24 March 2005 (12) | NTERNATI ONAL APPLI CATI ON PUBLI SHED UNDER THE PATENT
COOPERATI ON TREATY (PCP) (19) World Intellectual Property O2faiirem2doson
I-nternational Bureau (43) International Publication Date 4 April 2002
(04.04.2002) PCT 111121212121217121] 21121121112121212712222222 1EEEE 1@ 1l
Pl T FETTIENTLEEL 11T NI (10) International Publication Nunber WO
02/ 27059 A2 (51) International Patent C assification: C23C 16/00 (72)

| nvent or s :(128NMNHNATIOSAE. APPREABOHN RUBLEFHEDUNDER THEPATENT, CONPERADROAREANAECT) US) .
MATTHEWS, Bri an; 7 Carrpbel I Par k (21)Int ernational Application Nunber:

PCT/ GBOl 2@0% " . HEBB, Jeffrey, Paul 240
reath St 1III!llﬁﬁIIHIIIIIIIIHIllIHEIIIIIlIIIﬂlllﬁ/lHHIiﬂllﬂﬂllllﬂl||IlaI

Filing Date 24 August 2001 (24. 08. %) DANI S, John; 5 Duane Drive,
M ddl esex, Mrﬂtﬂnﬁﬁaﬁl:’Mmtlomuo 1864 (2510) Edtérhdi‘ignal—ﬁmwmun&aﬁ)

Publi cati on Laagkewez (o4.0&8002)Pr i or i tyli@iwé Engl i y. 70, 712 27
Sept enber__2000 (27.09.2000) US (71) Applicant: W%E?W %@rﬁz@ ES, I NC.

[ US/ US| is15faceieht@ial Bateldiciabsinlaiday €, (EBE%JW,UM%‘(Q&%J-M%, 26 6tdndidn DRRDEGOME  ( Or
CA only): EATON LIMTED [GB/ GB] ;" (74) Agenmntogt-1280RKHMATIBENS Satian; Dramstél rark . ;
R G C. Sdnlketematiog! Apglication Ignb@p RCHBIGOBeL | Ii*%aﬁel'fﬁﬁ'“SWszs @33 Je }’ﬂ"'

De { tiqpal): AL, “‘%A“‘" UBs BR

BYSl gnar(z%g\[nts oua%\liu %: Q%l,gl}stéﬁﬁ EA@& M [glé"?zﬁ esex mgb’GD

GE, G L@&Miting HiRguagd), 1D, L, IN, |E§ghsh]P KE, K KP, KR KZ LC LK
G}:ﬁ{% ve RSP RU

LS, 1T, LU LV, MA MD, M3 MK, M, MnCfipgees V%(cfsf"“
SD, SE, Caubliptonlapeeaeg)  TJ, TM PRSTT, 17 ZA, ZW

- Norfolk §t[rr$§t5DT . O Box 22, Wrsley ROBII DiErat e Statrasshady AL, g@%%&l aat ed

AZ,BA,BB.BG, BR, BY,BZ, CO,CR,
States (ragenpal): ArbEERb e b usOM ;' vk oM, bz, 55, ES. FI GB, GD, GE, GH, GM,
HR, HU, ID, IL, IN, IS, @, KE, KG, KP, KR, KZ, LC, LK,
(71) Applicant: AXCELES TECHNOLOGIES, INC. LR, LS, IT, LU, L.V, MA, MD, MG, MK, MN, MW, MX,
{USATS]; 55 Cherry Hill Drive, Beverly, MA 01915 (US). MZ, NO, NZ, PL, PT, RO, RU, 8D, SE, 3G, SI, 3K, SL,
T TM, TR, TT, TZ, UA, UG, UZ, VN, YU, ZA, ZW.

ctua ert Elflza won

(71) Applicaut (for C4 onfy): EATON LIMITED [GB/GB};
Norfolk Street, P.O. Box 22, Worsley Road North, Worsley, (84) Designated States (regional): ARIPO patent (GH, GM,
Manchester M28 3ET (GB). KE, LS, MW, MZ, 8D, SL, SZ, TZ, UG, ZW), Burasian

[Continued on next page]

{54) Title; SYSTEM AND METHOD FOR CONTROLLING MOVEMENT OF A WORKPIECE IN A THERMAL PROCESSING

—
‘mwe SYSTEM
—
— 0 (57) Abstract: A system and method for processing
— / a workpiece in a thermal processing fumace by
—1 measuring the temperature of the workpiece in the
= 2 - 36E thermal processing furnace, and based upon an intended
P fc ]_/ 3 temperature profile and the measured temperature of the -
= cgo c! - workpiece, moving the workpiece through the furnace
= 81 000000000000000 to heat process the workpiece generally according to the
= 184 intended temperature profile.
= FE A o) Q
— 360
= 203 ST
T “8 £0 o
— /56— o Qo
— 8 w %
= 22419 S [ Cssc
—_— 38|
T 7 ‘ Wafer
368 Elevator § Hendling
tube N | system
T D
oY 384 2 i
= 2
< % 26l a2
% M/ el B 42
| rch :
- 2 4f
~ Etevator | Control
S:! Subsystem _y! Facitity [——3¢
) 28 [ :
< Feedback
O ’ Subsystem
Ul 32
= sl



Manchester M28 3ET (GB). KE, IS, MW Mz, SD, SL, SZ, '1Z, UG ZW, Eurasian
[ Conti nued on next page] (54) Title: SYSTEM AND METHOD FOR CONERDIMDNG
MOVEMENT o BKPI ECE I N A THERVAL PROCESSI NG _ SYSTEM Agc,f@ngo:,g&lB
7777777A ntr acilit Feedback Subsystemol vy (57) stract: A system.
and nethod for processing a workpiece in a thernal processi ng furnace by
measuring the tenperature of the workpieck-in the thermal processing
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FOR CONTROLLI NG MOVEMENT OF A WORKPI ECE | N A THERVAL PROCESSI NG SYSTEM
Backgr ound OfBJcﬂggohHH%FiﬂeQHv%qme present invention relates to a system and
met hod for_p e, such as a sem conductor workpi ece, and
nor e partléul arly relates to a systemand nethod for controlling the
tenperature of the worKhd pregent imvantddrarhmgds to pspeas andigietipd f@mrodsting a
workpiece, such as a semiconductor workpiece, and more particularly relates to a

system and method for controlling the temperature of the workpiece in a thermal
processing system. |
10 -

Thermal processing systems or furnaces have been widely knewn and.
used for mariy years to perform a variety of semiconductor fabrication processes,
including annealing, diffusion, oxidation, and chemical vapor deposition. Asa
result, these processes are well understood, especially with regard to the impact of

15  process variables on the quality and uniformity of resulting products. Thermal
processing furnaces typically employ either a horizontal-type furnace or a vertical-
type furnace. For some applications, vertical-type furnaces are preferred because
théy create less particles during use, thus decreasing the incidence of contamination
and workpiece waste, they can be easily automated, and they require less floor space

20  because of their relatively small footprint.

Both conventional types of furnaces are designed to heat
semiconductor wafers to desired temperatures to promote either diffusion of*
implanted dopants to a desired depth or to perform other conventional processing

25 - techniques, such as the application of an oxide layer to the wafer or deposition of a
chemical vapor layer to the wafer. The heating requirements of the wafer are
generally important and thus are closely monitored.

, Conventional vertical-type thermal processing furnaces, such-as tube
30 fumaces, are designed to support the processing tube within the furnace in the '

' vertical position. The thermal furnace also typically emplof(_“sr a wafer boat assembly
which is mounted to appropriate translation mechanisms for moving the wafer boat
into and out of the processing tube. A wafer-handling assembly is deployed
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
| tcmperaturé and maintained at that temperature for some pre-determined period of



Ther mal processing systens or furnaces have been w dely known and used for
many years to performa variety of sem conductor fabrication processes,

i ncl udi ng anneal i ng, diffusion, oxidation, and chem cal vapor deposition.
As a result, these processes are well understood, especi aldgnvmei foosegard
to the inpact of 15 process variables on the quality and uniformty of
resulting products. Thernmal processipng furnaces typically enploy either a
hori zontal -type furnace or a vertical- type furnace. For sone applications,
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during use, thus decreasing the incidence of contam nation an rkpi ece
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furnaces are designed to heat sem conductor wafers to desired tenperatures
t o pronot @kethesdypeye shesingad d¢scribedin Hip: Baend doah2.308 ohFubesi 4/edddeYtSh or to
perform o@g@ﬁtmpgggﬂiésqﬁﬁlah%@gteﬁsi ng 25 techni ques, such as the
application of an oxXide [ayer to the wafer or deposition of a chenical
vapor layer to the wafer. The heating requirenents of the wafer are
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vertical -type thefmal processing furnaces, such as tube 30 furnaces, are
desi gned thsmaal prsessing pstopy widsinvelyestoudbeating the waferiaba hiddlestop positiethandvert i cal
posi tion. Theck hesiBnewikn G YRGR, b i3allRbf hosAfAl assenbly
which is rmun%ed t%gagpr opratlcagltugbtré’r%%?%t@éiﬁl}éhneggiﬁg%ﬁnﬁgdﬂégtpg Vi ng the wafer
boat into and out of the processing tube. A wafer-handling assenbly is
depl oyed adj agghk, &I&?&rﬁﬂ fels ASS Y, : fer the
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Af t er war dBwltipleepyraniséers o mepowg ymperatiueedst variods funecelmtasions, pehtberegsetheom t he t ube
to conple Jk?gn ' .S pr S| t jque is
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be subj ectusH as Bony eHicispyiem cxetas thedapsfanrand off gcoofdingte the sysiend’s bedtioe t ypes are
shown and i-heg ' in US.
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appar at us gfmerally makasiitrdifliquiivefoegcessra veafsran adcomlhnce with thetireestablishyd bessingi ng
system whj,Glyd nvol ves preheating the wafer at a mddle stop position and
then heat"treating the wafer at an upper stop position, higher than the

m ddl e stop position.

There thus exists a need in the art for a thermal processing systems that accurately

controls wafer heating in accordance with a temperature or heating profile.

Summary of the Invention

According to a first aspect, the present invention provides a method for processing a
workpiece in a thermal processing furnace according to an intended temperature profile, said
method comprising the steps of 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, regulating a position and a speed of the workpiece through the

furnace to heat process the workpiece generally according to the intended temperature profile.

According to a second aspect, the present invention provides a system for processing a

workpiece, comprising a thermal processing furnace having a process chamber, a feedback



Anot her problemw th conventional thermal processing systens is that the
heating or processing reginen to which the water is subjected does not
closely match a standard pre- established heating profile dygpkg Bystem
constraints. For exanple, prior systens enploy nultiple pyroneters to
measure tenperature at various furnace | ocations, and then use the

mul tiple signals generated by the pynrgneters to control operation of

mul ti ple heating units, such as |anps. The system cycles the | anps on and
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t enper at uslgna[bmdfeatlpeqcesahazlworhmt:ch:@nmilymcccsdimgtotthmnsn@quetmferaMasmrﬁleng t he
tenperature of the workpiece in the thermal processing furnace, and based
upon the intended tenperature profile and the neasured tenperature of the
wor kpi ece, regﬁinhtbdimgltsaofphrsprtsiemrinmdoraacsiewde frfregbing withralspitern end thethadgh t he

f mace tog kpi.€ Y A n h ended
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provi des presybinesmtifg lthepnablmelsmlm@s the smper dfmeewng ﬂmmqmpemnng oftht tverkpiate
processin hayvi. I 0CESS ck 24 2005 -2a
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par anet er m@Efsmtf:ﬁ Enmana’eum afghe wmmedregqﬂm@dl pomtmrhmdprspcndsﬁ ilegvockpéarber, a

cont r ol Ik el Roc AERET SLLNONE L CARIL Ol 3hANALoahBSCHL HRGRLAN | Nt ended
terrperature 511 ep piece andgeflﬁe paraneter 0 T wor kpi ece,
and an eIEmemmresmdﬂystem in com‘rum cation with the control facility for
regulating a position and a speed of the workpiece through the process
chanber in response to the control signal to heat process the workpiece
general | y accoEdbaigménts dlsvenclndeshelech df@m?eﬁmannﬂermedtdrﬂperan&mﬂiemémbs of the

present i o 1eceQ£§b9 ehnlere ﬁaéh?egz (li&) %Iroré: SSII mthetb,[e St errgcgss%g%ﬁg d for
pr ocessi ng a Wor ernma I’OCG sing tur ngce cordi ng to

enbodi rrenEmmeﬁmeﬂneealsopﬂlewenﬁentmvent| on the nmethod includes the steps of
measuring the tenperature of the vvorkpi ece in the thermal processing
furnace, and based upon the intended tenperature profile and the neasured
tenperature of the workpiece, regulating a position and a speed of the

wor kpi ece through the furnace to heat process the workpiece generally
according to the intended tenperature profile.



Enbodi ments al so i nclude the step of providing an intended tenperature
profile of the workpiece to be generally achieved during pragaasingin the
t her ral Jng furnace. Enbodinents also allow a usgk rch 2005
WO 02/278@88 PGB01/ 03806 -3- deternine one or nore seleé?%%méng30|nts of
the thermal processing furnace, which are then used to construct the

i ntended tenperature profile. Enbodi nent3s of the invention enploy the 5
step of noving the workpi ece through the furnace based upon the furnace set

poi nts, the;. rﬂﬁrgrbqgg hﬁﬂ)&ﬁ@&é&f&t 9519& ok theaRdhlald BrodBaRY BFhal £ MRRMakdIr e of

t he workpl ece iments al sq i nclude, the teps of providing a wafer
processi ng erisd© ﬁé’ﬁ@‘%tﬂi‘%’d‘t‘i‘nﬂﬁ‘i’ﬁ?’&iﬂﬁmﬁ%l?f St he intended tenperature

profile, and controlling novenent of the workpiece in the furnace to heat

the workpi ece general 'E)fnbo&%ents%@&@'ir%ﬂ%nfe Iokl%et enperature pr ofile. The
wor kpi ece is noved by usi n%)an el evat or su %ﬁtem in response to the

measur ed 3t eﬁﬁé‘?faﬂ%’ﬁ@ e woskriges Rpue dhe frmacs Based spemihe MugatefaPante B nore
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wor kpi ece, protessing recing. gmrwﬂﬁ%‘é%@ ecp thihiatapdedk prpse T RN 3pdr at ur e
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t enper at ur esublystan ki mgponee wrtke pxeaﬂmdctemp@rh@w eftbe mlg:rx@pe} g hm?rcéﬂ by

det er m ni NGit-R8e o BrSibikiok ¥ (Ghpdri@retahlup B NSledigentBud RarBpidprh rfé,ah@h W th
a. pyroneter 0|6‘gd| cative of the "~ wafer tenperature, filtering the output

si gnal , and®BAsEPHChe wafer em ssivity and the 25 output signal,
detrern‘i ning the wafer tenperature. A control facility is provided for

control lishg novenent pafvodiRRniwaf@er mblhdu e #dpe of her mal  processing. furnace in
response to_ the neasured_ wafer te raturgg 2 control. facilji c&% per forns

this functi &sfemijning ey gL the *a feé? el YR2B 0% FRISHERL
t enper at ur e watkgiekt) Seleemin ptha rtmpqmatoﬂeldf ¢het wordkptene.afhetemperagirgora be and

moving the ﬁ%ﬁ%@ed&f{’%flmﬂg% egjﬂgsryrqﬁemmgg of mp?k alPlysiath subsystem ' The

control fac so~option e steps of scaling the error
val ue, sanpling the tenperature pr of| I e at one or nore points, determning
the boungary - In embodiments of the invention, the workpiece temperature is

_determined with a feedback subsystem for detecting and measuring the wafer
temperature. According to one practice, the temperature is measured by determining the
erxﬁss_ivify of the wafer, generating an output signal with a pyrorueter indicative of the
wafer temperature, filtering the output signal, and based on the wafer enﬁssivity' and the-

25 ou_tput signal, determining the wafer temperature. A control facility is provided for
controlling movement of the wafer within the thermal processing. furnace in response to
the méasmed wafer temperature. The control facility performs this function by

_determining the difference between the measured-témperatu_rc and the temperature
profile to form an error signal, and moving the-wafer within the furnace with an elevator

30 subsystem. *The control facility can also optionally perform the steps of scaling the error
 value, sampling the température profile at one or mere points, determining the boundary

: conditions of the elevator subsystem, and moving the wafer ata selected speed within

- the chambcr

35 Embodiments of the present invention also provide 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



conditions of the elevator subsystem and noving the wafer at a sel ected
speed within the chanber. 35 Enbodi nents of the present in\égmﬁg{h(,@gso
provide a system for processing a workpiece. The systemincludes a thernal -
pr ocessi nngLd{Ugl ce havi ng a process chanber, a feedback subsystem coupled
to the therma ﬁ?ocessi ng furnace for detecting a paranet Br/GBOV#EQ4 March
2005 WD 02/ 27059 PCT/ GBOL/ 03806 -4 workpi ece when di sposed in the
processi ng chanber, a control facility far-. generating a control signal
based upon an intended tenperature profile of the workpiece and the

. par anet'er of e. Wor kpi ece nd. an el evat or subsystem. n.comuni cation with
the control f érg'.lp 1t thnf %ir%pdrsgfgfﬂ e PW@CSSI@F%%H‘%%8%B%t§(?q1tf?°6]htycff’r FHETROE Rpi ece
t hrough t he pingekesgrathasedapod an ntesgdehismpemnige phdile ofithe storkpiegrradndttbe heat

pr o](c:eis‘s t hﬁ workgeegehgentpiate yndaaebivatongibéstchhia coftriidabn WHAReERYI Rcility
profile. T eLo

n | facility i.s adapted to contro] the el evataor subsystem:
to nove the m?’ég%g%%%waefci)ann&%gsﬁ 1?%%@%%"6%5?&“? OfHRCHIBEAR E5SpRyISE to
chanmber as athefcomitol signala bedi@ricassshelwdrkiperp eeadrallvaqeonfing ©.thd (itenze syst em
can al so i ncleyfigratrdSRkild. MiHRIbACE HGfiryRE Q¥ApHd Bnd@f (R e1ewf&%%gg$a§§n fSC! Pe
t hat includes a egpg{aturaf. rar -udg rate, "a tenperature ranp- rate,
and/ or a soaﬂml’eetﬁff) PHIRITCE. Oﬁﬁé’ngg? Fhpe ugh therpIpeRpsias chambss @s py
gener at or f ofunctgpanrd thet inregdedempatendpafiteenper at ure profile in response to.

the recipe. 15 According to further enbodi nents, the control facility

generates the control _signal to nove_ the wor.kgi ece thr ouq%h t he furnace
based upd¥ the furnacd hea¥styBicAr also iglnde phserigkafacefoperaridirga §rastr | e, and
t he measur edpbenyet sipeahafindiites Wortpiace. rampapaad] A niferdie rhptowae, the

measured tenpgr pi ' t 1.0 i.ng the wafe

hor mal pr opect gt b BeHRREP TEF Belefn S8 SRty o MRl B0nclTi el
subsyst em i n¥REEERS e Fipried fUpPFBEre s da in FRypense 1o Bpesipt- ure of the

wor kpi ece, an em ssivity nmeasurenent stage for neasuring the em ssivity of

t he wafery,c and a fj & for filtering.one of t measpur. ed :
t enper at We and erﬁ& 45%%4 g%@oﬁl he *’E’e(éo trgg%mggl%lﬁ%r?tgsﬁg%‘é‘wgr?gﬁ’%‘gl a 25
si gnal cor r egpeaitisgverspichethreush shesgmaserpesed uper theffumhes w00 péiptsete. |
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of thernocoypl for measuring. the t erat ure. of ta(e.fur_n ce at one or
more | ocat i o‘%‘g‘:.og%g. PIPRE é:gﬁ%g% ?ﬁﬁmfﬁgggpejg?f@r%ﬁtg WEIPHRTE pueteryRed
cor r espondi ningshe wafentheund] pregstissed 30, tenperature of the thernocoupl es
in resporge to an input signal generated by the
According to further embodiments, 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. gcne_rates‘ a

25 signal corresponding to the filtered temperature of the workpiece. o

According to further embodiments, the system can alse include a pluraiity of
thermocouples for measuring,the'téxhperame of the furnace at one or more locations. A
- fumace modeling stage generates an output signal corresponding to the actual measured
30 temperature of the thermocouples in response to an input siét;al gcneréted_by the
* thermocouples, which is representative of the thermal properties of the furnace. An-
optionél 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 toa workpiece position signal generated by the elevator |
- 35 subsystem and the output signal of the fufnacé thermal modeling stage.



t her nrocoupl es, which is representative of the thermal properties of the
furnace. An optional wafer tenperature nodeling stage for ggRgraliopg one
or nore sjgnal %_gi ndi cative of one or nore paraneters (SFE‘QJ(?B%J} S AW

em ssi vi t‘@’/ %ﬁ'?errperature val ues) of the workpiece in response to a

wor kpi ece position signal generated by the elevator 35. subsystem and the
out put signal of the furnace thermal nodeling stage. 24 March 2005 WO
02/27059 PCT/ GBOLl/ 03806 -5 Brief Description of the Drawings 5 The '
foregoi ng and ot her features and advantages of enbodi nents of the invention
will be apparent fromthe follow ng description and apparent fromthe
acconpanying drawings, in which |like reference characters refer to the
sanme parts throughout the different views. The drawings illustrate

principles of the invention and . although not to 10 ' scale, show relative
di mensi ons. BEe esf‘"ﬂ&%—"ﬁ&l%ﬁ%ﬁ% view of a wafer processing system
enploying a control systemfor controlling novenent of a wafer in thernmal

processi ng furnace Thefedoinggndwhee fidaouksrmpdbdvanbgds béepyodgadis afthegntenbem 15
FIG 2 is a schematic bl ock di.agram represent.i ng the operational aspects
of the viaf oPIBPORRSEHEORY e PSSR AP PRl TR BB E Ot | ¢
di agram i | | dsiigs) ingvHidtelilsd gleatncp cbarestsismefer @0the sapeipass fougheutdant r ol
facility of iewh! Pne rabuind iACREIBIARINEQW BIRNEnstAgiamtdubiabi Bt | g
t he net hod, Fﬁegnﬁilgﬁgn_gﬁl%_ﬁa %@ 1to ach"‘evlepfa desi rednwaf er tenperature by
the syst¥m sfalershgw relatiye JEBGIEPDSwi t h enbodi ments of the present invention.
FIG 5 is a graphically representation-of a tanp rate and correspondi ng
tenperature profile eﬁ@ Vi LOG: SV o di nents
of the present inventi orifi 1%?&%%&‘%ﬁgeggéfgpﬁ%% -l}%lé%rglé?esz%tgﬁ oriD %#m‘iehe
t enper at ur e gl pysteobfor cprirolEng MoyeEey of g pefergn FrermpPresRsEBMMBAST FIG 1.
FIG 7 is a,ghark6ahbé@pémsailicirtsen itfentidte t enperature profile of
differe waf er types and em ssivities. .35 FIG 8A is a graphical
representation of the use of the feedback |inearization Equation 14B. when
tracki ng a desired trECection yeheplaty bingk sliagedn represpntingthyppemtiomdgspects

of the wafer processing system of FIG. 1. - : o

FIG. 3 is a detailed schematic diagram illustrating the signal processing
20 features of the control facility of FIG. 1.

FIG. 4 is a schematic flow chart diagram illustrating the method for
. heating a wafer to achieve a desired wafer temperature by the system of FIG. 1 in accord

with embodiments of the present invention.

FIG. 5 is a graphically representation of a ramp rate and corresponding

temperature profile employed by the wafer processing system of embodiments of the present invention.

o  FIG. 6 is a graphical representation of the temperature profile of the
30 process tube 18 of the system 10 of FIG. 1. S

| FIG.7isa graphical representation of the temperature profile of different

‘wafer types and emissivities.

35 e . FIG.8Aisa graphical representation of the use of the feedback
linearization Equétion-MB when tracking a desired trajectory employing a gain of 2.



WD 02/ 27059 PCT/ GB01/03806 -6 FIG 813 is a graphical representation of

the tracking errors according to gain. 5 FIG 9. is a schemabiyGarch 2005
representation of the control domain of the wafer processing system of:
enbodi nents of the invention when operating in a saturated and an

unsat ur at e¥ORYEES® FIG 10 is a schematic graphical ill ustPaTiGBALeR he
results of processing a silicon wafer according to a sel ected processing
recipe with the wafer processing system 10 of enbodi nents of the present
invention. FIG 11 is a schematic graphical illustration of the tracking

‘error present when processing a selected silicon wafer according to a

sel ect ed processing rddSpéBus & lgraphivel mpfcesntpionof dwitrgksgstem etorinyadi nent s
of the presepdipinvention. 15 FIG 12A is a schematic graphical illustration
of the wafer processing system of enbodi nents of the present invention
operating in a saturation node. FIG 12B is a schematic graphical
illustration of the trHE6KA. mya stheomntiprepssattati@lofuhetnmobdassinng tie 8abect ed .
silicon waf epraaesp dystieh $Rudosilefs bethe MVOGRRSIHIE of SHInRSn Mdnlated NG T €1
processi ng sgsten1q{ enbodi ments of the present invention. 25 FIG 13Ais a
schematic gr Eﬁﬁﬁﬂ m9deystration of a sel ected wor kpi ece processing '
regi men using the wafer processing systemof enbodinents of the present

invention. FIG 1381 % f¢Rhelhbnafl aRALERlndbbS] Sl Aluflod I ALACKT NO-
ted silicon I ng a «

error present. . when processing a selett ] ~wafer accordil

sel ect ed pr oHET FRiCASEPIHRE P Biclefld PiRsrsingreepewith thy Wgter Beresingmperinnent s
of the pri@seofentodmrhis ofithe ksdaefsedtiphi on of |1 | ustrated Enbodi nents

Enbodi ments of the present invention provide a wafer processing systemthat
enpl oys a. control facility_for controlling the tenperature of the wafer by
novi ng the wafer wi thifiCall isteschematyy Feptisd! plpstrafionafdhé packéngronyeresonta
singl e cont rehed piidksinSuedeasd sieonmapriedrdty valelkcde PREEAIIY Recipd RanWaf er
processing system further provides for generating an intended tenperature
profil e baselleSRiaPEroanes watearofisroedasigt the erepal ngepdicont rol 1 ing  novenent
of the wdfer with the control facility to achieve the intended tenperature

24 March 2005 FIG. 12A is a schematic graphical llustration of the wafer processing

system of embodiments of the present invention operating in a saturation mode.

FIG: 12B is a schematic graphical illustration of the tracking error present
20 when processing a selected silicon wafer according to a selected processing recipe with

* the wafer processing system of embodiments of the present invention.

FIG. 13A is-a schematic graphical illustration of a selected workpiece
. processing regimen using the wafer processing system of embodiments of the present

25 invention.

s

FIG. 13B is a schematic graphical illnstration of the tracking error present
when processing a selected silicon wafer according to a selected processing recipe with

the wafer processing system of embodiments of the present invention.

30 Description of Hlustrated Embodiments

Embodiments of the present invention provide a wafer processing system that employs é
control facility for controlling the temperature of the wafer by moving the wafer withina
‘thermal processing furnace in response to a single control input, such as the measured
35 . wafer temperature. The wafer processing system further provides for generatingan
intended temperature profile based on a given wafer processing recipe, and controlling
“movement of the wafer with the control facility to achieve the intended temperature



WO 02/ 27059 PCT/ GBOL1/ 03806 -7 profile. Enbodi nents of the present invention
therefore relate to an adaptive processing system that predgiaschyaber

t enperatu i.nhg processing and then controls the wafer i based on
the act ugvl%o(rjr}égsﬂr ed tenperature. 5 FIG 1. illustrates a P(pl?éhalﬁdrg%ges& ng
system 10 in accord with an enbodi nent of the present invention. The
illustrated wafer processing system 10 ificl udes a wafer handling system 12
that is adapted to |oad a vvafer into, and conversely rer‘mve a vvafer from

a thermal pro in.accor ues.

11 uet rat en ERSE e oL respl i RRREh ot sE R K e PR PP Rl e 16
that encl osehat pfkditsweildritaglerahire tartg phevedsing aad thyr canddls tied walergpogsen Etasdde)nlﬂe
that has a C|P d end, 18A al?ld an opposed open end 18B. The cylindrical
tube 18 def i HeaMPARE] PRECEN T, ocess chanber 20. The process tube 18 can
be used as a constant or continuous heat source. As used herein, the word
"continuolis” is iFHE éritfetratena wafer praecsEBnTIERAQ4n 5o With anembadimenhod thind

heat i ng surfg&&tﬁfvaﬁmwﬁemﬁ%%a%vawpﬁmé&nga@mﬁmﬁm&q of _any hi gh

tenperature con

ul Labl e cor i Mazisaram el GHet i SRR e e Pt diye a
three zone meéirdiomy e tremal p@cemwgem%pm wong Wik b@vsmtephmn@ﬂshé'ém ng

el enent 22A,114¢Bed BRfnAZrodldhg 498em N2SAGIRY ﬁ%ﬂ@@&@fih&lﬂmm Saldncidkesheat ed
bl ack boﬂ% caV|t susce tors as Cre ri mar}/ubﬁg sou ce, %ngs rticular
Lype of Han EBRUCETAE v & TPTIGR BT lone FIa Brg BIOEt PFLL AT T del v
accept ed as ogpased og&:lnleadtléBh Nitgurlifidricad bbb |18 dafisksuniidatngoc processichamifert he
furnace tenpgr %Lé"}?{%cesé‘@l%r% {% HeQisOA &s E%‘Q%{T&J”Eontzhnﬂﬁ]s@l%&téoﬁﬂsee lagnent s

forms part of a heater that is vertically orjented, three zone
resistive hda€immge g confipBoptds fq“iﬁ‘ldtSFlé‘?r’élﬁltuge E%IHIWQU%B‘PFB%WH?FWBW%SS
hi gh t enper akating siicalardaC 'Eblel’IﬁSceSQEJb'Ehé chnbel Fatiedef any highnehpgatitte heat i ng

el ement 4N D APIRRSE ummagg RBh CafohRELs Sther filBle LRAMi AL Ak KAl ue and T ow:

t hermal nass are  desi sf responses t errperature changes.
The nodul e can al so i ncl ude an air cooling systemto hel p cool the
processi ng chanber 20Thérist©ca§s&ﬁ@esr>8 tane stSodidrawierthradohd usistibehaitizge of

the wvertical rnace .ca be e C s of varying
sizes. 30 Tﬁ’éo NS ik éghr t %ém?%P yeagﬁgggglﬁnpjﬂ %argrfn%g?%%ﬁ%esany sui tabl e
thermal pr G@ﬁmmfngedtm Hements oa RE hf?%dé’ﬁﬁ%@@bﬁ‘ﬁﬁé“ﬁ%ﬁ%@ BF BEBRY| ng of

sl fon vaf %& s@drce. Sﬁh@@h@i@utaem@ro%wt@mcé\mgmg ichPlethept, &felr r €d
pr ac |1 Cée,

practice, IEbLUsll S8 DLl I9GERE 00 L SR MERANEAGRE, |
Rel i ance by oEdiedunitiarmperaRirec 8ssidyssy steeasb@imery, the heating elements forms
part of a heater module that is a vertically oriented, three zone resistive heating unit.
The heating elements can be composed of low mass, high temperature metallic wires.
25 The insulation surrounding the hear_ing element can be composed of ceramic fibers of
high insulation value and low thermal mass. All are designed for fast responses to
temperature changes The module can also include an air cooling system to help cool
the processing chamber 20. The process tube 18 diameter and thus the size of the
vertical furnace can be easily scaled to accommodate wafers of varying sizes.
30
| The illustrated thermal processing system 14 can be any suitable thermal
processing furnace that is adapted for the thermal processing of silicon wafers at
selected temperatures. According to a preferred practice, the illustrated thermal
processing system 14 incorporates a rapid thermal processing furnace sold under the’
35 trade names of Summit or Reliance by Eaton Thermal Processing Systems Di\?i_sion,
USA. The Summit design system is particularly advantageous since it is a single wafer
furnace that achieves high repeatability and uniform results with relatively low



USA. The Sunmit design systemis particularly advantageous since it is a
single wafer furnace that achieves high repeatability and @AMaehE0d2sul ts
with relatively low 24 March 2005 WO 02/27059 PCT/ GB01/03806 -8

mai ntenance\,;cfzﬁﬁtng gments. The ther mal processing furnace devel 05)
tenperature  gradient by using a “hot wall' vertical proceSSFRY ’é‘ﬁﬁ'ﬁ‘ber 20
for single wafer processing instead of nmultiple | anp banks. This hot wall
chanber is devel oped by disposing the heager nodule at the top of the
furnace and a cooling system (not shown) 5 at the bottom 18B of the

hanb th t di ent. f
1320 charn P B At AR BB il 1
bottom of the g5dRNEBY ushg Athat vertifd prosassing psiogletwaderbel | | ar
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through the t d hin the .
ki1 11 a SERSPEE skt Gambones 6 fomsiev b e g Obihe D8RI RebspEaBEs can
be provi ded i apprvaching oblatlobddyeradiiadok. u@hthamaeﬂmbnghepmmet &fithd Heatihh ehfadegCt ed
t t
ramp rates an%r?&rﬁé@tﬁﬁé? SRE: eg?énF;L g%nﬂg I %&ev%déb?%ﬁ‘%@} g&%ﬁ&éﬂ%o@tﬂ%gef

cooling rat of
enpl oys a ¢ rlﬂé%wéff"r t‘HﬁF‘ﬁﬁ%ﬁ’IﬁF@?ﬂg@Eﬁé@e&got'ﬁ@? bﬁmpééﬁﬂ%ﬁ@f%ﬁ? alttchat are

di stributed abaup dowerdiesdaracsentrolled B & WeRci &ith W CHe h@tﬂi@i ﬁelrtttfzdi

t her rocoupl es tﬁ;g? 0 selec cat for,. u e uent o
use by the conﬁ%o‘t‘,‘a‘}l[?l %ﬁ%ﬁgﬁ%?@%ﬂttﬁo aP&rljlrﬁose ; Y 3 E’g /
sel ect ed t her HedoSBiEadEeRe calrmrg hestingr exndiag stageseenn b&ﬂm}\tlm mﬁdéutonstm theal s

(e.g., spike Spist@@Sihgkenseated 1 stibged ﬂa&fprmse@um asva@&rtp@@asa%ﬁhﬁé tieD-
ensure thats the aﬂ(ﬁga{red te eratture(g Wﬁ%ent I's mai ntained. The
terrperature XY SRASTESRE Fonsaes B Gupl es can be used to assist the
systemin determning certain selected furnace 25 set points prior to

Phormal oradi ent ol ong | o ooahed dufer Boel gind ) b R RS RSB St i g the
heating el erréﬂet“%‘ gﬁ %‘t’i ‘Ffé’"&éh:f.ﬁl 3@1&@%@6‘38?’8 §é‘tu H{ﬁ &re
reached. Typi daineysure the furtidrerntempauipte The thepmboiuplaneandy tshpthiae at hat t he
top of t hel@elskﬂeﬁéd 1o§atﬂin§ @&%ﬁgseﬁﬁed’t‘ usd 5/ RE L %%lﬁgga Tfe g&lQrogf

t han the desired wafer processing tenperature. heat I ng
continue to b&SEARS \?éP];fFCTEQHFF‘BF]I %éﬁ‘?’ﬁﬁ@ﬁ%FPqRW@St H’Q?%ﬂ%ﬁlﬁloéfpuhﬁﬁ%"é? errent s
during wafer pe.gcaslsd segirgs) genbnitad by the hémicouplbetaEle s&Rigled 0P oM ate that the

desired temperature gradient is maintained. The temperature measurements from the

thermocouples can be used to assist the system in determining certain selected fumnace
25 set points prior to processing each wafer. For example, before wafer processing begins,
a thermal gradient along the process tube 18 is established by adjusting the heating
elements 22A-22C until the required thermocouple set points are reached. Typically,
the thermocouple set points are adjusted so that the top of the belljar is disposed at a
temperature, such as 200 °C, higher than the desired wafer processing temperature. The
30 heating elements continue to be actively controlled through"?tfg' thermc')codple _
measurements during wafer processing to maintain a stable thermal environment.

The heating elements 22A, 22B, and 22C are arranged about the process
tube 18 to heat the processing chamber 20 to a predetermined temperature, e.g., 400°C
35 10 1200°Cin’the case of chemical vapor deposition, or 800°C to 1200°C in the case of
- oxidation or diffusion. The control facility 30 can be used to regulate the temperature of -
the process tube 18 according to the exigencies of the processing technigque. For '



The heating el enents 22A, 22B, and 22C are arranged about the process tube
18 to heat the processing chanber 20 to a predeterm ned tenmpangdi@ose. 9.
400C 35 tQyd g? fso N the case of chemical vapor depositi onp-REpGHRsed O 1200C
in the case o OXI dation or.diffusion. The control facility 30 can be used
to regulate the tenperature of the process tube 18 according to the
exi genci es of the processing technique. Fbr WD 02/ 27059 -9 24 March 2005
PCT/ GB01/ 03806 exanpl e, according to one practice, a tenperature sensor,

such as. an Oeﬁa&xﬁ)@é aPE AR Eone p r&ﬁf&ebﬁclﬂ 8nlr0 s SRPS SudnhB aefz@q@ﬁr yiRARET ature
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an i sot her naBo hneatdmgngmngnmh thitican bheorpedmmsswmﬁgr ehepebeare 2 The sating uaitknown
in the art. g#aerabh fb%&g%e%tﬁ@?&,erhcgedgidne J%sﬁﬂg el'96, /7

or ng an

sui tabl e ansport assenbl i es Ing a wafrer on
t he el evatSOrK%‘i)’ﬁ’sWé‘Pf‘e%ﬁ 24. An exanpl e of one type of vvafer handl i ng system
is described in U S. patent No. 10 5,820,366, the contents of which are

her ef n i ncor por at ed byrg el eRGEv T dliey il 19 UhsK kA2 aaniigLude a

quartz wafer holder 36 th sIts on a Sevator t at _slidably
engages a guiraspeBassogbliss foplopdine and erloading £ sraferigithe plsviiyr whavsen bupl ed
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with the ther .ocessl rat f the i strate ce,, and. a
user int erfégg @gd‘?ﬁ Oél eg’ac Eg"fss% %L&Ve dml0 ‘F’ef}ﬁ%‘%ie‘eaﬁorv gb@H ﬁ%ﬁ‘mt%oﬁ%e t he
system 10 or rodeutehadgetpfbe@ mewsmﬁehfgy@ré«% dihd servaseator cRndegontroliadtterthace

can be anps su&ﬁ@bﬁemﬁwtw@& élﬁl\ﬁhé?lﬁde i$ ae-&ees.l Iﬁodf&y&e%ger m@lct)enrroﬁaaﬁ@r
nmouse, and touchscreen. t her re er encEato FI G | ust f at ed

waf er pr ocesSERFOHSEEHR dzit@ a?%‘%?feséaoﬁ N T (e s B??%‘f’%?ﬁoﬁﬁss’f“gr et ect i ng,
measuri ng anddsosiatekd tvith nhenihagnal pecetsegpeestion ef dfe itlintratsif fernacd, tanid @ ubdre

t hermal proc 4, ocess
Lher Tl P 0CER310035 Y3 A B il seREGd idloRiiifon Y bRnpued W Bk G0 RE

stem can enpl oy a r referably
a singl e pyr 6¥EEEd begtech Byt PRAOG AESHr qlﬁ?’ﬁ”éefp‘&ﬁ“' ec?PYtSH’éatﬁ%’F‘@P‘
such as tZnpeedadeusieh aEeﬂceebtarmlnmnitbhmdmtrmme,emdemhsla‘Eent t he anount of
light reflected fromthe wafer, and then generates a signal that is

recei ved by the control
With further reference to FIG. 1, the illustrated wafer processing system

10 includes a feedback subsystem 34 for detecting, measuring and/or determining the
temperature ef the wafer within the thermal processing system 14, and in particular,

25 within the process chamber 20. The feedback subsystem can employ a pyrometer, and
preferably a single pyrometer, for detecting one or more parameters of the wafer W,
such as temperature. For example, the pyrometer can detect the amount of light
reflected from the wafer, and then generates a signal that is received by the control
facility 30. The control facility, based upon this data, can determine the emissivity and

30 then temperamre of the wafer W. One example of a suitable feedback subsystem is

dlsclosed and descnbed in copendmg U S patent number 6 183, 127 entitled SYSTEM AND
METHOD FOR THE REAL TIME DETERMINATION OF THE IN SITU EMISSIVITY OF A
WORKPIECE DURING PROCESSING, filed March 29, 1999. The

pyrometer can also be used to directly, non-invasively measure the wafer temperature,

The pyrometer can then generate-an output signal that can be correlated to the wafer
temperatare. The pyrometer signal is then coupled to the control facility 30. -



facility 30. The control facility, based upon this data, can determ ne the
em ssivity and 30 then tenperature of the wafer W One exanph@lapth 2805

sui t abl e feedback subsystemis disclosed and described in copending U S.
pat ent nunber 6, 183,127, entitled SYSTEM AND METHOD FOR THE REAL TI ME"
DETERM NATI ®@ @2705HE | N SI TU EM SSIVITY OF A WORKPI ECE DURINGBRRGEESS! NG,
filed March 29, 1999. The pyroneter can al so be used to directly,
non-invasively nmeasure the wafer tenperatyge. The pyroneter can then
generate an out put signal that can be correlated to the wafer tenperature.
The pyroneter signal is then coupled to the control facility 30. 24 March
2005 WD 02/27059 PCT/ GB01/03806 -10 The illustrated control facility 30
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e e e S Kk I S8 s 6 5
as to general F@tﬁﬁg?ﬁ“é% %Vﬁfeﬁw‘tﬁ'&ltﬁﬂwm%ﬂr match as closely as possible

t he i nt endéd tenperature profile. The el evator subsystem 24 noves the
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t enper at ur e r enpatchugs cﬂ&feky asrpamibld ﬁwinfcaﬂﬁ te@péerameagrofileMThe rcle&;aﬁpﬁib@stsw As

used herein, [ durati.o

beating of t hg@%g’ éesrtE@ when: r esi Lgp%%@ J[r%?n B?cg%ctetéscisﬁ%%% W&% ttEe‘ne :
t enper at url® r ¥aRETDERAEE inA fr?éecifeérm@ns’érTW%fﬁr |9%8 ba héﬁ*@h@WO@@lgﬁpat e
condi tion. Theesgeddecipt et bém §5@.th’ othks N&&dsﬁh@ﬁaﬂaﬁeﬁrs&h@% pefan@® ragd-ual

Che ranp-up aRiParis ot mbsoth i G e o s Rt b, Ceflanyen v
general | y occimended tovipdhede the 'émp@r desgtios ofheating aﬁibawafﬁ@%emﬂiﬁmﬁv@m theis a
schemati c bl ogscall @Rt whidigk rtéiﬁcgda&uﬁe*}eadheé 6ok G5t aaﬂ%ﬁod %P&ﬁzéfa's%d)pf the
waf er pr 0% Sk ¢ r}/cﬁtgo%m g sgatk tume s ge'nera.ﬁy 111}1'5{&[1{% {naz;[ E:‘é'pﬁ"’aff an ackual 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 ﬂlus&iﬁng 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 recéiving and processing selected data
signals generated by the system. In-particular, the control facility 30 receives a

~ temperature {rajectory signal 68 that is generated by a trajectory generator 74, FIG. 3,

30 . that forms part of the wafer processing system 10. The trajéctory 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 paraméters,- 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 -



system 10 enpl oys the control facili ty 30 for receiving and processing
selected data signals generated by the system |In particul a4 Matdhe0@oOnt r ol
facility 3 sye€s a tenperature trajectory signal 68 ner at ed
by a traj eglt({o(gg%gée{nerat or 74, FIG 3, 30 that forns part E?%ﬁhﬁoﬁ
processing system 10. The traj ectory generator 74 generates an |ntended
tenperature profile or trajectory, also-réferred to as a desired
tenperature, which can also be supplied fromthe user interface 32. The
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> 9 the actual raw emissivity of the w}/afer ring processmo' he output sisgn:ﬁ % and 52

25 generated by the stage 48 are mtroduced 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 stagé processes the-signal 52 and generates an output signal 60
representative of the actual measured emissivity of the wafer. The output signals 58 and



the actual raw em ssivity of the wafer during processing. The out put
signal s 50 and 52 25 generated by the stage 48 are introdueggda Jobs

f eedback subsystem 34. The illustrated feedback subsystem 34 is descri bed
in further ?’P&ﬁt? bel ow. The feedback subsystem 34 can enpl oy a Xr onet er
54 that comfti%tes with (e.g., provides input to) a teﬁg P 6
correction and filtering stage 62. The feedback 30 subsystem 34 can al so

i nclude an em ssivity neasurenent stage 5Gthat is disposed in
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actual -tenp uy 5 ener at ed th rt| es
stage 48 is géeoﬁseeﬁgggu‘:%?% theQerg A “ﬁ’gﬁﬁgﬁ 5?5%{5%“8 fYhal
58 that can tﬁ@psnebﬁeqmwty compnseltla@ éfétll@ eortqqeutaeqlwp@tteamuraemmc Iltemaimeer

tTEe output e {tb siged ruwtstgnats%eﬁéméa bgettelsﬁbxﬁ@tepm é@@é}%ysi&ﬁ%mﬁénen%t 'tftxtlagg of O
e eni ssi Vi neas e e i.Vi nt. st age
processes the(;é *ﬁh %ff%erg(é"rggtzée haér?th(‘fg%ﬁ‘ﬁ{"o‘ssl%ﬂg ¥ &%t gtl ve
of the act éalﬁlmasmmﬁ?ew@smnwpptopnwe squdilngror bifkiag oﬁthptstgnsﬁ agniatesmm8d and
24 March 2005 mgzt%tw%segt@ﬁté Q3R st 7 33 gendellbd AIESH ofpfaldl®

tenperature c rrectio ng sta for erformn '
appropriate € tsssteﬁefi}’t%’ﬁﬁé H%eafﬁf%?fgmﬁ“g‘%&%ﬂeemﬂdﬁttt\wﬁert %‘&f%dny noi se
i'ntroduced ttempdraturespigrsi Ghl istrgbwed &t thel chnyrdl fieilpy BOnet er 54 or ot her
system conmponents. Those of ordinary skill will readily recognize that -
ot her funcgtions can be_perforne the 5 filtering stage 62, such as any
appr opr i atc‘é scal i ng or TEF&QSH@'?‘?%FOQCF@ f%‘iﬂ&ﬁép PaCesfes eRSRITRRrC OhiliSr opri at e by

t he system 1&hcrﬁoemﬂp&edgmtl42,sthba-yatciem&@emmrpmfﬁss@ﬂalaﬁlat gdthshiipaad 64

that is repr Ptaﬁg&g}glle A 6& tbeaén}aﬂa%e%?&t STPREALNS u?lhe ei‘e‘?rat"‘@f e

The filtered rat ntl" uc%tothe control ity
30. 10 The i |SPB%¥§tFIatQéﬂ T@Grﬁ)ﬂlmﬂt sigpali 103 i {erorgepibecd shesapprprigle smdezqihattthfe

t her mocoupl e Sdvgnatubd 26 if hevidinendadal Grpesmt THee lgvant lsdtﬂyﬁbxﬁna|het§s% and the

f||tered ure en t nal at is
intr oduce ?‘{16% g‘?g}mg d %kptfh% CO&QOjtfgq'ﬂg 3 B%f’g eﬁtcnsoln 2oL afm’?eo ot LE
representati \f@feétms P@@W‘bfﬂwwﬁa@ﬁ@éd The elerator tqbeysteélll moues theblevaer i s
noved in the zazzgadmdi z@fépt@@atea' beur gmate bu@ub§g&ﬁt em PHis B@ﬂﬂes SRygs at a

speed det er m e contral e. of .t he
f or egoi ng appfn‘e ?ﬁlpa/t {OBRRGHOB v@aﬁ?ﬁ&@?& ‘}/0?%% %ﬁ%@ﬁfﬁ'}%ﬁ% gon‘f{%ﬂc “nBfes the
el evator to Can@@§mhtUr$OZRteﬂaptee§@rﬁP@dlpbytetha@r epcad basecmnphtﬁtW@ewmitloﬁz

‘This signab iwitdh & &eesdahmt)eeﬂbapﬂfeam%&ﬁtheﬂmw% dieeaiRaddced RPRe 66

with the contraql faci ontroll facilit det er m nes
t he appropri é’t’ag é{‘e&?ﬁ'{ ggﬁg%ga%@gdvhgﬁ it ﬁé’r%éfséfi 58 iPih cf'ﬁ g’ﬁ“Wt hin the
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-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 propérties, determines the resulting actual wafer
temperature and emissivity during processing. Those of Srdinary 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 stzi’ges 46 and 48 can be implemented in appTopiiate 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 advantétge of embodiments of ttte present invention ts that the control facility
35 30 processes the filtered temperature signai 64 to determine how to position the wafer
- within the process tube 18. Specifically, the control facility 30 processes the estimated
tempcré.ture signal 64 to generate un appropriate elevator speed to determine the wafer



waf er thermal properties stage 48, where it is processed along with the
furnace properties represented by output signal 47 to detergnect Jiesact ual
raw tenper%t LH:_!I? 0§5|d em ssivity of the wafer during proceseir/ape1/038os
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generator 74 generates an output i |68t hat 4 Sbdbooduesthsi®ea Sumer
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stage 62 whi chntrodunedéns sEBEFBES B d YRV terperature of f he wafer,
whi I'e conconi tg@tdaling stage 80 attempts to optimize the wafer heating performed by the illustrate

* 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 30
- 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 uajectory
sampler 88 samples the intended temperature profile at a particular time and generate.s 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 ﬂgna.}s.
Similarly, the scaling stage 80 generates output signal 84 that is introduced to a sumn-ler
100. A second trajectory sampler 102 samples the intended temperature profile at a ttme



filtering unwanted noise. The filtering stage 62 generates an output signal
64 which is introduced to the summer 76. The output signal 28414r& 2005
representative of the filtered neasured tenperature of the wafer within

the processy Qﬁg@ 20. The illustrated 20 sumrer 76 subtr val ue
associ at ed WI6t he out put signal 64 fromthe value associa e%‘gl%g?oﬁ t he

signal 68 to generate an error signal 78. The error signal 78 is
introduced to a scaling stage 80, which sé4tes the signal 78 by a sel ected
scale factor. The scaling stage 90 attenpts to optim ze the wafer heating
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23 generate summer output signaj 130.

The illustrated summer output signal 128 is introduced to a scaling $tage

134, which can employ any particular scaling factor. As illustrated, and merely by way
of illustration and is not to be interpreted in 4 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 posmon This signal
is introduced to summer 138, which also receives a vertical axis 31gnal 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 applyingan amphfymg gain to the signal 141. The illustrated gain stage 140 generatcs

output signal 142 which is mtroduced to a summer 146.



96 generates an output signal 98, and the illustrated sumrer 110 generates
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F
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Thi s out put 86" I ch conbi nes
t he signal wetdodthvalusi gpehlas tquts fivseandner 146 generates a sumer out put
signal 148 which is introduced to another boundary determ.nation

| The illustrated scale factor stage 152 generates an output signal that is

25 introduced to a counting stage 154. The counting stage 154 determines how many
particular counts the elevator subsystem is to move the wafer based on a particular input
signal. For example, the counting stage 154 identifies how much the wafer is to be
moved within the process chamber to achieve the temperature defined by the intended
temperature profile 68. The counting stage 154 generates outp'ut signal 70, FIG. 2, that

30 is then introduced to the elevator subsystem 24.

In operation, the wafer processing system 10 moves the position of the

wafer within the process chamber 20 in response to the measured temperature of the
wafer during processing. The wafer is moved in order to achieve 2 selected _temperaturc

35 profile. With reference to FIG.‘4, the system 10 actuates the heating elements 222-22¢
disposed about the process tube in order to achieve a selected temperature gradient. The
thermocouples 36a-36¢ are disposed about the process tube 18 in order to measure the



10 subsystem 150 for determ ning the upper and |lower wafer velocity limts.
As illustrated, the boundary determ nation stage 120 and t Ré Maounwidas y
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counting stage 154 identifies how nmuch the wafer is to be noved within the-
process chanber to achieve the tenperature defined by the intended

tenperat ur® profil e 68.Thereaferqueesssing siistege10 8¥n desoniancethe guy putatsiagmal 70,

Che aton, | ek SBNL s SoRpiat e U S Oafy Iy

p i on, P SS] S ves Sjti :
within the pr g‘ég%gg%‘:ﬁéﬁg%’ﬁteﬁbﬁgﬁ%&gﬁ?@ﬂé’@%ﬁ%ﬂ&?@gﬁr eERRREratit e of
the wafer durhisgvig oftbs siafegin fhherosefsehamberrfetep d68)randicdaects for anineism teal

sel ect ed t enpgg;ad 44 Qf | \ ! :system 10
actuates t héelgeti Egg%géﬁgﬁ bsth 2%?/\?2% féﬁfogfo%@%’%%%%eglgﬁ%%&%%g saﬁt ube in .

order to athi EPESE! tegsfyasasysse &affy Semesseturer Hbe valentoppesapresignal
36a- 36e are dptpoisadnadbetd toithe ponobsilityB® FResifedpthd @bnti) fidHRy B0Rad Ao 24
March 2005 WQ.Q £9 - . ' ' sel.ected
| ocations. The ct ﬁée%np%%%cg%%%g%é 8%%9]?) g F%&FSIEIF%%%F%E#%%F ﬁé?cgufﬂ.?sﬁ tfbg duced to
the control f &Pl fegilisoperiongs e gumben pf seleeted pistam fungiense Qnedanctipn isdo 46 |
(e.g., the L becrnide Wil 35 rﬂaasst;eatt@ﬂpemmretimué%mﬁ &t BehinmeReksnd | |
properties The system.ys en_determ.n el.ecte
waf er pr ocze(fss?%rggzr’%g&tﬁg&%%%g%% 5i tﬂl}pgr uﬁéa?tg%ﬁc%eﬁée E’%“PF ngg???’é%&f%’?lg gh*t he
user interfac¥ighep Seaystepaiptenyings theajabuteotssiGormdaeoperfute, guivgeit wsifies
sel ected tenperdabdksSvHRiref tte vafsti@Rpekitde it BAlpeli dbeaied wihehlR3ird L dater
temperature temperature. If the wafer temperature is different than the desired temperature by more

- thanaselected amount, then the system adjusts the position of the wafer in the process

25 chamber 20 by actuating the elevator subsystem 24 (step 172). As illustrated in FIG. 2,

the control facility 30 generates a an elevator speed signal 70 that actuates the elevator

to move the wafer at a selected speed to a selected position. The position the wafer is _
placed corresponds to the position sufficient to heat the wafer to or close to the desired
temperature. | o

30 | -

The control facility 30 also performs a number of other functions as
illustrated in FIG. 3. For example, the control facilify determines the amount of error in
the system , scales the error by a selected amount, and then determines the desired wafer
position. The control facility 30 also determines the acceptable operational bounds or

35 range of the wafer processing system based, at Jeast in part, on the error signal. The
control facility 30 also converts the information receiy;ed thereby into suitable wafer



heati ng schene for the wafer. The tenperature profile includes a selected
ranp-up rate, ranp-down rate, and soak tenperature or tineos\Nhdmovwaf er

~ processin 10 then deternm nes the raw actual wafer ure and
e ssi_vit;%a)r(]g%ﬁgasent ed by signals 50 and 52, FIG 2, mpc’t’@?aelﬁ’?ﬂ’%ut to

t he feedback subsystem 34. The feedback subsystem neasures the tenperature
and emissivity of the wafer in the procdds chanber (step 168) and corrects
for any unwanted noise with the filtering stage 62. The feedback subsystem
then gener at g5..8 agh/BPRsithba daBPoeRRMNBlhe/QaRf withl thd po8sS ehdiBRs W Rdievaf er
tenperature. The vévgfgr,t erature (ztllgnal 64 is then introduced to the
control faci IoF fgFkdBe dyspredegpperaiurepafieont rol facility 30 can also receive
the tenperature profile and the output signals fromthe thernocouples. The

control facility peffQpimi gt Eflloyaf bySRl BhloLHcify 56 SthbddiMehd SN prE
function is to determ ne whether the nmeasured tenperature is the sane or

d te ¢
within sone JBfCREREIr dgermipmgmysTeRgthtbh el ™ VER s Rrarest cheabset? Ked by
t he tenper at Wearpedbdlbe. (step 170). If it is, then the system determ nes
the wafer em ssivity and tenperature, and again verifies or checks whether
the wafer tenperature is properly correlated with the desired wafer
tenperature. |f the walallyeipehedpipt © firgt applyrend ndersiand theeeneral theg

tenperat ure QyméRidal Hedbdbndu&Rineghatbndilkiliindiidi Bodriifasy, Siemoad jnesdicnal he

position -the water. in the ess 25" r 20 by actuating the

el evat or g@bﬁ%&%ﬁ%&o?g‘iu@ﬁo %?&mgaflerllf g‘?’?rrl”g ‘ed in FIG 2, the control
facility 30 generates a an el evator speed signal 70 that actuates the

el evator to nove the wafer at_.al seloect &l \speed t@Ta sel ected positiBn; The
position the wafer is placedCarrespdngs to5hE pes)ition sufficientto
heat the wafer to or close to the destred’ tenperature. 30 The control
facility 30 also perforns a nunber of other functions as illustrated in

FIG 3. For ex@iwehalchesemidtaokyhaeiy i e detigsclionendtzhespastontnthedbcar ror in

the system, scales the error sel egt n ngd t rm,nes the
desi red e-rco"%B??et%Y%ﬁ‘.n oK %’%’t‘ 6’5’[ Zfé@ﬂ?&%ﬁr@g Og’Frsso _%%%Cgt‘raﬁ?ﬁ %gfsegtaﬁ}é :
accept abl e op2rdiiiontthe spustitfecen! tBswagng&ovsilicdre thigperiliphest athergnady st em
based, at |eaghgicAvRfkk gl yRE=arIPinS kN, EfRctiIN TR aphphibiet y 30 al so
converts the inf cr n%?i or%lr?gsrg:lé\éed t gr elgl [ r?jto %i tabl e walpfér WD 02/ 27059
-17 24 March % BREHe8H 19 SRR LU &% B%E/%r position data for noving the
wafer within the process chanber to achieve or track the desired
tenperat upg profile. | |
oI 4
__]C-é—z:'z:hw,—-alaT "f=h,
aT | 4 . ' ' N
—K-E—)Z =0 -
ar r=0 ’ ’

—ngy
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The control program enpl oyed by the control facility 30 of enbodi ments of
the present 5 invention for determ ning novenment of the wabghrWpdobki n the
process chanber 20 is described below. Initially, it is helpful to first
anal yze and understand the general two- dinensional heat conduction

equat i ons W #4393 ndri cal coordi nates, the two-di mensi onBCT/GRBOLPSHE
conduction equations for the wafer is given by: PC at az Ix az )+l d (rxT)
ar (1) where we have assuned axi-symetryg_.in the 0 -di rection, and Z

represents the local 15 coordinate system of the waf er (i i = 0 defines
the lower surface of the wafer, and i, = hw_ i f th surface of the
waf er). For S5 €64 4 ﬁ‘?tgep%‘ﬁinfﬁl‘ewbwvﬁfe‘}fﬁﬁéqw Br?ﬂ &5 PPES P e byi ven

by C = C(7) ard ax usek {oidepote elspep siudak yhotihlesuafpr, apd iatedge bbtbe chaafar,

condi ti ons fregpe %“”191@ vsxﬁus%s‘ts%eeerhma?eodeﬂcd,as'ﬁ{noﬁsL -al 4t az s=A _xal
= (eycT' | -abgb) . -xalLO ar _xaT Ecl l-a~4, Dr r-a raw (la) 25 .

24 March 2005 WO 02/ 27059 - 18 PCT/ GBOL/ 03806 where E and a are ‘the

emusi vi ty a%&&ﬁm,f;tz)% try of the wafer, and the subscripts't, b, and e
are used to denote the top surface, bot tom surface, and the edge Of244 he
waf er, respectlveJlny The varioug heat source terns are defined as foll ows:
(=Ebi 6F., r,7 (89}, 5 Buau\r. 221, (2 :

q, =£,0F,, (";Z)T; + .
10 . . . {2b)

£ 0 ‘[: dF, w—a‘(.ride)(r .20 Z)T: (z ’)
q —EbjaJ‘ de(cdgt)—d(:rdc) (r Z Z)T ( ) (20) v

15
o | Here, F,, . (1, z) represents the view facgor between the wafer, et a given
radial location (r) and height (z), to the top of the bell jar which is at temperature T,,
Similarly, F,.. (r, z) represents the view factor to the bottom of fhe chamber, and dF .-
d'(sid,,) {r, 2, 7), is the view factor to a ring at height 7’ on the side wall of the bell jar (7{(z)
20 denotes the bell jar temperature along the z-direction, and H,; is the height of the
chamber). Observe that the integrals in Equations (2) are over z”. Furthermore, the .
boundary condition at the edge [Equation (2¢)] is determined by the view. factor from
the edge of the wafer to the bell jar. Again, note that the variable z is used to denote the
wafer position as measured from the bottom of the chamber. ', ' £
25 | ~ |
' The boundary conditions given by Equation(la) and the heat source
terms given by Equations(2a-2¢) are typical in a system where a body of fixed
temperature (the bell jar) is heating a smaller object (the wafer in this case) by radiation.
. Furthermore, Equation (1) is as set forth above until we consider the following: ‘ _ .
30 -a) - The wafer temperature during processing covers a very large temperature range, '
(e.g. between about 30 and abbut 1100 °C), ovér which the nenjlincar.boundary s
conditions vary substantially. : . : 1 |
-b) | The wafer thickness to diameter ratio is very small making the implementation
of numerical techniques such as finite element or finite difference very "stiff" in
.35' © nahure. o



H=/"\ Eb/6J dFd(ode)(r,z ,zy. )TS4 (z') z qb-EbiCFwDb(r,z)Tbh + (2a) 10
(2b) Ebi6o dF, d(side) (r, z', z)Tr4 (2) rKni ge=Ebi (7 | 024 March2005
dF(edge_d(gj Z2',2)74(2) 15 (2c) Here, Fw, (r, z) rept Vi ew
factor betak(gﬁ)"{"ﬁf’g wafer, at a given radial |ocation (r)ﬁ!gﬁﬁg?fgsﬁf (2),
tothe top of the bell jar which is at tenperature T. Simlarly, Fr (r, 2z)
represents the view factor to the bott om ¥ t he chanber, and d F. d(si de)
(r, z, z), is the viewfactor to a ring at height z' on the. side wall of

~ the bell jar T5(Zhe &nfieneaaribimsanloss thakvatee MetRELER AdiE rhdiss are of

z-direction, and .S the height,of the  chanber). to .1 he
integrals in Equa'lta?% ‘ger(o%)ag%"rtg cgvhe‘?t Q’Pl.cglpﬁ?ctcﬁsérfgrr%%,ﬂ.aﬁéSgg@ﬁdgﬁ %/mscondi tion
at the edge [Equatchuespp@is)th absutdet%r Whusetd tosolvenide drieils of the taperatom  t he .
edge of the wafer §@:ddt®n et huindfical 49RHR hadi@R dchdthie b BbHRDIOMM & 1&si s used
to denote the wafer positi or]_{_}as nmeas re? fr.om.t hi geo%m gf t he chanber.
25 The bourdary cdHehifEqHTS PET ‘é‘HV%g}“rEEM St PaiRts i, #F®at source terns
gi ven by Equations(2a-2c) are typical in a systemwhere a body of fixed

tenperature (the bell jaar reélflt, healhR%oRe Moh%f'dﬂmt@%t)lv(iﬂ%%%ﬁﬁgﬁg)idBest hi s

case) by radiation. Furthernore, Equation é#ﬁl S _as set ove until
we consi der tHR ot if simniyimplomgyted By thecortroly 'é’r?’gt%ﬂé@ HEEM- p}%ﬁlﬁ%ssi ng
covets a ver yadcadig té enpmrbaaiddl the caings facilfte con erhptbywperbbdort teGRiqmnrs agbout
1100 O, er .\Whi he non-1linear. boundary conditions vary -

substanti 2‘1 I yc.hscbu)g&aﬁgeloﬁllaf er thickness to dianeter ratio is very small,
maki ng the i nplenmentation of nunerical techniques such as finite el enent
or finite difpgnepaen\Welsisstiff” in 35 nature. _ 1 24 March 2005 WO

02/ 27059 PCT/ GBOL/ 03806 - 19
To proceed, we take advantage of the small thickness (h,,) to diameter
15 (2R,) ratio of the wafer. Specifically, we introduce the following pertu'rbation
expansion for the temperature variable:

T(r,Z2.0 =T (r,0)+T,(r,Z.1) _ 3
2 _ :
where T»/T, ~ 82 <<1,and & = hJRW. Here, 6 is the usual perturbation parameter. The
leading order perturbation equation now becomes:
! 25 . ’

aT 9 aT.) 14 aT

—= | k() [+ —— rx([=— | - (4)
pC(T)ar a'z'[( )BEJ'rar( ()81'] : :

Note that, for ease of notation we have dropped the O-subscript on

30 temperature (i.e. T = To(r1)).

LS TR



c) The tenperature variations across the wafer thickness and along its
radius are of the order of about | C. At typical processing4iMamgeioas ure of
1000 C, this corresponds to about 0.1 % Thus, to resolve the details of
the tenperature distribution, the nunerical schene has to be accurate to
about 0.01 H¥2FBes. 5 This requires prohibitive nunber oPCHEB#HAIM6NtS to
be analyzed. As a result, the brute force nmethod of directly solving
Equation (1) does not work if sinply inpbgoented by the control facility
30 of the system 10. Hence, according to one practice the control
facility can enpl oy per ti n t echni que cussed below
Perturbation Analysis 'ba?ia L84 n%mt“‘ﬁg% cgéﬁf ﬁ%ﬁ‘g&afartht SSHRPIAE 19 ckness
(h".) to di am@bian thy desiradpiy edxatenslonn‘lratdiaéemhen Specifically, we introduce
the foll ow ng perturbation expansion for the tenperature vari able:

T(r,Z,t) =T. (r,t)+T2(r, F, t) 20 (3) where T2/T - 52 "1, and S = h JRK .
Here, S is the usual,_perturbation pararreter The | eading order
perturbatiop eg ;néﬂzgnwbg 0, 1C(T) aT _ ac(T) aTz+ 1 a a (rx(T)
aT ) Tr az I\ az) rotar - 4) Not'e at for ease of notation we have
dropped the 0-subscri pt on G& t7enp ratue e. T= TO(r,t)). 24 March 2005
WO 02/ 27059 -20 PCT/ GBOT:%GB(S JI s now i ntegrated across ®he !
waf er thickness in order to obt ain the i red one di nensional radial
equation: -fie,+a)oT+aq, (r,z)+ 5 h pC(T) at ab46(r,z)+r - rx(T) ar ) (5) -
Where we have used sone of the boundary condi tions given by Equation(l a),

Equat i on
q Where we have used some of the boundary conditions given by Equation(1a), Equation

10 (S)is the 1-D heat conduction equation for the wafer. - Y

Next, by resorting back to eqlatiou (4) we can solve for T, and
furthermore obtain the temperature difference across the thickness of the wafer

[AT =T l 3 l ] This temperature difference is important in thermal stress and

15 warping calculations, and is given by:

h .
AT"'Z_;,‘[(Eb ~&)oT* + g, "a'bgb] : (&

- 20
- We next show below that the value of 7 that can be used in Equatiozt(ﬁ) BT
is that of the wafer average (in radius) temperature. ' : o

—~



10 (5) is the 1-D heat conduction equation for the wafer. Next, by
resorting back to Equation (4) we can solve for T2, and fur¢Marehnd0850bt ai n
the tenperature difference across the thickness of the waf i tant in
thermal stre@&%%HAF 11 T-Tzir b,, -Tzl This tenperature di fP%terfeéi?%@B‘lgé r o~
15 warping cal cul ations, ‘and is given by: AT+ZK[(Eb-e )Or4+algl -abgb 20
(6) W& next show bel ow that the value of-31that can be used in Equation (6)
is that of the wafer average (in radius) tenperature. 24 March 2005 WO
02/27059.Pdliméﬁgﬁonioﬂwfﬁe%%ma“ on for Wafer Tenperature In
order to further sinplity EqUAti on ., again we take advantage of the

i nherent thermal uniformty in the system The follow ng expansion is used
for the 5 wafer tenper ahorder tolfurthert implify (Bqnatich, (S].ragain)we( ke diantagy ofthel(t)
2 JRT(r,t)rdr: : o Nipi : ration in
the radial di ‘r“é%r?’%todn%é%‘ii, &1§‘1f?’2‘§it¥?n ﬂﬁ?kﬁéﬁt ‘H“Sﬂ’éﬁx’ﬁ‘?%. e *é%ﬁ"’&vf?%ﬂ#@( 5)

fol | oned by aWlehieBEE@BEYSn over the wafer radius results in the desired
0-D equation for the average tenperature: 20 h",pC -dt T ‘ :
=-(E, +Eb) O | a+a, 4~(z) +aad4b(Z) where the over-bars on the heat source terns

i ndi cate aver a ;,Bgzgg)elﬂr(ggl us, thac is, 25 2 (R RZ Jo q(r,t~dr (8) ((9}3
10 . with
Te)= ?zz? [ T(rpyrdr | (73)

15 and T, representing the temperature variation in the radial direction (TUT <<1). Using
this expansion in Equation (5) followed by an integration over the wafer radius results in
the desired 0-D equation for the average temperature:

aT — —
20 hwpc';; = ’(51_ + Eb)O'T4 +aq, (z)‘:"ab%(z)

(&)
where the over-bars on the heat source terms indicate averaging over radius, that is,
25 _
7=—["alr.t¥dr - ©
7R T |

Equation (8) merely stat.esAthat the rate of temperature change for the
wafer is governed by the heat input from the top and bottomesurfaces;-as well as the
30 radiant thermal properties of the wafer.

The 1-D Radial Equation

" The first order (periurbed) equation governing T, can be obtained after
" 35 some algebraic manipulations. The result is a linear heat conduction equation that



Equation (8) nerely statesthat the rate of tenperature change for the

waf er is governed by the heat input fromthe top and bott ont2dMdrecHdd) as
well as the 30 radiant thernmal properties of the wafer. The 1-D Radial -
Equation The first order (perturbed) equation governing T, can be obtained
after 35 s3YRYZA"§¥braic nanipul ations. The result is a |iPEHEBIIEAL06
conduction equation that 24 March 2005 WO 02/ 27059 PCT/ GB01/ 03806 -22
governs T1l. That is, it describes the radipal. dependence of the wafer
tenperature during processing. There are three heat. transfer nechani sns

that determ ne the rat f angg or .T|l: a) Regions of high tenperature

| oose heat rmrgé’v?rgf)i[r’dl'&ag?’ ﬁﬂ%scaﬁff%fle Eagﬁljgeﬂe%}derﬁg(%ﬁw PRf5F SRrapehtets dupige
surroundi ng. Progeesing. niteoy are tirevhehbirdnsfes meclamisnisahivekleriae theqatehvd chafzger can
cause tenperatgfg: non-uniformty on the wafer. c) Any edge heating (or
cool i ng) of th? wa&gr., as Igi ven by the boundary condition w |l propagate

i nwar d t hr ough” conQFEPRHAL By iemperaiie jogsrqah Arore gridhins kg wafer tsads tohe

resul ti ng efuat i on efiglibhie wish itd svernndimg.t h sone of the coefficients being

sol vi ng EquatiBn (S paarm PEvAHEB It LITRITAUF e sl Thr BRE st g e

2-D heat conduct i ofPEYEERTHY ke WA wafer into solving a 0-D 15 equation !

for T, a linear healyedgnihacihg (i ceslig) bOfie fnaker Tds, givenlvy MRl ceRndMEt | on

equation for Ti, a%ﬁfbﬁggﬁ%wﬁq&ﬁug% rfrh for AT Wthout this procedure, .
[ e solut1én’o

. a rﬁon. . .
conput ati onal | y obtal g the general Equation (1) is
extrenely #fficult, since as we describe bel ow, the radial 20 t enperat ure

variations are sub 0. 19qiglinfRirdfitcto eyRisiABhA tRUBRIIAl bR Y3l AURSine '

exi sting radi at.,0 tr fer .sof twar.e not rebus nough to readilwy
produce resul tqu] b S\?ﬁ“@%ﬁ%&?%&"ﬂ&&’@?ﬁ fRetigps ‘?fof’gﬁﬁr(?ﬁt‘%‘fa&%ﬁ%;ecguch probl ens
in sol ving thandsgepdentinaridor priorf by solviog Eqwasiopr(8)elfhat isawe lblegeduioed thei s t he

perturbed t enpesdm bescify HR12-bMatlcoh dlori¥Rlflation BRIFRE MM G0 LRAg 4 6.p @ 0. 1%

e o B8 At P e B et 5t e e teetsordicciaocur acy
in solving Eggedtioofior(7h) andesiantigtic relaiot @39 Bncertai nty in the val ue of
Ti(r,t). To solve the _
Without this proceduré, 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 sofiware, are not robust enough to readily produce results
with such accuracy. We do not encounter any such problems in soiving the equation for -
Ty, since the primary var_i;ble there is the pertﬁrbed temperature and not the total wafer
tcmperature. That is, 2 0.1% numerical inaccuracy in the solution of the equation for T\
25 resultsin an equivaicnt level of uncertainty in T(r,#). Hog\qwevcr, a0. 1% inaccuracy in
solving Equation (1) results in a 100% uncertainty in the value of T1(r,7). To solve the
radial temperature distribution, to within 0.1%, the solution of Equation (1) has to be

gt

accurate to within 0.001%.

30 ' With reference to FIGS 1-3, to begin processing, the wafer is placedona - -
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 achicved in the wafer processing systcxh 10. Dﬁring processing, the .



radi al tenperature distribution, to within 0.1% the solution of Equati on

- (1) has to be accurate to within 0.001% 30 Wth reference 3%2{:&@

begin processing, the wafer is placed on a quartz wafer hol

sits on a NAYY¥ZY| evator tube 28. The wafer tenperature F&TVH{LPS Eﬁnanged
by noving the wafer up or down in the process chanber 20. That is, wafer
tenperature trajectory i s governed by the&Xosition. trajectory in the
belljar, as well as by its radiative properties. Wafer terr'peratures up to

1200 C and r f. U C waf er
processi ng s;a/trs?‘B %& t%herccgtﬁ pt;%%gége?ﬁs mé%%&dg’g%ﬁ ﬁﬁ%‘gg&%@ %97059
PCT/ GBOl / 038Q&T°r2€f3tse’ﬁ€p@r dthgmeeagired wefeé ERRSrAtyE it then WeddR cPYURERE I usi ng

an em ssi Vi tyCo%QBWb?ﬁﬁxﬁdtoréMﬁ@ﬁ%dnﬁoBﬁés&mo fﬁhﬁtdmﬁ&ltheéle\l\ﬂcﬁ@osilﬁmﬁf ature
is then used .in con unct

orithmstare e control
facility 30 t'd Ul ”f"ﬁg‘e qte«s:\l&r/ dttﬁ?lpergsf? F%]ﬁg?ﬁat SShgwr%emg}d? e%dh{%o pr oduce
t he desired ttempematmmqtqrajoept@iﬁjgcwt@me IrAjeFP O gBeraldTe/ 43CEEMIS EBR ur e
trajectory orspLfiirdcgpedanss al ﬁfﬁomé é)hearﬁtbab@@é@wpa&ﬂ@uawﬁse?épeaﬁﬁ@rdl ng to
a selected reci ?e can be 3?“‘ % éﬁ (ﬁ )?’Q@ ¢ trtol at a
user specifi €G™PEEWePATAHP Eﬁ‘“ﬂﬂéar'i‘ﬁfetah ‘fr’[f‘éer eﬁrsgecé iR Yé Y user
speci fied), cypetifibdisank eapyeratredor spepidiaf daes sukd)trempaoanut e given rae pedi od of
time, and d) §a0pi Aot Faclby&Bn bR té’xﬁﬁér!ature\’@aﬁeﬁ:rto %SHQd'n%QBQve 1EaCh
portion of the tenperature trajectaory defi ne z_m_;r ei)&r}lto
accor di ng 1o 44¥ged ?Fﬁ@’[d”?ne%lﬂﬁfe‘np'étrfa‘nﬁ%t@ bgdy ur EISS Mt 8™t hat
shown in FI GmPBG F-oForexanpikethe thep raangraplat & ganaqameﬁﬂe’d gsasepes ofedisoneel as a

seri es of dIS t I t a t has a
Start rate. camp ResAl BeiabStun Wodtty 19ARAS il ol Al *‘%‘f‘é%%’%%%f P

is the deri va'thPﬂ/@HWf Waﬁea%‘?l‘f&t@é‘% b@h‘si%deﬂl’@l therRem oSl 8nent s

of -‘the control facility 30 of enbodi nents of the present invention can be -’

as foll oS5 a) Traj ect ofy &Jea&%%mn&w&mcan@mm Il LenitRBREHbFARProlE: | T
desired thin approxi na eI y 5% of the specified rate. Ot her percentages

can al so be usentiongIn Whas folderpsr at ure over/ under shoot remains below 1.5 C
(for a 1000 20 C soak taP " RiohATRALA g Wi fraie B8poRdan boifUells) . Q her

val ues can al sg be g ?cfg re_error. goaches
zero as st eadV“@l“éP}éro ”rt%% X m%ﬁpe?%ﬁggg% b P 2 CS%glbg (}lbg‘@%
agai nst variations in wafBre tc:agtrraWa/@eZ/Sn@rﬁi}s)eMem@mS belOW 1.5°C (fora 1000

20 °C soak time or temperature this corresponds to 0.15%). Other values can also be

employed.
¢) 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 tl;g"system to correct for this

can resuit in unwanted temperature over and undershoots.

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



The wafer processing system 10 is robust against notion saturation of the

el evator at the top of process tube 18. In certain cases the4Maeie08d ranp
rate may be excessive, and hence the wafer can be placed at the maxi num

all owabl e travel height. 30 In such cases, as the soak (steady state)

t enper at ur e W8 0¥¥a¥hed the el evator rapidly noves from thhecsgBummsicon
position. Using large rains in the systemto correct for this can result

in unwanted tenperature over and undershogys. Before processi ng, the wafer,
a detailed general nodel of the wafer 35 tenperature is set forth. The
processing nodel consists of a si'ngle non-linear ordinary differential
equation (ODE) for the Wafl&F Presapsschthgaterioes netiaffeatibe rimpergire discibgon ons

i QZT ;jér?) IOVI/ 8883 geftb&)pi-ed:esameas. ﬂ“ﬁisla@sm&iptiarﬂalhhﬁs?h :33@5:56&&%@35@” 29of the wafer

P 1 - et _does t affect. the

t enper at ur e digdﬁﬁ%ﬁ%?gzﬁer%ﬁ E%%gurigélééaggtﬁ%ues’ gcg.a gi’ﬁnsntgg?gﬁf‘bwl%n’ﬁl | ows us .
to separate th&Fosfhihe tesnsratypds (gt measugddsing dhe thérmogennti¢scitrmal 6B autisssi ng
fur-?ace. Thlﬂs,thé@ﬁea&quis%QﬁoWﬁBﬁQ:@m’é@lol t@@iv%ﬁer. g%g is @élgﬁﬁﬁﬁ%ééiﬁ%%tﬁeetﬁ&ﬁfa?éur e
is first neas ing. t er npcoupl es. - and i then treated as
a known heat gxélgsggga‘te@g?cﬁséset\%g?gro.r eﬁ@%@%@ﬁﬁrﬁeﬁ%&a&ﬂfs@?ﬁﬁrt he t her nal
mass of the prowdsmnarelstoy wmpetiayrs dofts eraigen pragdss titer gre compemated fir todughhve i

wafer.  Furt hegod Bopit@périBRNnabikyfed ot {sSrigfert M6y RGeS Bopliiifiofdiles
conpensat ed fo%ﬁé_??r#ugh a closed | 0op tenperature control Systemt at is .
€

triggered by t ee top thernocouples’ 36C-36E. 10 b) To a good
approxi matil8n, nul ti pl e by id aegrodapprogiamtig tgtiple eefldctionsi@hér hinoiaddn t he
waf er tenper at dk@minld¥ Se bardr thpdrdred. hids Iod iSTRAR 2

si | i con-car bi de.\/\hincﬁr?_%gs ,ah:!]ov%;J refl e?ﬁ?%ﬁﬁ%ﬂgﬁﬁﬁé#%?ﬁgﬁner 6(1)?, t he™
above si npl i fiBHPPEADIGe Ruelnas algwapilerhyintof aboptd)- 83 vel y 15 sinpl e and ’

contains all of the relevant physics, and is therefore used in devel opi ng
the control algorithm igpplengnie ] cl]i . The ner al
heat conductSi on equati orIIﬁTg% E%’uat |gbo(}r?1’¥f1 ﬁggégjt}tﬁégéeg%a%ﬁlé%eﬁn%rfphfc;gss rleir%ﬁfﬁg
0-di recti on? - WHEBPE 29d papspinsahelsthe prie ysieso andiisribgrefoss esed in develppiag B8 waf er
(i.e. I = 0 dehtreledgoriten iapementd bpge codudl fgivgf er, and z = hwis at the
top surface of the wafer). For silicon, the specific heat and thermnal
conductivity are given by C = CT) and ic = K (T), respectively. The
appropri ate boundary coAdFefnsy hegcondagiien ¢qwatién 9f Bouatige (1)fassutes - Equat i on
(la). 25 As degfmictgeh e Qiredtion, ¥h&h GWRpROVAL 1 188N 85 HinkbRyEABNEE Onal
heat 20 wafer (i.e. =0 defines the lower surface of the wafer, and 7 =, 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 (7), respectively. The appropriate boundary conditions for

Equation (1) are set forth in Equation (1a).

25 o  As described above, it is shown how thc'ggneral 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

e -

30  equation for the wafer temperature:

hPC(T)'_Zt"="(€r"73b)0T4+0‘r4r(Z)+ab‘?b(Z) (~.10)

- where T is the wafer average temperature, % is the wafer thickness, pis it's_ density, and
35 C{(T)is the specific heat. Also, £ denotes total emnissivity and arstands for absorptivity.
Furthermore, the subscripts ¢ and b denote the top and _bdttom surfaces of the wafer,



conduction equation for the wafer can be integrated (averaged) over its
volume to obtain an equation for the average wafer tenperatyung,cidpge the

waf er tenperature in the wafer processing system 10 is hj L form
across t he"PH*élidss and in the radial directi on, the avggg)géﬁgﬁé};‘;gent er

tenperatures are nearly the same. We can thus devise a single 30 equation
for the wafer tenperature: hpC(T) dl -(F2$kEb)aT4+atgt(z) +abgb(z) (10)
where T is the wafer average tenperature, h is the wafer thickness, pis

it's density n 5.C(T) s the. iflc k Q, EQE@
em ssivity alr\ﬁg%sf ealﬁdg%%% ra%tbes%‘lfg%{@\%? gf&%ﬁ?ﬁﬁé?ﬁg%%? i:t'uL e sg%géﬁp%{@h? and
b denot e t he up&peremkibaelydR0SGr have hith theyeroppain apprexigerelpepygathiss 24

March 2005  Repkh&Bohlihe 38R g0 RRLdet Y& the wifer §RRREAIThe RhISSlek tarma aek
absorptivity are strong functions of tenperature up to approximtely 600

C, above whi 8W°ER&y remain approxi mtely constant (this depends on the
coating that resides on the wafer surface). The heat source terns are

gi ven by: qt (z)sEbk t (BTt 4565 [0 Har, dove d(ei a0 &) 2) Ty4(z') (1¥))
gb(z) =Ebj CFW_%%?) Tb’%l?gﬁj—% OTFBF\Jfkgd(§i de)(z'g\gy;a;ésrid (z') (12) 10 Here F,,, -,
(z) represents the view factor between the wafer, at a given height (z), to

the top of tﬂquglgbjogf "?@%)?ﬁolfaﬁ?&%%r@%ﬁ?@Z”TZ’)T;L%W larly, F,,..q2 (2)

represents the view” fac he chanber which is at Tj, ,
dF,gs d.) (z', z) is the viewfactor to- a ring at height z' on the side
wal | of the bekd Far(z) Epfzinidenoiesiatioe blslebn dre vaaper agivereheightdngia the

2 ect on, Byl {orihi IEO0Le BhobR,E BB B8 O i allie.0,88 |5 Lhe
bel | 15 bl Blnperdfipe 2779 h { d 2b
are over o' . e H’é%oeelﬁ??&%e%wggmf&g%m??éﬁg{% S e DRV B2 A0S 2P)

from the bot t,om.qQf n&ihg ,ChaR8Ide Wt ke bdlljdeTid) dadiEAhe bang: xRRkge of a
tenperature profile al on(o; the bell arf&l‘ﬁ[h&z , toget.her
[

) W ‘tzH the, .
quantities Qeo0EhegdgrHomTys RGf5EHHa £ 04 % 15aPWH B8R 1§ Re LAY | gur e
and is atiai redsshyymobtarpd fatje boedials dBguaionE(Paand 8hsarg 2eerancndithe by t he
surface area g4 %ﬁm Blierdyes &{A}g%lﬁgimb&g;bﬁl@m% A %eﬁ}oét%%rﬁﬁh&%b{ek!m ed

by fitting a snooth curve to ata obtal ne rom -t 1er nocoupl es
36A-36E of FIG 1. Below the process tube 18 is a water cool ed stainless
steel ring that renai nk BIG. 6a@iN0ostarede! exakdl & a t€hpanwes profiletdompahat ur e

di sconti nui ty al,. (116 06LLbE iR LRMEEEDD, = Aug, and Oy = Awgs. The unit watts is
20 shown in the figure and is attained by multiplying both sides of Equations (22 and 2b)
by the surface area of the wafer A.,. The belljar temperanure T{z) is constructed by
fitting a smooth curve to the data obtained from the thermocouples 36 A-36E of FIG. 1.
Below the process tube 18 is a water-cooled stainless steel ring that remains at
approximately 100 °C. Observe the temperature discontinuiﬁy at the belljar/cooling-ring -
25 interface. ‘
7 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 propertieé of the wafer (top and bottom surface emissivity and absorptivity)
which vary substantially dépending 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. Teo further quantify how these variations
can cause uncertainties in the accuraéy of the temperature control algorithm of embodiﬁenﬁ of the
35 invention we consider two types of wafers with different top surface emisstvities. '
' Specifically; we define the type 1 wafer with &= 0.4, & =0.68, and type 2 wafer as pure



25 interface. Equation (10) sets forth in a simlar manner that the rate of
tenperature change for the wafer is governed by the heat i apiar¢hi2002igh t he
top and bottom surfaces, as well as the heat |oss by radiation. Both heat
transfer terns are governed by the 30 radiative properties of the wafer
(top and botYQWXEW¥face emissivity and absorptivity) whi cRCHGB§1/03806
substantial |y depending on the type of the filmthat has been deposited on
the wafer. Typically, the emssivity (and a&psorptivity) of the wafer
surface can vary from0.2 to 0.9. This is a substantial variation. To
further quantlf how, these ' cause uncertainties.in the,
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difference in ﬁtoglest o?xhﬁs tﬂ %Léd W?‘fl as. the steady state N
t enperature val ue E i T Ve ST PPR UShese resul ts clearly

enphasi ze the i nportance of devel opi ng the control algorithm enpl oyed by
the control facility 30 ReferRfg adas@PtbHqublod bsthérwx%t&feem{dr@{hbp&nhﬁ&édﬂ@

waf er - surf gge erties Refe {l ya , there are three

factors t hg‘é clﬁﬂ‘?ﬁlﬁf]sr%ﬁﬁe@uesﬁ‘[ qu‘?ﬁg‘t nﬁlﬂgmgr?g Si?aihﬁté@%@&le\}éﬂ"ﬁlégﬁt?ncf in

i ncl udi-ng physthe wrtigal ddretstioonacheraﬁpmhmkt cgli tb¢ anore thandtives theewifecakerdbly.emtli on,
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accel eration xhﬁﬂufn ﬁﬁn&tBFvéI@&@rnr&'E'a'ltha@ i ﬁﬁ%oﬁ nt r&éﬁﬁt@% P?S‘%FW&@%FP% fy

maxi mum not or Im t
the foll ow ng Mﬁ?ﬁe’f‘t@ﬁ %?H%UQF %%%PFWP&HHBS eqgditsipanyi ng | nequal ities: z
20 d z =a; la) < amax; dt2 dz

az '
2 < Vmax: Zmin < Z < Zmax ‘ (13)

20 —=g; [a] < @max; %

In the wafer processing system 10, @max ,is the maximum allowable acceleration, can be
about 1000 mm/s” and vy, at about 400 mm/s is the maximum limit on the elevator £
speed. The quantities Zm, and Zme: denote the lower and upper travel limits of the s
25 elevator, rcspectively. In the event that any of the above“inequalities is present (e.g. a =
@max 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 Iitnit, however, can easilybe
exceeded if certain “smoothness” critetia for the temperandf® trajectory are not met. As
30  we discuss below, an important function of the control facility 30 is to assure that the
requeéted temperature trajectory does not saturate the elevator. Hence, the temperature
trajectory has to be sufficiently smooth. Also, i order to avoid the situation i which z -
= z,m,;, a furnace set point, such as the belljar temperature profile, has to be sufﬁciently
Ingh That is, the heating power delivered to the wafer has to be large enough in the
35  1egion < Zugx to achieve the requested ramp rate. '



dt < vmax; Zmn < Z < Zmax (13) In the wafer processing system- 10, a. ,is
the maxi mum al | owabl e accel eration, can be about 1000 m s2,apd.Vro0at
about -400_nm s i g the maxinumlimt on the el evator Spe%@}l‘/c‘%ﬁmﬂg@m' ties

z a, and ?{0,“,2@%@ enote the | ower and upper travel limts
el evator, respectively. In the event that any of the above inequalities is

pr esent (e.g. a= a or z = zmaz) the €levator subsystem 24 can be pl aced
in a saturated node, and therefore may no | onger be under system control.

During normal operati @ﬁbcoﬁmalg&hﬂhmpnéﬁ&ﬁwbpme Ldnmltf@hlky@o ot"@nua@ma&s dgre@ached.

The accel eration |init,. howeve an excee

" smoot hness PISPRIREREOT {5 fughrs d%@i‘f%@? B@P‘("r zgld'te PAJPEE P g(rgoe g 591 etml ?ac 30 we
di scuss bel dythe asmpergoare tajectdrync protife genetated by ahe ragectbrycgenpraipr 3@ Sinse to
assure that th@»%afeif f R BAT RTRFEALIS ﬁletcroadrﬁ%&my aeaﬁpw@,tan%a Weabgxt he

el evat or. erature rg?#ector%/ c%; Ogtﬁ ?]tJCI ently snpoot h.
Al'so, in ér d@r‘:a%h%tv@iﬂaqu tQ PRI SHHHCIGTR gl teﬁf Gacy1ng of e PHSLETEERSbi nt |

such as the bekidpahe siarped & whiehpr-ofeh@alshasune Ebwesbsitluis‘coarewunﬂyto #i gh. That
|'s, the heating ROWS w1&ixeno'c\</)g{1§éjo:%3 ssﬂ&a&’é@{ e:'Fdor s cdse, v@@défﬁ{egﬁﬁ '3%',9*" n t he

35 region zél,,,,, e reques rate ﬁ

02/ 27059 Pmmﬁmeéqcxz?hwt@bwaz)awéwqﬂpﬁﬂ AP P 8%?%%8563/ s
control facility 30 of enbodiments of the present invention is further
descri bed hel ow. One parangter T,npDty to the control facility ‘is tag

t enper at UPe 246petissry ohPQr f"“l'?‘g‘ nerated by the trajectory geneYator 74.
Since the wafer p05|t|on signal fs/fed back to the control facility, we
apply standard feedback 5 linearization techniques to obtain sufficient
trajectory toraakicadn smornornal BrRMEBANS ®Mre.  Consider the situation in
whi ch e= aand al so assune e, = eb (this corresponds to a silicon wafer with
no coati ng on it s gyrfracesy) . For this case, we define q = 0.5 (q, Ib)qb)
and e = F, = &F f| T\ e |control termqg(z) in Equation (1) can bg
expressedlsas f oI\ ows: “10 156 C 2 +Tt -T T

- where Ty(2) is the specified temperature trajectory, and % is the closed loop time
constant (gain) that is adjusted to obtain the desired tracking performance. This
formulation forces the wafer temperature to track the trajectory through the following

relation:
20 :
- < 4 4
fol LI =T - - | (15)
Tee T T;
where T =T, —T , and 77 = hpC (260T.) s the radiation thermal time constant for the
wafer. Expanding T (about 7)) in the last term on the right had side of Equation (15), we
25 find: .
F=-L | (16) -
T ' g
where e
30

L ) S w



(T(14a) 4 h+ sct t | Tcc Jl tical term p mal mathema 2eq(z) = or
witten in a nore for Tt +Tt -T T(14b) z =fl t | Tcc wheréMardht2008 s t he
specified tenperature trajectory, and T.o is the closed |oop tinme constant
(gain) that is adjusted to obtain the desired tracking performance. This
formul at i on W@P¥¥E83% he wafer tenperature to track the trajrct/aByiskesough
the followwng relation: 20 T 1 (Tr4-T4) zcc TT T(3 (15) where T =Tt - T,
and TT = hpC 1(2et>Ti3) is the radiation thermal tine constant for the

waf er. Expanding T (about Tr) in the last termon the right had side of

Equation - (15), we 25 find: 30 -
Thus, for an exact model, T{) approaches T\(t) exponentially with a time

constant of 7. Note, however, that when model inaccuracies are present the use of
Equation (14b) to drive the elevator subsystem 24 may be affected by steady state
errors. InFIG. 8A, we present a graph of a typical Ti(), the required control variable z
5 as obtained from Equation (14b), and the resulting 7{z). At approximately 580 °C,

closed loop control begins with a requested ramnp rate of 70 °C/s and 7, = 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 5). As illustrated, the
trajectory of FIG. 8A includes a steady state error. Moreover, the system 10 exhibits

10" good tracidng of the ramp rate in accord with system requirements. In FIG. 8B, the
tracking error for various values of the gain is llustrated. In principle, as %.— 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 g(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 g, 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. Thatis, when'using

Equation (10) to solve for () 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)= g, Z/H (g, is the model approximation to go). In steady state, from

Equation (10) we find:
O'T4 =QOZ/H_ . - } . (18)
30 From Equation (14b), on the other hand, we find: e

- 4 [ hoC , " ‘
q?le =0Ty +["2—E}'_}Tss "T) o (19)

cc

e



where (16) 1 1 1 (17) 'r 'rcc TT 24 March 2005 WO 02/27059 PCT/ GB01/ 03806
28 _ Thus, for an exact nodel, T(t) approaches T, (t) exponentiMurdhy2006th a
time constafh,Pbs Not e, however, that when nodel i naccwcaftms e
present the use ot9 Equation (14b) to drive the el evator subsystem 24 may
be affected by steady state errors. In FIG 8A, we present a graph of a
typical T,(t), the required control variae z 5 as obtai ned from Equati on
(14b), and the resulting T(t). At approximately 580 C, cl osed Ioop cont rol
begi ns with awhesehedt hesteadysisia{soalprcmperae EFH - By gbwireting 7 TomHhe
exanpl e, an ethoss ePftieEIe Endint r oduced in the bel Ijar t hermal profi I ein
the solution of Equation (14b). The gain used here is 2 (e.g., z" = 0.5
s). As illust él‘; tlae hpaj g_}:to of FIG 8A includes a steady state
error. Moreov bits 10' good tracking of the ranB®ate
in accord W|t stem reqw rcérrents In FIG 8B, the tracking error for
various vaPues of the gainis illustrated. In principle, as r,,-* 0, all
transi ent andingheeqiymen gase whereor i ngpily capghiosh waakever , the snal | est
practical value of arc that can be used in this systemis -0:3 s. The ,
reason for thirg+%E the |ini+€d/gghpling frequency and the nagnitude zqﬁ] t he
noi se that is™part o € CU ature 15 neasurenent system

order to further® und%(rqs[{]%‘ﬁ)d+ hl‘?%nltzsoffé caﬁi on between the steady state error
and ZCO consider sinplifying the functi'on q(z) such that q(z)=q0 z1H (i.e.
linear z- igependence f orhid 3@hd@Rired tebiX) that¥b@s hblvitBe dtérlyfstiid tetnparagidre | engt h

of the elevat @J@é&%&&ﬂﬁﬁh@@:@é%ﬁ} ﬁ&tfuﬁ&wn%?%aﬁbﬁ&m@e paadii(gylsay, § urnace
setti ngs. Furthernore, we assune waf er” under consi deratl on IS

silicon with kmlown Qhsopethat @sthemm‘éheft ﬁeﬁ@nﬂv egof vinishiept Indbie Bwer mgetissl ng
Equati ons (14Hmﬂmdteﬂe4b,)1sab@1tlm, anlieg héal, islabout IThate firsl, thatanT issibng Schtﬁ‘atl on

10 tosolve T e Z 0z! while in.solvin
(Equ?ati on (148 @b@uﬁgh&ﬁ“ %qgﬂ’pt%wﬁ%o&m?ﬁ’wesﬁ@ ng% %
measur ements umeﬁadmaﬂ%’ K28d sroh6] fmausagl A gempoalzEqation (219 it ingopddel

appr oxi mati on ; \AY 1d rggm Equat| on (10) we find: 4 30
From Equati on %% , wéth@ttleft% tfe?&ﬁtgﬁ% we

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 anaiysis 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 initiared:

p 25 T,(t) =Ty — (1/4)R7g exp(—4t/7) | , (22)
Note that time has been shifted such that at #=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,“t;l;. sjrstem determines the
smallest value of Ty that allows the system to meet the criteria Z < @p,, . The system

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

35 e-gi:ﬂ e%%f 2% = 24€0T*T;% + 80T T, + hpCT; | (23)
Z z ’ .



40z/ H=0Ts+( hpC ~T,,-T) 2~cc (19) 24 March 2005 WD 02/27059 PCT/ GBO /03806
-29 where T,, is the steady state (soak) tenperature (see Fldanmaih 208%
elimnating z fromthe above equations we find: 54 LO hpC (T (20) T. -
T _ JS SS
have: T5S- T
the desired result that shows how the steady state tenperature deviates
fromthat of the trajectory as a functionsgf. any error in the nodel (q 0 /

%OZeach In the common case where T is nearly equal to T" we
0227%59%19g0) (21) Tss 4(q0 / g0) + (hpC | 2edT secoGRoAsehi s is

gO0) and T, Observe that in the limt where T'--0, the error vanishes. In
the nore practical limt where roc is about is, and g 0/ q O is about
1.1, we find that T,r T_ is, about -8. for Trs:1000C In this exanple,

typical silicon propertp’églsc?ﬂu?}‘m 5?%‘7‘3}?@}[%3‘33!4 wath(l o7y ageprépiththe= 1000

J/ kg- K and e= afsufigtian thatihe donttdl alpetitinals, acEQU@gIsQﬂic(e%ﬂ-ﬁrﬁdkﬁld MA188)@8serve
agreenent wit r the traje
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replacing 7 by the maximum allowable motor acceleration max, We OW solve for the -
limniting value of Ty as a function of @, to obtain the following closed relation:

1/2 .
: EpCR
Top =4 —— 27 .

R [E(Bq/az)amax:l (24)

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

can be zero. Furthermore, observe how increasing the vertical thermal gradients on the
belljar (dg/dz ) reduces the limiting value of tr for applications where R is abont 70

°C/s, 3g/3z is about 2x10° W/n’, and Gpax 18 s€t O 1 m/s*. Using these values together
with the appropriate physical properties for silicon we find g is about 1.2 5. This value -
agrees well with both simulations and experimental data. That is, for G, set to a value
below 1 m/s? we observe overstioot 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 -
Tr=1.5 5. Equation (24) is an important correlation that is now used to upgrade the
elevator subsystem 24 in order to substantially reduce T for “spike-anneal” applications
where minimizing the rollover time is essential. |

Further, in the present wafer processing system 10, large gains (small %)
can cause undesired overshoots in cases where the maximufirelévator travel height has -
been reached. In FIG. 9 is a schematic graphical illustration of ramp rate versus soak
temperature in the system 10 of embodiments of the present -invention. The dotted line in the graph -
separates two possible and different operating regimes of the systemn. In situations |
where the requested trajectory lies entirely to the left of the dashed curve, suchas
illustrated:by-traje‘ctory 1, the system 10 is under full control. However, in cases where
. 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



trajectory has to be satisfied). The follow ng analysis quantifies the
trajectory snoothness requirenments that is needed to avoid2¢fMscit30pe of
saturation, C|f|cally, consider the foll ow ng tenpera r tory
function af"Y%&’F??é rollover is initiated: 25 Tt(t) TSS-(l%%r& é@%?"cm/ZR)
(22) Note that tine has been shifted such that at t=0, rollover begins.

Al so, Equation (22) snmoothly connects to-8he |inear tenperature ranp
function (with aranp rate of R) for t<0. The goal of the control facility
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Mar ch 200535 Weilbeeazpps shabdw aR@Etho Bguerate i3 ot 43 att%%vw}m gince fpr pgiyebeen
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is achieving sufficient tr erve that al

appl i cati ons 3#&”?‘1%5”‘5& @iuﬁglra%irs Q)‘l%ct%aﬁe‘:% et 08%??551})0 % t he second
5 termon the(demmdmlg@mh@mmaﬁm tﬁhéts oaghe \tf@pm@facﬁ)héxsrﬁegmbeﬁhﬂdwsmde of
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of a. to obtain the foll ow ng closed rel atlon 10 hpCR 1'1/2 TR
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this relation by naxim zing spect"to time a rollover tine
| ess than \/\/r\a?"fil‘g‘c%‘?"e‘ﬂ’r”&f@cfcwm PW?W&?@"%M@?"G?I“W BPEY RSt cuBsy st em
24 falls intosyrmadpetifealy, esall it teldsskbe sateiontl Bverydadee (frahibitively 12d)

al so stat t hat, i tor
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20 = TR + A - (25)

where superscnpts (n-1) and (n) are used to denote quant1t1es evaluated at times  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. Is set to infinity. In the

25  description that follows the system can employ finite gains. The quantity 4z is added to
the value of z, mainly in order to zero-out the steady staie_ error, and is given by:

Azn—i f(T n—1 T n-} ) | (26) |

30  Observe that in steadj state where T=0,T=Tee Tn) =T (n_—I );— and z{n) = z{n-1),
Equation (26) forces T to equal T:

="V = AT - FTTTY = F (T - FATT) =0 - @D

35 Thatis, by adding Az the system 10 ensures that in steady state T—>Ty;.



20 with the appropriate physical properties for silicon we find rR is about
1.2 s. This value agrees well with both sinulations and expéMandu08d dat a.
That is, for a,,, set to a value below 1 ms2 we observe overshoot in
waf er tenperature, when the requested value of the rollover tinme is 1.2
S., Accordi W§ ®eg76he practice, the system 10 enpl oys the veduesa@fossest R=1.5
s. Equation (24) is an inportant correlation that is now used to upgrade
the 25 el evator subsystem 24 in order to_.gpbstantially reduce 'tR for

"spi ke- anneal applications where mnimzing the rollover tine is

essenti al . her, in the present wafer pr oce55| ng.system 10, | arge gains
(small -i&, ) h Steagrebanalisisds pesd 1o shorstae Jysamis behavias of thecongpetgor

maxi nuM el evatAgnint ssamed g kejgfhi, alkbaxpdfld dibquentidescdvalhatel At FinGste riis Equations

schenati c graphdhcgh don of ranp rate versus soak tenperature in
the system 10Rof) en{)sbj%gnj%ﬁ%\ggof the present invention. The dotted line in

the graph separates tvvo possi bl e and different operating regi nes of the
system In situati erEtthe requested trajectory lies entirely to
the left of the dashea'qg sUch as  illustrated. by trajectory 1, the
system 10 is under full" ¢ ntrol However, in cases where 35 the requested
ranp rate is too high for the system(e.g.-trajectory 2), at a certain
peint in ti men alhpragtical situerions th/ssimpling fraquensy inlaneo epaighisignthandt/ss<hel d

there until thgusess thMardeh 02305 MPORd Rt TREHEDRINZNE, b3

tenperature is nearly reached: During this period the systém 10°is no

| onger under " control and ranp rates may not track that of the trajectory.
For this type Pk eﬁargr‘q as the elevator cones out of saturation,(g
over shoots resul trri f thé gain is high. Using even noderately |arge galns ™
(z"<0.3) is prohibitive in such cases. Those of ordinary skill 5 wll ~

recogni ze that | owerin rate i tracti opt | si nce

for a given fUFKatsdete %OIIJ;] ﬂ@@%eﬁ‘ﬂoﬁ}&‘fﬁg):\é &i)fanﬂl(?% PURAS waf er

L Srones AT Skt e G MR s (ot L
waf er surfacef™ ﬁéﬁ% %”éi?/]flﬁré %‘1%15\%3' ?Fél VB 8t OO Eﬁfgﬁsﬁaﬁ’ i:Ié’iilses is the

use of | owldaieranpie, o@ﬁﬂse:rfOV\n‘tlaindﬁlaeemjﬁbyteclmdmme hdaelnjzﬁt useg inothe smdel is

adapt ati on te%&ﬂhﬁ&'% ﬁeooffs'aeoyc g?%t @ME&&Q%&&&M‘EW%M%J@E&M ty 30.

The control orithm e contral can - ed in
conj unction wr‘%ﬁoﬁsﬁé ﬁ?Ie'EF %‘BER??CIIW Pfsl}ua%?n %125) olﬁlttgﬁsﬁasé ﬂ’ﬁ

robust cont rolsteadwssatearroﬁaﬁislté reralférythe foﬁgalnlg gabAf spacib B 8s tﬂahgmnal/{ize) xef z" is
very 1arge (ProblOld inghimls %&%J%Aﬁ. Burk iR @ o flgagency

of the systen) e st éo err ? t enper ture WI| not be
zero. In offerempainsywifiinglout b °Cor rect val ue of steady state tenperature,
which is critical to the success of the algorithm the control [aw given by -

One zmportant factor in usmg 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
25 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 (7)) from the
- 30 temperature profile and the acmal (T) of temperature and associated time denvatxves -
However, this algorithm differs from conventional techmques where the value of key,
| parameters in a model are constantly updated based on the difference between model
o prcdxctlons and measurements. The approach presented herein simultaneously corrects
for all parametcr uncertamtles in the model, and is therefore more robust and easier fo
35 implement.



Equati on (14b) can be expressed in the followng tine-discrete format: 20
z" f (Ttn ,Ttn) + Az"-1 (25) where superscripts (n-1) andZ(LMarraﬂ@OSJsed to
denote quantltl es evaluated at tinmes t and t - At, respec

i s one oveMANE™¥anpl i ng frequency of the filter ed terrperI) ﬁgg&ﬂg%a Note
that for sinplicity of the present analysis rr, is set to infinity. In the
25 description that foll ows the system c&d -errpl oy finite gains. The
guantitydz is added to the value of z, nmainly in order to zero-out the
steady state error, and is given by: 4Zn-1=Z"-1-f(Tn-i Tn- 1) (26) 30
Cbserve t hat (daus! Skehthai WigembestoaT=0, TT T,r, T(n) = T(n-1), and z(n) =
z(n-1), Equation (26) forces T to equal T,,:

Z"-Zn-1=f (Tn)-f(T"-1) = Tss n

system 10 ensures thatH’e 2 éi% )1%5912‘@3] f‘é_PbWE mtﬁ%ﬁ@g%%@{?@%ﬁg‘%}ﬂow
PCT/ GBOL/ 085@8ocegngNersiem 1&%%@? aonHen Jaiogcpresans 89 pyEomtHehcadine. dihsa

behavi or of tc%bﬁﬁﬂ&ﬂ@m@h@@ﬁmmrgwewﬁgaqmau@ﬁqw@ agdagwbbe@a@smand al |
guantities eta]Iluate at tinme step it in Equations (25) and (26) as
follows: 5 F'OSPS1+(F At +. 11 dt )" 1 In all practical situations the
sanpling frequency is |large enough such that At/zr"l. Thus, terns of the
order of At/Tr ca beTmegI qmt—ed he final result is given by: 10 T =1 (T4
-Ttd  TT (28) 4" q-e.}_és_beﬂ_’or. nT.aft~L T and TT = hpC/ (2ecTc3) . Eqpsiti ons
(27) and (28) indi cate that - the dffect -of addi ng the Az termis to obtain
better tl’il ectory Mracking (on the thermal tine scale), and nore

i mpor t ant {)/ to achi eve the correct steady state value. For 15 exanple, if
gains of 0, IVBERY ISt atef¥Ry| oyed, and the heat input used in the nodel is
assuned to be offset by 10% (just_as in the case presented in FIG SA), the
tracki ng resppnde. ofl 1 he feohyrol facility can be expressed by Equat@on
(25). In this case, the st”ead\’/J syate error tends to zero for the foregoing
gains, specially as the gain (11z ) is increased. Furthernore, when the

gglozt i ?_ lc?g geNote t apm(g'quhuénhgos {h%cfkl ng Fér ch{ ase%%royemg r]% mQOQdér%rg\}O@c? alﬂh%hi n

difficulties that arise when trying to obtain a smooth time derivative of the pyrometer

data. The quantity f}, is given by the following equation:

]

i ) (T )
hpC —E-= 260t ] +ela, (2)+ g ()] hpC ———£= o

I 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 17, are about

0.2-0.3 5.

25
In order to investigate the effectiveness of the “model-gain” term
involving %, 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, influefices 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.



One inportant factor in using Equation (28) I's the need to have tine
derivatives of the tenperature. During operation, the val ue2éMadhe00@mf er
tenperature is given by the pyrometer 54, where both white (un-correl até&d)
and correl ated noise are 25 present. Finally, the control facility 30 when '
enpl oyi ng EMR220H8 (25) and (26) is adaptive in nature, BCTGBowiIgoscont rol
al gorithmenpl oyed thereby corrects for the predicted value of z based on
di fferences between the predicted (T,) fraomthe 30 tenperature profile and
the actual (T) of tenperature and associ at ed time derivatives. However,

this algorithmdiffers om_conv I.ona hn| ue t he val ue of key,
parameters in a nmodel aﬁ% U SRt gﬁf’ﬁt Bffﬁwﬂf}hioﬁqqal“égrf@?ﬂ?é‘:k

bet ween nodel lnspggatien fogrdenyiih n@aiapnmpa@htﬂtha @mwsd@zcgvoﬂmﬁemdadkﬂoel n
si nul t aneous| y(s@®1.5 6Cf with bkl br 285 ﬁ%ﬁ/%&té’é}ﬁﬁtﬂ%&iﬂc 3y cfisk fggg%a“d

t her ef d e
021 27056 33 CONEFaR CADaF] Pk rEhetneaer ot ﬂ‘l‘]rezéoﬁﬂ‘iléﬂnﬁﬁgorlthm

enpl oyed bySthe control facility 30 of the wafer 5 processi ng system 10

uses the notation TP toBr ﬁ?f%?&&m Zg)ﬂé&g%? agg&gaghggeemgﬁ)écdotg(bil S(’ri]zémon of -

t he al gorlthms 4(?"Exve tlons e ex
follows: Z n fAF{ACH FEC“FPEFP Rg use. fn FIG+{10, thesystompperation jsust  as

before &n-1 = shawi for afp(uil‘ermﬂcoﬁ wafdrlwith the sing fulPakk CBGh; A38RGekedh HIGM. 1h5
Note that in Egiakife (30) %&rl%apds%&%%q&gﬁ os%tq%utﬂ) -ED%I n order to.

avoi d all tlg dlffICU|tIest°a when nooth tine
derivati ve '0f t"‘ﬁ@erﬁiﬂr‘h Fete}030 °C, =155, 7.=1.0s5, and 'En 023 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

o

tracking error drops rapidly after the closed loop control begins. Then, the error value
13 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

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

7 Those of ordinary skill will recognize that the tracking error does not fail
below the 1 °C level as predicted by the foregoing equations and models during the
BQ . linear temperature ramp region, since the low sampling fre{iiéncy 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 samphncr ata
_ higher rate, with less noise. |

35 - InFIG. 12A, the performance of the system for a wafer with a very Jow
top emissivity is shown. The trajectory and the furnace settings are the same as in FIG.
10. Observe how, at a certin time during the “recipe”, the elevator travels to the



data. The quantity T. is given by the follow ng equation: + e[qt (z) + gb
(z)] + hpC (T PT P ) hpC dTP = -2e6T p 4 TM 20 25 (31) V\herﬁﬂgggli@g term
on the right hand side is the usual forcing termused to get a better

agr eement WMOHREESN t he nodel and the neasurenent. Al so, aFFT{GRVAEP%Eri al
properties wused in Equation (31) are that of pure silicon. Typical values
used for Tmare about 0.2-0.3 s. In ordr-to investigate the effectiveness
of the "hodel-gain" term involving ;" consider another set of simulation
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steady st at eheEdn@obiacibipf tid hert the. sytbinS Oiagaidl&tBishypdisisBcharibguat i ons
(29)-(31),wth the followng gains: 1/a;=1-2 s"1, and 1/r,"? 5 s''. 5 By

way of ngrrpI e, the control facility 30 can be enpl oyed to ensure accurate
tracking of the tenperalditimabienainplesdors siligpiwader a1 showreinskisSeopt at i on s
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the requgst e@aééé?clfryﬁ%ckiﬁg?&ﬁ’anm@rsﬁ&i%fﬁks thh@¢iebi ty 30 accurately controls
he

t he processin 11, the tracking error for both the
silicon wafer as well as a wafer wwth a low top-em ssivity is shown. The
tracki ng error drTipse stgriitbyy sdll @il tehegnideahsidratioopraopnties hnddifferrat gafihen,

the err or‘ V%aﬁ’ﬁneters 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
avershoots. 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

. o ML et 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.



15 peaks at approximately 3-4 Cuntil the rollover in the tenperature
trajectory begins, after which it decreases to w thin aboutynah2005€
steady state error is zero. In general, the tracking error is consistent
with the predictions fromthe exanples and sinul ati ons descri bed above.

The reason for the high value of the 20 tracking error at the start of the
cl osed | oop control ts the m smatch between the actual pyroneter tine
derivative and the requested val ue of3édhe ranp rate (70 C/s). That is, the
system 10 accurately and adaptively noves the position of the wafer Wto
achieve the requested ranp rate, during which the tracking error

i ncreases. This phenonenon can be reduced by "blending in" the requested
tenperature trajectory. This is done by 25 starting the tenperature profile
or trajectorycpAm$rie sane rate as that of the pyroneter, and then rapidly
transition to the required rate. Those of ordinary skill will recognize
that the tracking error does not fall belowthe 1 Clevel as predicted by

the foregoi nglequastman@tfamodmdga&mdtprebmﬂmna@ndcbs@ﬁ furdaper at ure ranp
requency together with the noise present

region, since the | ow sa in

in the pyromefEer @ﬂt%né’%tg‘%f’yeg‘ﬁ‘?r%mf* PBfcoRIdUPHRM FompRsng therstept¥ise | ssues are
resol ves by upgr adicagirihfie teaippefhRiofhe wiRpRtd i MRMhentiM piREHO perform
sanpling at a_ high r%te with less noise. 35 In F?G. 15% t he

per f or mance of n?ﬁé“@gstentfor a wafer with a very low top emissivity is

shown. The traj eCTde’eHu@ﬁdhélﬂén&@feﬂ@&&uﬁ%}&ﬂldkﬁ& tiRRadlR GRoes in FIG  10.

(bserve how, at a certain tine during the "recipe", the elevator travels to
the 24 March orkRis o IF @aWP@@fISB%Géme orkpisss vt owabl e Li mi t

and stays t hefughaceltd Bed probRsBe @&ﬂ(ﬁlbd@%@ﬂdrﬂ]ytawoﬁhﬁfgaﬁﬁte%{t@ndwt hi gh enough to
achleveothe requested r?np rate as aresult the elevator notion falls

into a'Ysat ur SEPFHUSSEES Duri ng t he saturation period the ranp rate is no
| onger tracking the requested 70 C/'s, and furthernore the tracking error

i ncreases substant] al | This is cIearIy illustrated in FIG 12B, where
the tracking &rrorhf@e %1’% fcigm &g‘“ﬁﬁh@mpﬁﬁ%@ef‘%@‘cpmvﬂéngtaﬁe el evat or cones

out of sat ur ainiefdediidhetabudsikbME oBihd Wik ficRkdhepcARNQONRRE d&REO, W th a
maxi num over shoot .of 2 C. di scussed earlier, using higher gains (1/)

results in hPGFFETREs0 e dicper! erocepiips masst t s pr esented in FIG 12B cl ear| y
i ndi catge the robustness of the control facility and hence t he system 10

against this ype f sce o 10 Addi tional exanples f a silicon wafer
are shown in i i@ﬂﬁ%ﬂ% claym por qljip 2, 9F COIREISEE the sisp & s are the sane as

the cases pr e&e‘&i&hﬁhﬁtgioﬂe rinkaPe seleBred 2t poitd ¥ the thermal processing furnace, and

then employing the set points to determine a target temperature of the workpiece.

20 4. Themethod of claim 3, further comprising the step of moving the
workpiece through the furnace based upon the fumace set points, the intended

temperature profile and the measured temperature of the workpiece.

5. The method of any preceding claim, further comprising the steps of
25 | providing a workpiece processing recipe,
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.



the exception of the ranp-up rate which is 90 Cs (with ranp-down rate of
-50 Cs), and the rollover tinme is 2.2 seconds. The figure%bﬁag&ijbﬁ
indicate highly effective 15 trajectory tracking with an overshoot of |ess

than 1 C. Those of ordinary skill wll recognize that various ranp rates
and different gain paraneters can be used while concomtantly achieving
simlar tracking capabilities. The illustrated wafer processing system 10

exhibits reliable trajectory trackingsand mniml 20 over/undershoots (<_ 2
C) under a variety of different operating conditions and using wafers with
varying surface characteristics. Furthernore, an inportant correl ation has
been presented that relates the elevator nechanical |imtations to
tenperature overshoots. This correlation is used to draw out the
tenperature traje [ i . ] .gptimze the
system s perfc?'r mﬁfg{gnm(,?éf%@@ﬁ;%%gel%@ggﬁtp@dn{fgmﬁé ncggggéé?t ain changes
may be nade i mhetsiep obdslyctmg@tinast engof 4 tymperetine - updetp.arteripegptire om t he scope of
the inventio kSl Il matter contained in the above
description o?msﬂﬁ%)\#nn%t%iq%gy%ﬁlgwaggétﬁ%ényi ng drawi ngs be interpreted as
illustrative and not in a limting sense. 24 March 2005 36 CLAIMS 1. A

nmet hod for pracessj | ece i I i furnace

accordi r?g to gh |ﬁ%%&@@?ﬁﬁ%?aﬁ*@%ﬁﬁg&%Stsgglg%&rgﬁe d conprising the
steps of 5 nesdavelpgmoedietransitipeetwasn at leskt anbef totetpdraare ramp-tpirate t her mal
processing  fulNAce, ARd-RASHWRAMING,d ALEAGGH I CIPRL alir o profil e and

t he nmeasured terrperalfur of” He vvorrkpl ece, regulating a position and a
speed of the womkpuece t hrough the furnace to heat process the workpiece
generally according to the intended 10 tenperature profile. 2. The nethod
of claiml1, further conprising the step of providing an intended

t enper altbur e pBof i |Bheofethbhef ap plepidegelaing wWheregdirestealof peawinigeved duri ng
processi ng inghe thermml processing furnace. 15 3. The nmethod of claim1l
or claim2, further coJr%rlsi ng the step of determ ning one or nore

sel ect ed set. poi ntdstegfiningthe emissingy oftheowaipiicagnd ur nace, and then enpl oyi ng

th t ints t ! -e. of i . 20 4.
The mothod of ol atmol el Ay Fhe bERREL ok e EnliPhAP, 06

of the workpiece.

15
9. The method of any preceding claim, wherein the step of measuring the
temperature comprises the step of providing an emissivity compensated pyrometry

system to measure a parameter of the workpiece.

20 10.  The method of any preceding claim, wherein the step of moving the
workpiece comprises the step of providing an elevator for moving the workpiece

through a process charnber.

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

25 elevator in response to the measured temperature of the workpiece.

12 The method of claim 1, wherein the step of measuning comprises the step
“of determining the temperature of the workpiece according to the following

equation:

30 - hpC(T) %‘? = (e + )01 + ougyz) + Cpqs(z).



wor kpi ece through the furnace based upon the furnace set points, the
intended tenperature profile and the measured tenperature ofnm:h& 2005

wor kpi ece. 5. The nmethod of any preceding claim further conprising the
steps of 25 providing a workpi ece processing recipe, generating fromsaid
reci pe the intended tenperature profile, and controlling novenent of the
wor kpi ece in the furnace to heat the rkpi ece generally according to the
tenperature profile. 24 March 2005 373%lO The nethod of claimb5, wherein the
step of providing the recipe conprises the step of selecting at |east one
of a tenperature ranp-up rate, a tenperature ranp-down rate, and a soak
tenperature. 5 7. The nmethod of claim®6, further conprising the step of
providing a relatively snooth transition between at | east one of the

t enperature ranp- %efeﬁ,tﬁsn@%r@ﬂ&@aagetéﬂm@w@awauﬁe&he tenperature
ranmp-down rate and the soak enper at ure. The .net hod of any preceding

claim wherei thigkpgss, t’ﬂ%‘be‘ﬂPkafﬁ“éélﬁ'Fsithgc(Tt'éﬁPﬁﬁP%@%hf"’!‘ré"%?’@ﬁ’éa of det ernini ng

the em ssivi t ¥ynRfivilyde RIpHRIFRE 85 théRshipas ‘”f?mlﬂm&altehﬁssﬂ[ﬂ&ﬁhé“ ty of the
wor kpi ece, determ ning the tenperature t he wor kpi ece. 15 9. The net hod

of any precedt ?F@HblPléfWﬁtthﬁ’cﬁ%ﬁ@‘%‘?@fpt‘&‘ﬁy%@ﬂ]ﬁﬁ@“f% t enper at ur e

conpri sgs thew%;ksﬁce%da,r,@we%seﬂum&me%é&aﬁi1rayersﬁﬂm&ﬁﬁ&%d pyronetry system
to nmeasure a paraneter he wor Kpi ece. 10. The method of any preceding

claim wherein the step of novi ng t he morkplece conprises the step of

provi ding an ezbevaath%eﬁmeaom,}/b@&dﬁgaamp%&hlsqgmmhﬂy%f@mﬁfocess chanber .
11. The nmethod of claiml urther conprising the step of noving the 25

el evator in ré&apwiesdhasispohrovidas ufcathacksiprsten Eenging PNEABFRGI ece. 12. The

met hod of cl akfrehmpe M iR wol@icsd. ep of neasuring conprises the step of
determ ning the tenperature of the workpiece according to the follow ng

equati df: 30 hpQ(T) dl - OF + ey) (7" + WD, (z) + an98(z) , 24 March 2005
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, '
15 filtering the output signal, and
based on the workpiece emissivity and the output signal, determining the

workpiece temperature.

15.  The method of any preceding claim, further comprising the steps of
20 providing a control facility for controlling movement of the workpiece within the

thermal processing furnace in response to the measured workpiece temperature.

16.  The method of any preceding claim, further comprising the steps of
determining the difference between the measured temperature and an
25 intended temperature from the ternf;erature profile to form an error signal, and
based on the error signal, moving the workpiece within the thermal

processing farmace with an elevator subsystem.

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



38 wherein T is the workpiece average tenperature, h is the workpi ece
thickness, p is the workpiece density, C(T) is the specifichgal.,fposi s the
total emssivity of the top surface of the workpiece, Ep is the tota

em ssivity of the bottomlayer of the workpiece, a, is the absorbtivity of
the top |ayer of the 5 workpiece and ab is the absorbtivity of the bottom

| ayer of the workpiece. 13. The nethod of any preceding claim wherein the
measuring step further conprises the3gtep of providing a feedback
subsystem for sensing and neasuring the tenperature of the workpiece. 10
14. The method of claim 13, further conprising the steps of determ ning
the em ssivity of the workpi ece, generating an output signal with a
pyrometer indicative of the workpiece tenperature, 15 filtering the out put
signal, and baged JoIRCTer M=l ISRV he out put si gnal

det er mi ni ng tﬁg' ﬁggﬁ%nggpééﬁﬁg?atu?%i&k§#é¥ﬁ%&ﬂ%thod of any preceding
claim further conpmpbigthe intended tegperatofe pRdilant ond atimere peidoprdr ol facility for
control ling novene . i it Ak ocessi ng
furnace in responsg%?g%¥%gﬁﬁgggﬁggﬁ&@gﬁ%%ﬁ%@%Bb@%%%@é%ﬂ@%@g 6. The net hod
of any precedibagd o the sampladipbinsr conpri sing the steps of determ ning the

di fference between the neasured tenperature and an 25 i ntended tenperature
fromthe tenperature profile to forman error signal, and based on the
error signal, 1&ovi Ty ndtted wbHeldimi 18 ferther ¢coniprisindtbe sthpeofiaiermipngoessi ng f ur nace
with an elevator s tem. h f ¢l al further conprising
the step of sé%f?%ﬁgﬁﬁ§m§¥?%¥%Fﬁﬁagg8g§%“§§m%wﬁggg g?é?ﬁ?ﬁed val ue. 24
March 2005 39 cdiitiothe net hod of claim 17, further conprising the step of
sanpling the intended tenperature profile at one or nore points, and
determ ning one or nore boundary conditions of the el evator subsystem
based ol t he g8npl Be npdiod bEclaib 13durthEhempetingidic stfp afiniving®, f urt her

conpri sing t h?voﬁzpfége zﬁfa sg&tte%rsﬁgeﬁ' w&n B Enalber and within the boundary

condition.

21.  The method of any claims 17 to 20, finther comprising the step of

15 sampling the intended temperature profile at one or more different points.

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
20 detecting a parameter of the workpiece when disposed in the processing chamber,
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 subsystern in communication with the control facility for
regulating a position and a speed of the workpiece through the process chamber in
25 response to the control signal to heat process the workpiece geﬁerally according to

the intended temperature profile.

23.  The system of claim 22, wherein said control facility is adapted to control
the elevator subsystem to move the workpiece along an intended path through the

30 processimg chamber as a function of the intended temperature profile.



nore boundary conditions of the el evator subsystem based on the boundary
condition.. 10 20. The nethod of claim 19, further conpri si n%M}g b of
noving the workpiece at a selected speed within the chanber and Vi thin the
boundary condition. 21. The nethod of any clains 17 to 20, further
conprising the step of 15 sanpling the intended tenperature profile at one
or nore different points. 22. A system for processing a workpiece,
conprising a thermal processing furnile havi ng a process chanber, a

f eedback subsystem coupled to the thermal processing furnace for 20
detecting a paraneter of the workpiece when di sposed in the processing
chanber, a control facility for generating a control signal based upon an
intended tenperature profile of the workpiece and the paranmeter of the
wor kpi ece, and,,an el evat or. subsystem i i i ith the control
facility for c§r‘;iagu ets?'sﬁ%"%f%b%?%/?r&gm%%% ﬁ%%%ékﬁﬁ%fgn? esw\?\%)r kpi ece through

t he process chwagiivdrg oheror nRive sekstpbrsmidtoofitedharoal prooéssisg fymate. t 0 heat process

t he wor kpi ece generally according to the intended tenperature profile. 23.
The system of claim 22, wherein said control facility is adapted to control
t he el evat or <AibsyTliespsténDofimy enetofi elaivus 2R i 24 cfertledr congprising a meended pat h t hr ough
the 30 5orocessti %g g)ganbglr as l%_H.functi on (r)fi %%ﬂieﬂt egge%geterrperature
profile.” 24 VEF €2 FOB ORGSO lgcespfloscf”se’f?fgoquc’l ArAS2Y 6T PRI ai m 23, further
conpri si ng nedmdudeoat leas onpLof i iteigperame: ramp-0praes, Sempadted raagptdopoi nts of t he

t her mal processti n dfurn ce. 25. The system of any one of clainms 22 to 24,
further conpri®f ﬁsoﬁ]glgwpe@ nterface for providing a workpi ece processing
reci pe, wherein said recipe includes at |east one of a tenperature ranp-up

rate, a tenpergture ranp- at d.a soak t rature, 26. The system
o o aim 24" ol aft ow it S eHim 2R iR PR BiEisos 16 ¢ he
cont r ol 16si gnalthd contaa vienal teanowe thie plodpiecd throoglghe futveccfbased apm the|ased upon t he
furnace set pqints, .the intend tenperature profil nd measur ed
onperat ur e Qe ol UEEMES B URERI M Al oo e, TPTRDE S
further conpridthegvotkpieteaj ect ory 15 generator for generating the intended
tenperature profile in response to the recipe. .28. The system of claim 22,
wherein the control facility is adapted to

27.  The system of claim 25 or claim 26, further comprising a trajectory

15 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

determine the temperature of the workpiece according to the following equation:
a7 :
hpC(I) —-=- e+ )T’ + aqufs) + Coaof2)

20 wherein T is the workpiece average temperature, / is the workpiece
thickness, p is the workpiece density , C(7) is the specific heat, ¢, is the total
emissivity of the top surface of the workpiece, ¢, is the total emissivity of the
bottom layer of the workpiece, o is the absorbtivity of the top layer of the
workpiece and oy, is the absorbtivity of the bottom layer of the workpiece.

25
29. The system of any one of claims 22 to 28, wherein said feedback-
subsystem comprises '

a pyrometer for measuring the temperature of the workpiece,
an emissivity measurement stage for measuring the emissivity of the
30 | workpiece, and



determ ne the tenperature of the workpiece according to the foll ow ng
equation: h p C(T) dt- (61 +EDb) oT4 +a4q, (z) + a bg@adenlzeds 20
wherein T is the workpi ece average tenperature, h is the workpi ece

t hi ckness, p is the workpiece density, C(T) is the specific heat, e, is the
total emssivity of the top surface of the workpiece, cb is the total

em ssivity of the bottomlayer of the workpiece, a4 is the absorbtivity of
the top | ayer of- the workpiece and abhlis the absorbtivity of the bottom

| ayer of the workpiece. 25 29. The system of any one of clainms 22 to 28,
wherein said feedback subsystem conprises a pyroneter for neasuring the
tenperature of the workpiece, an em ssivity neasurenent stage for neasuring
the em ssivity of the 30 vvorkpi ece and 24 March 2005 41 a filtering stage
for filtering one j ivity, wherein said
f eedback subsysterﬁ glte["%r mgg%%ﬁ %‘P@%rﬁ%&eéé%%ngﬁ%%@ygﬁfhe measur ed

t enperature of:mts*ieitw\orkpl ece. 5 30 The system of any one of clains 22 to
29, further conpri . i suring the
tenperature of th %%%ns%ggéﬂgﬁa%%%utgy%gﬁlﬁgé%%& %Q#l ongp(%%gg%?e The system of
cl ai m 30, whemeasored &ngeratretof the werkpfece. t her conprises a furnace thernal
properties stage for generating an output signal in response to a signal
generateéd by the one or nore thernocouples representative of the thernal
properties of 30.he Thasystral of pryoume sfclaigs 2maa,cfarthen®n®ﬁsing'mﬂml§ﬁsobm of claim
31, wherein t e Cc*%g&rp egfgr%ewuHﬂ ttﬁ?t%m%&a@r‘é'o? t%g ﬁ%lacém%ll]( or %Sa t her mal
properties st ge gnal's I'cative of one or
nore par anetelcsatmhsthe vvorkpl ece in response to a vvorkpl ece position

signal generated by the el evator subsystem and the output signal of the
furnace thermal properties stage. 20 33. The system of any one of clains
30 to 3B, wheBki n Thasystword{plziac®, whaeiasad enirdenfwths esnmpises aof t enper at ure and
em ssivity.

('D

fumace thermal properties stage for generating an output signal in response to a
. signal generated by the one or more thermocouples representative of the thermal

properties of the thermal processing furnace.

15 32.  The system of claim 31, wherein the controller further comprises a
workpiece thermal properties stage for generating one or more signals indicative
of one 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 propérties stage.

20
33.  The system of any one of claims 30 to 32, wherein the workpiece

parameter comprises one of temperature and emissivity.

34.  The system of any one of claims 22 to 33, wherein the elevator subsystem

25 generates an output signal indicative of a position of the workpiece, said system
further comprising feedback means for inputting the output signal to the contro}
facility. :

35.  The system of claim 30 or any one of claims 31 to 34 when dependent on
30 claim 30, wherein the one or more thermocouples generate an output signal that is

mput to the control facility.



34. The system of any one of clains 22 to 33, wherein the el evator
subsystem 25 generates an output signal indicative of a poskhiQf #bsthe
wor kpi ece, said system further conprising feedback nmeans for iInputting the
output signal to the control facility. 35. The system of claim 30 or any
one of clainms 31 to 34 when dependent on 30 claim 30, wherein the one or
nor.e thernocoupl es generate an output signal that is input to the control
facility. 24 March 2005 42 36. The sy<tem of any one of clains 22 to 35,
further conprising a trajectory generator for generating the intended
tenperature profile and for inputting the profile to the control facility.
5 37. The system of claim 36, further conprising neans for determ ning the
di fference between the neasured tenperature of the workpiece and an
intended tenperature fromthe tenperature profile to forman error signal
wherein said elevator subsystem noves the workpiece within the thernal
processi ng f utthacdhe $yBteins any avp of ame to 35, Jirdr¢ompgng THaeckyst em of cl ai m
37, further conprisi i no: i1 £ signal by a
pre-determ ne va?ﬁ%P&T§%§§ﬁﬁ?@?@???@%ﬁﬁgﬁﬁﬂfﬁﬁ flﬁﬁlﬁ%r conpri sing
sanpl i ng neanprofilgto theaenpirolfepility.he i nt ended tenperature profile at one or
nore poknts, and determ nation neans for determ ning one or nore boundary
conditions of the elevator subsystem based on the sanpled points. 20 40.
The syst em of 3% aiTie $Stemfod claime36, Suthgrcomprising msansdorfdstermiaing thei ni ng one or
nor e boundary ;.gondi tion . t he boundary
condi ti on. 41¢ﬁ%9%e§§§F%ﬁg%T&%@g?%1ﬁ%&ﬁﬁﬁﬁﬁ §¥ l%%%@???ﬁgaﬁgans for noving
the 25 wor kpi emperattre fromaheiempatatag grdloid ol p ¢rive signadodeinchdnber and wi thin
t he boundary LE 4 : f ' r conpri sing
determ nat i ondgr‘e%%gés'}b%)ggm %‘é’tesét;ﬂ%ﬁﬁ%%&eﬁq%ﬁ&? ﬁ%@ééeg&#ﬁ%@t he neasured

t enper d@ur e obas¢dvm therdepsigek 30 and an i ntended tenperature fromthe
tenperature profile to forman error signal, scaling neans for scaling the

error signal by a pre-determ ned value, 24 March 2005
. 38.  The system of claim 37, further comprising scaling means for scaling the

error signal by a pre-determined value.

15 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 determining one or more boundary conditions of the elevator subsystem based

on the sampled points.

20 40.  The system of claim 39, further comprising means for determining one or
more boundary conditions of the elevator subsystem based on the boundary

condition.

41.  The system of claim 40, further comprising means for moving the
25 workpiece at a selected speed within the process chamber and within the boundary

condition.

42, The system of claim 22, further comprising determination means for
determining the difference between the measured temperature of the workpiece
30 and anintended temperature from the temperature profile to form an error signal,

scaling means for scaling the error signal by a pre-determined value,



43 sanpling nmeans for sanpling the intended tenperature profile at one or
more points, and determ nation nmeans for determ ning one or [uREEBRYadary
conditions of the el evator subsystem based on the sanpl ed points.

sampling means for sampling the intended temperature profile at one or
more points, and
determination means for determining one or more boundary conditions of

the elevator subsystem based on the sampled points.



