermal processing furnace having a process chamber,
a feedback subsystem coupled to the thermal processing furnace for
detecting a parameter of the workpiece when disposed in the processing chamber,
30 a control facility for generating a control signal based upon an intended

temperature profile of the workpiece and the parameter of the workpiece, and
an elevator subsystem in communication with the control facility for
moving the workpiece through the process chamber in response to the control signal to
heat process the workpiece generally according to the intended temperature profile.
35
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26. The system of claim 24, wherein said control facility generates the

control signal to move the workpiece through the furnace based upon the furnace set

points, the intended temperature profile, and the measured temperature of the workpiece.
15

27. The system of claim 25, further comprising a trajectory generator for

generating the intended temperature profile in response to the recipe.

28. The system of claim 22, wherein the control facility is adapted to
20 determine the temperature of the workpiece according to the following equation:

daT
hPC(T)Ti‘t“= —(Et +&p )0T4 +at4t(2)+ab4b (z).

29. The system of claim 22, wherein said feedback subsystem comprises
a pyrometer for measuring the temperature of the workpiece,
25 an emissivity measurement stage for measuring the emissivity of the
workpiece, and
a filtering stage for filtering one if the measured temperature -and
emissivity,
wherein said feedback subsystem generates a signal corresponding to the

30 measured temperature of the workpiece.

30. The system of claim 22, further comprising a plurality of thermocouples

for measuring the temperature of the furnace at one or more locations.

35 31 The system of claim 30, wherein said controller further comprises a
furnace thermal properties stage for generating an output signal in response to a signal
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4 1! or more parameters of the workpiece in response to a workpiece position signal

generated by the elevator subsystem and the output signal of the furnace thermal
properties stage.

10 - 33. The system of claim 30, wherein the workpiece parameter comprises one
of temperature and emissivity.

34. The system of claim 22, wherein the elevator subsystem generates an
output signal indicative of a position of the workpiece, said system further comprising
15 feedback means for inputting the output signal to the control facility.

35. The system of claim 30, wherein the one or more thermocouples generate
an output signal that is input to the control facility.

20 3e6. The system of claim 22, further comprising a trajectory generator for
generating the intended temperature profile and for inputting the profile to the control
facility.

37. The system of claim 36, further comprising means for determining the

25 difference between the measured temperature of the workpiece and an intended
temperature from the temperature profile to form an error signal, wherein said elevator
subsystem moves the workpiece within the thermal processing furnace based on the
error signal.

30 38. The system of claim 37, further comprising scaling means for scaling the
error signal by a pre-determined value.

39. The system of claim 38, further comprising sampling means for sampling
the intended temperature profile at one or more points, and determination means for

35 determining one or more boundary conditions of the elevator subsystem based on the
sampled points.
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determining the difference between the measured temperature of the workpiece and an
10 - intended temperature from the temperature profile to form an error signal,
scaling means for scaling the error signal by a pre-determined value,
sampling means for sampling the intended temperature profile at one or
more points, and
determination means for determining one or more boundary conditions of
15 the elevator subsystem based on the sampled points.

43. In a system for processing a workpiece in a thermal processing furnace,
said method comprising the steps of
providing the temperature of the workpiece in the thermal processing
20 furnace,
providing an intended temperature profile of the workpiece to be
generally achieved during processing in the thermal processing furnace, and
based upon the intended temperature profile and the measured
temperature of the workpiece, controlling movement of the workpiece through the
25 furnace to heat process the workpiece according to the intended temperature profile.

44, A method for processing a workpiece in a thermal processing furnace
according to an intended temperature profile, said method comprising the steps of
determining the temperature of the workpiece in the thermal processing
30 furnace, and
based upon the intended temperature profile and the measured
temperature of the workpiece, moving the workpiece through the furnace to heat process
the workpiece according to the intended temperature profile.

35



