; e3eBbzz{<}|}f6TTn; 2 5 MAR 2003 TUNI NG A SUBSTRATE TEMPERATURE
MEASUREMENT SYSTEM.5 Background of the Invention The invention relates to
t'echni qués for making i nproved non-contact tenperature neasurepents of a

semi conduct or M\“\ bstrate. In many seni conductor device?d MAR 2003
nanufacturind@@@“@“ s, the required high | evels of device performance
yield, and pr ss.Aepeatability can only be achieved if the terperature of
a substrate (e.g., a sem conductor wafer) is tightly contﬂmﬂled during

processing. To achieve that |level of control, it is 15 of WMWMﬂHmmmm to
y

measure the substrate tenperature in real tine and in sit
unexpected tenperature variations can be imedi ately det ect edemd« correct ed
for. Consider, for exanple, rapNENEharEPSERBERssing (RTP), which is used

for several different fabhmPcRATORE 20ERSORENMERS, sYgekmMdi ng rapid therma
annealing (RTA), rapid thermal cleaning (RTC), rapid thermal chem cal vapor
deposition (RTCVD), rapid thermal oxidation (RTO, and rapid thermal

nitridation (RTN). |n theguetrotmdan fapile datvemt iain CMOS gate diel ectric
formati on by RTO . thi ! nd uniformty
’Ig{e 25 FE 5 drf f pat% ?ré’el%é}léfc{{ﬁeg aﬁéng na)éy

of the gate dielectrics are critic ers |'uence’ t he overal
devi ce peiMfR¥oMeeenandcPabrFEat POREYRELYS TgRFUREMENLEMOE devi ces are bei ng

made W t hydh£EEsdhkEokayer sthbat sapareaky .60-80 A thick and for which 30
t hi ckness uniform ty nust be held w tté%é;aﬂgstrons (A). That |evel of

t
uniformty requi rds MaRY SEMFARUT N FoienphAIEING subst rat e duri ng

hi gh temersdeseed| oehesirbguiobdenigndlaview dégaeesceel sius (C). The wafer

itself often.cannot tolerate evgn smal | _35 tenFe a&u;e differentials during
hi gh tenfatQFEance. yvaefr 3pg3pProsess, Fepsse ﬁb? LYt 8t ERpér Bur e
di ff erenachsewtdoidthe respeabourelo? &/ subatraespdeagurea around 1000 C,

the resulti Ls, Ll Y:LO.C slip.t |,LLcon crystal. The
resultirm%% |p§%§§§ggkwfﬁkggzs %o§9§ﬁ§§§ 88§F%§%5?§r§35%8§hich t hey pass.
To achi esere¢essirgel &P aschpevat bhatudevednpfyconskpabl dtraal -ti e,

gl:;'sgg'r Med SPREAEHER RRSUREABALE £RX slLiBsedateoBehpERRERLY §control are
¥feal time and in situ, so that any unexpected temperature

variations can be immediately detected and corrected for.
Consider, for example, rapid thermal processing
(RTP), which is used for several different fabrication
20 processes, including rapid thermal annealing (RTA), rapid
thermal cleaning (RTC), rapid thermal chemical wvapor
deposition (RTCVD), rapid thermal oxidation (RTO), and
rapid thermal nitridation (RTN). In the particular
application of CMOS gate dielectric formation by RTO or
25 RTN, thickness, growth temperature, and uniformity of the
gate dielectrics are critical parameters that influence |
the overall device performance and fabrication yield.
Currently, CMOS devices are being made with dielectric
layers that are only 60-80 A thick and for which
30 thickness uniformity must be held within %2 angstroms
(A). That level of uniformity requires that temperature
variations across the substrate during high temperature
processing not exceed a few degrees celsius (°C).
The wafer itself often cannot tolerate even small

35 temperature differentials during high temperature



Optical pyronetry is being widely used for 10 nmeasuring tenperatures in RTP
systens. Pyronetry exploits a general property of objects, nanely, that
objects 'emit radiation with a particular spectral content and intensity
.that is characteristic of their tenperature. Thus, by nmeasurQropMpRen@M tted
radi ati on, 15 the object's tenperature can be determ ned. A pyroneter
nmeasures the emtted radiation intensity and perforns the appropriate
conversion to obtain tenperature. One2difficulty encountered in the use of
pyronmeters for measuring substrate tenperature in an RTP 20 systemis that
vari at i opsosstssigrg i ndi i el cenppreztitxe edséhevescandsdefifiewedces in their
posi ti on Wideh iIRSRect - 3 0o @ PArdd Clb@pe SHPsEEAt 8rbintihe oolarber (gan af f ect
t he accuracy of the tenperature measurenments. Therefore, substrate
t enper at FEEWEENF eSS obt at HERF ¥ riofn FALS9558RsdFs C88Nn SRad&€ S unknown
]gzr ror corasjwrseﬁl g_t ]E?m@&@ahpgix&; ﬁ@ph%yp{(&ﬁééowflﬂgeserwr ig@lltyi ons show up,
or exampl e,, as differences in the thickness o .deposi t ayer across
the SubSEIE StrTREPRALT (HELHIBTs ar@ ASBASAE PRFT dF e
cl osed- | adp tteemperature wonfoohit B30 Cakiabyet veadldtess,sociterqors is to

Govi ati oROTY R SrafTey Br¥tiethetts, Bbr, CTaB0ROPOR Muichos the

oca e tenperature viation matches the
positionQﬁmnﬁnaﬁﬁﬁﬁaQQm@r?#p®@§ RpepsSeaEYanount of tenperature change 35
necessary to Corbﬁgﬁc%hepqgﬁh@kggﬂﬂéSHﬂgHéDQﬂng&yhse@ S MAR 2003 - 3
proportional to the amount of deviation in the thickness of the deposited
| ayer 10 SMEGRSHE RPNt ST MoWESRr 1 REDNBESFBREN | zBYTREREEYY from t he heat
source. HoyRvelts dilegéRe s DSSrepept i Ngf bebyeed sl anam2aRes tHater mal 5
di scontinuities at the substrate edge andtthe viemﬁn%tangle of the probes,
such an &PGPTT M YerEPAtFY PR HhrEva PRl CThHS 2 2 dBEF Rl SOt ques are
required dmt iohtensityg Boauras echabatrarestéapefatbheermeasurenents to
provi de i essy c iti o] t he. u I urf ace.
Sunnary'tqgéégéﬁéﬁfgfn %ﬁ%ség%gc%%ggﬁﬁgﬁﬁogﬁgfgﬁﬁ%?ﬁg ?%#ﬁ%%gf%?e sensor
readi hfs the hirechbs peopesstwye chanbee datrutdsedet ePnibyinegedenct ual
tenmper at yid shordk Of hl Cohot £ a SHh3L 481 8n Ol nBBndE kYabnll QbR s dne

tenperature-related quantity f e substrate baseg on neasurenents of the
subst r at PR PTABE cEOPERHREIAP UFR PPBRiINeCEBPEEREWEhstrate i s cal cul at ed

using a respecti vae FiEHiBUIERP/INRIJHR &Hd e | e Waddleof or one 20 or nore
tenperature sensors gssociate . W

W th %he cganger. Th% si myl ated tenperature
profile &YFIHeEALE ubP* pPORPIE DY SLBAbFAEE E6™PEF AT Cedth Mgt rofile. A
final 20alaysstfaan eacthaespeciaviohenpetwéaneindivedtiadn teaipse-dtarrtet er m ned

usi ng an | M Lon . | C u : iLn.t. t e rofile
being suﬁ%?%%?%%ﬁ%hgu%?#g%%éégg%gght %éggr%g%éggPhtREQELEE%#%%QEqégch final
t enper at W @mi@@{abnsw@wn@atg usethaschambers eant @ fif@pfertataur e

measur engi g, Sabgegrephlye alaedrir ponkheemaNEESPORMAG fgmper at ure
sensors. 30 In another aspect, a systemfor tuning nultiple tenperature

sensors tIHRSHREREEr ECPRAHRE A 6r BE2BRTYaMENbSt PRES PR FFEE £15 ocessor
arranged densapt8i dannhaeé uah LeRBSwAL BFeopr ebmbenkat e rSHhfddste or an

actual profid cc9f art SFPERAT U frbEL ol e QHABLL KrlQr e £or 2 5 MAR 200
example, as differences in the thickness of a deposited
layer across the substrate surface because the sensors
are used as part of the closed-loop temperature control.

30 One way to address such errors is to reduce or
increase a temperature offset at the location of the
temperature deviation. If the location of the
temperature deviation matches the position of a
temperature probe, then the amount of temperature change

35 necessary co correct the deviation is approximately



- 4 .substrate. The processor is configured to performthe follow ng
functions: (a) calculate a sinulated tenperature profile for the substrate
based on’ respective interimtenperature correction values for the plurality
5 of tenperature sensors; (b) arithmetically conbine the sinm2§tgsR 2003
tenperature profile and the actual profile to forman estimated profile;
(c) determne a final value for each respective tenperature correction

val ue by repeating functions (a) and (P)-until the estimated 10 profile is
substantially uniform across the surface of the substrate; and (d) use each
final valpeopsrafoniised thet anpanat wie d@RAIMESIENIS thhsEHlEkidys obt ai ned

froma corfeslﬁon mg oPe oﬁat ge teg%e ature %iensors. H, Sore

i mpl ement @ i o g, “oRe®d eﬂD 8Y5f "t he 8 fol & rlr%‘gl‘\"ae‘atures ar e present. To
cal cul at eas$remes nlibad dizednpernatmae fpoot ithe, hadteldowhaped Bowevebuti on for
thermal cgnirihut] Wbt RS e3dhald0 SRUY ' e chanber can be
used. Forg‘fl%et%u%%gg%sgéggllEléugplrb%écgr?te%l r%\a‘/:le tir%on, a g%ﬁlf}g%]gped di stribution
i ncl udés, dpecontinginbdes| phi LEE Bubss rRéSr sGgedi AN Hilte ontewird udi ng a
normal di ghgibUbEOPpeagr¥Bll A% UGRUSSE ks tGRIS Pt ikEl ¢li sEributi ons.
The peak anplitude for each radiation source can be assuned_to be | ocated
at the raﬁg};}dpospﬂpﬁn E‘E}ﬁllééﬁ i FGPOUWES PR RTBHTHUrE_Y 25 The
Lenpgaat UdSBtE@iﬁigJ_:;eScf:ﬁiﬁatea@hbgftrfah% rbfaadip&trimhmmémﬁameh% des er m ned

y addi ng_t he.indj vi du ontributions fr.om each radiation source. To
determ nepf%\élg%tﬁ%?'gﬁggf%Fg,ceﬁgégﬁr STYEN 1%10 %a ce%péeg?a kg?e-rel at ed

guant itly sapsbranadeurfiadethe 30 tenperature-rel ated quantity can be
converted to the actual tenperature profile. The tenperature-rel ated
guantity can be) for exanple) thickness neasurenents of a | ayer deposited
o” the substrate during the thermalSYRBREEs or resistivity neasurenents.

Measurements of 3%, Jdydrd€NPER abHE €25 8bat €0aOMarhbli 8% @h3@ean be used if
2 ~ MAR 2003 a known relationshjp exists (b;ﬁ-x en the nmeasured quantity and

t we
subst r at e*EBRPERBHER e SCPAOSNE SRR Gt JheHe FTRFSFBIY enper at ur e
profi : e agldaihbéraf?hu_@.hdﬁéoﬁétér&ﬁ?lib% @@ﬂm'dteml i) taéri@éhl‘@thhﬁea:c! Iy fo(r]I ]
exanp alculating the sum of the actual, tenperatur rofile and the
si mul agtesedp¥8f9‘rf)éf?a 8FeapFBP’FF§.at5et° rrﬁrhiaﬁd—'uf]ﬂ rg)“%v:g?u Pf%r each
respect i veetpapetatrarretatedc guamtualyud€ cwanc hencgultet nate nbagsadg anval ue t hat
is a funcy] apnda 1 i.ation gf J. i ture
profile ahéggﬁg%mlggﬁg E gng Fo%uo%\earad cF Ni a?? é\lh@%%ﬂ%%?ggs%gnperat ure
profile fpropdlat §osnthke salissiedtce Weiqrhitad akrdrufivgta radial position.
The tuni ngepHAERIYLE 1 8 o3l P @ mitah Aol Ald et Yord SuaeedS e Bhe

i npl enented once for a given chanber structure. Myre accurate fenperature
measurdheRts™PER BEMBBEATHES FFISTY S ARIGEAF 85 otk My b ReBPeEet i ng for

vari ati onghbeswrelakad viethpelr aceifee midfi€ s afisdrehangethal epescesei n their

position with re ﬁecgi go % 20 partis ul_ar esd,lbstrf?u]%.3 Moy e gccyr\a}tg

t enper at uf&%r 885\% G5 ER REFD FPoVithe TS Tttt 1 ayer§28Ra a8 lbSt rat e

processedfpn ehehchraspect 1Vige tiampatta oy e tdwrefor eon enablesisel i abl e

tenperatu .S WM I tahidd ni Lty. 25
a&a%%&&geggxggﬁg 5 o%&{lﬁﬁgﬁdclcﬁp%ai idﬁr)(txﬁk’ex‘ﬁcl;lgl *]:EBMEE

h
QG her features and a ages W e appare rom ol ow ng detailed
descrifi i 6R, thRecatapAREAy PAG tdrlawifjfarkihItant kahby WRIEPTDescription of
the Draw a@ir%_%_EGthé 8 r¥ace0ST o iR dde Vigyewfrangapi d 30 ther mal
process'n%e&per%t%%Ztggkrection value is used as an offset to

temperature measurements subsequently obtained from the

corresponding temperature sensors.

30 In another aspect, a system for tuning multiple
temperature sensors that measure temperatures of a
substrate includes a processor arranged to obtain an
actual temperature profile for the substrate or an actual
profile of a temperature-related quantity for the



FIG 2 illustrates an exenplary |lanp configuration for a heating elenent .n
the systemof FIG 1. FIG 3 illustrates a control |loop for heating a
substrate in the systemof FIG 1. 25 MAR 2003 - 6 FIG 4 illustrates a
techni que to cal cul ate correction val ues for tenperatures obt&d MAR 200Hm
tenperature sensors In the systemof FIG 1. FIGS. 5-5 illustrate further
details of an 5 exenplary |anp configuration for the heating el enent,
Det ai | ed Description As shown in FIG- &) -a rapid thernmal processing (RTP)
system i ncl udes a processing chanber 100 for processing a di sk-shaped,

ei ght i ncbupb2@@are. diEretmroddssoti conceonbsgurntd d1Q6peFhersubsérate 106 i s
nmount ed i psi . r . a b ppo ure 108 and is

heat ed by@§i§§3%?§bggﬁg%§ﬁF%€io(%gc§%£§&§ﬁ€%c$léig %%ggéhe substrate. The
heati ng eFemperarlregamdirls Feadi B¢ oPuRAYT e chagpd ePB FRBPEFOLESSI Ng

chanber 1QQ¢ L3 it Qe A ot &1« SPBL 8¢, Glard Zudk Ndow agsepbliyalidyabove the
substrate. Beneath the substrate 106 is a reflectoixloz whi ch i s” nounted on

a wat er2 c86| EEMPSTATH LR SLRIRYS hbask) 1361 LHRRL + 681 &%t 6P™RBDE| Ehende of

al um num gReuhas el Hegiderdeitrechiyei sardngec Boasttgal2Profheeupgder si de 20
of substrgte 106 and the %fgp of 102 forma pefl ctigg cavity 118
§ fip

reflector e
for enhantPhl Afe SSEQ Qﬁﬁgﬁfﬁft§c8fd?%%r§ﬁﬁgt?a§épa h&2 erat ures
at | ocali fed regihonesfictoivesubatpatetddté avereeasonedabyentiti pl e

t t . . ' 8 ly th
of "whi oh EPBSSRaTY Ehrkrcs SR8 PEE AR PPEEALLE PHECDELShe 248 LN e o
| i ght 381 ppgoifiidte passubstanhizblpednifereonduess the swréadeéngffromt he
backsi de eh et hehasedd b 4 ough the Lopnofifhe (gilhecher aA03¢sSapphire

light 30 pipes are generally preferred because they have relatively small
scat t eri n§Oc GEMPSHATHES dMRAT HESMERRE PRPREVE=hF &4t @PLREBRLVEFSB R ght

rej ecti oncolreSsddiRIA iy Qvhélec B ent et epasst @rBNEehs6aki zat i on. However, the
| i ght pipes can bggna e ofF% Y, %gpr%priate heat - t ol er ant 2 5 MAR 2003
ials e gL

and corrosi on-r ess&t §RPCmd C@tFonS SRS OF M A tHihsmit the
sanpl ek r ddildiowimd Eddrupys ones epreSent abl Poquattalétbethki ght pi pes,

sapphi e ghyshale dd Ylm@l PS8 G-bEGNL, PLPSLEPGHLL 8 OHRLEL TR IRY oRe
for thermal contributions from multiple radiation sources
in the chamber can be used. For the purposes of the
present invention, a bell-shaped distribution includes,

20 but is not limited to, a Pearson distribution, including
a normal distribution, as well as Gaussian and Gaussian-
like distributions. The peak amplitude for each
radiation source can be assumed to be located at the
radial position ccrresponding to that radiation source.

25 The temperature profiles from each of the radiation
sources can be determined by adding the individual
contributions from each radiation source.

To determine the actual profile, measurements of a
temperature-related quantity can be made, and the

30 temperature-related quantity can be converted to the
actual temperature profile. The temperature-related
quantity can be, for example, thickness measurements of a
layer deposited on the substrate during the thermal
process or resistivity measurements. Measurements of

35 other temperature-related quantities also can be used if



5 fromthe Luxtron Corporation-AccuFiber Division in Santa d ara,
California. Alternatively, the radiation sanpling systemcan be an opti cal
systemthat i'ncludes a smallradius objective |lens nounted in t,hmhe%aect or
102 and a systemof mrrors and | enses which conmuni cate radizarl

collected by the lens to the pyroneter. Such a techni que may be | ess
expensi ve than sapphire light pipes if appropriate off-the-shelf opt-ical
el enents can be found. Alternatively, 9ight pipes also can be nade from a
tube with a highly polished reflective inner surface. In the 15 descri bed
enmbodi mera , kndenpyeoattionships ekdvs sabesveen Baedwedshred. guangidot 40 nm

llocated af,aboubs02QrBM: eriplet-@RlecPyr oneters 128 al so may be obtained from
t he Luxtron Corpaoration-AcCuFi ber Division in Santa Clara, California. 20

The described i miTerRif at TRIEBER AT 197 haslei SHILHREET r e RR T dF bhes

di stributgebpyvee hhe tekl eetaniwhirelfitanche keddmimedsure the tenperature
at different rad{':i. of ghe ubstrate. Du in% t.her. Ii %rgﬁessin ,_Support
struct or @4D8TE Tt 51 8tdd  at- CAbSIETEI Sr oAt oS WPEF HPnItE I8 . Thus,
each probehacacahay senpeestulre pemiedat and whef islieudktadcor r espondi ng
annul ar rgi str . i mpl i.0 f than all
éé}g.rpé‘{ﬁé‘ugg %:t}%fﬁ}i%. %fe‘%ermtnaigxgye \%{Pgﬁz%@e%@Lhe faore e%bs r

the probes are use he support structu rotates _the su ate 30
i ncl udes ZeSPPPBEVer ERFPEIA tWFEC FOEFRCALOR VFd Uulssdy a0eladeund t he

substrat gy 5n P 8EnBChl MRLGe thier eRY ol sawtd Gl boha handRdeyr si de of the
substrat e_exposed éxce for a smal| annul ar regi on _ghout the outer

pt
peri mbPerdeha ki ANnPEe thife SEfdfMRtEdytETBRTATHTS &FfHae @R tedur at 35
the edge D subsheatien OF duderd aprioness Mhe VHHIMEted Rempetrary ¥R 2003
134 is made ?f thﬁ sane,. or_ Ssi rricl ar,blg!ragtteri al asqthheds%bstr ., €.0.

si licon FERFHHE0RLaPHIEES Phe &5np FATG 154 FEECs 6RO H 83Dl e

tubul ar guedial cpbbideonl36 that is coated with silicon to render 5 it
opaque in the fr he_ pyrLo ) e Skl c {,ng on the
quartz cylinder ac sn%%nggﬁgﬁlf(%e{i%P%l %%kg%hﬁéaag%ttfg%“f‘%g%egﬁ%&nal

sour cé§ tmeedsi ght beodmpdiemend echenogt &e3i 1By FIEUChHREWES. The bott om of

the quartge £ybtQder | Md1e GRiralt AR MRRY iRfirdthel? J 3G Il which

rests on a plurality of ball bearings 137 that are, in turn, held within an
st at i onar§PtahREfafLigRe SURSIEATE PAOSCESFNIATRY KA S5EadMhfP 137 are made

of steel vadigpabad Welthvewn iiG@ viiidualde dnparetiig® Rahisosd afrRl f or mati on
during op rg{;_i on. Upper_ bhear.i n% 15 r.ace 14l is rrae%[}eti cal ly-coupled to an
act uat or ‘%ﬁ STRBGRY Wi FSG 208 TP KD EREPKRTpFS: € ring 134 and

subst pat epdpbiatlalrowindd rald .duMore taenret eruoessiatgrelhesiipget ring
134 is design o] t |i.ght .td i t cylinder 136.
Sid %%%Ezggo%d% ghofr]ieg u &ﬂo‘}m 1 S rC%Aac‘:;r% ear Q%(}):%;Eqrattze

A purge ring that 1 tted intot . surrounds the
quartz cybPFagepsedhd mphfe qtiafperss e dmveiteaml t@erfiareavity which

opens Up éQaBlE80kan iali0\e tUpRRIT NeATH Nk dAGerd:s e H Hif{dilefavity is
not. shown) through a passageway 147. During 25

connected to a _gas._supply

processi nﬁ?pﬁaﬁggdéléé’g qréd( MM Y0 t he chanber through purge ring 145.
A sui eabl e heati mprleéenestcdiOsi andi sevanedges Widl Pat eppaNentS, 155, 336,

i ncor porated herei reference.. Thi s, heating el enent uses 187 light pipes
Lo 30" del TEaP FrBnEy TsT i (oG At D Thmge e A raT Boe Tps ©o

t he procedsawgngsaminer ti@0.clEaats.l anp in the heating el enent 110 can be
identified by indices (u, v) (see FIG 2). The |lanps are divided into

twel ve groups (1-12) which are located in a radially symetrical 35 nmanner.
The twel ve groups can Beigf diesdripgbeneeftghe Drawings

FIG. 1 is a cross-sectional side view of a rapid
30 thermal processing (RTP) system;
FIG. 2 1llustrates an exemplary lamp configuration
for a heating element in the system of FIG. 1.
FIG. 3 illustrates a control loop for heating a
substrate in the system of FIG. 1.



2 5 MAR 2009 _ g provide six control zones (FIG 6), although the

particul ar arrangenent depends on the configuration of the chamber. Thus)
for exanple, the center lanp, which is identified by indices (-1, 0), is

| ocated in group 1 5 which is in zone Z1. The zones can be adé§sMARi 2003
individually to ccntrol the radiative heating of different areas of the
substrate 106. FIG 3 illustrates a control |loop for heating the substrate
to the desired tenperature. It uses thé 10 sanpl ed output fromtenperature
sensors 190 (i.e., the pyroneters 128 and the |ight pipes 126). The heating
el ement 110 incl uUBES- 18711 kngstreheRarogerhRaAps timtcaiaulatreanged i n radi al

zones. Eachrzere iofn halRged Sfoieaaéngieeﬂa»tm&r@&tmnéd”%%‘zone lanp driver
194 that 15 is, in turn, controll by a nulti-input, nulti-output

control | e *F&2F 3§ TG SHE Vbt 47 rOtShes @& BHout 190 rpm and tenperature
measurenents are PFRAS. at-di LieuentatadEaktheeaticens 100 dihepacksi de of the

substrate t enperature sensor Qproduces an_average tenperature 20
over aa%i fe%g?‘gr%f\a% nnlualgg déog"g# VO e s%s%q?%ﬁé?aﬁ'ﬁlégaﬂﬂﬁ‘r‘ﬁ’?tr egi ons

coincide with the radial zones of the heat |anp. The controller 192
receives the tenperature neagiemaRS frh-13:8 generated by the tenperature
25 sensors 190, corrects theTe T pon a tenperature
correction al gori®hnfhava agj 65Fs Lheapsapid ehermefl tmodessing | anps to

achi eve a (RUPSt 6@ e MRRNIAIJHL aagzr%Q:%CdJﬂrﬁji dNarPF edgh i f'§g tenperature
cycle profile 196 that js supplied to the controller 192. To determ ne
t he power PFRYEFSH S ﬁe%&'i Aeghp&idite i r B 9@rmibodigestarmatrix G
whi ch deseilhesnt babmtertiosal rricatdubidt detyeens angdest £8d change in

power supplied_t he,. | s in a particular zone and a correspondi ng change
in terrperg%l%rgg.e g/g%e%glra%{gésreloﬁ % FERSS FARS iSURB Y S FHRSEER® +8Bati onshi p

bet ween aasHahgeheated?by MARE2003g efl@meranml Mol Iage: @dddihecepyr espondi ng
change i ngjgqmre UL o her rds, = dT. (E where dV_ is
t he vol taa;e:’ gﬁa%gltg isﬁlblsé:%ﬁ(%tzednerfﬁg glﬁ%&t% )%ls%"?%el%%a%%e%ﬂt?ﬁnper ature
at the radfrdiaraent ildR ohiche enseysr &her ®Ynasiss img wheamber | 50an i ndex for

the sersotsirohBl sPeakkhC dehaid s tth G iTRId ths%é%ﬂai Vary fropone system
to anot her and gan be derived experinentally. The tenperaturée COFrection

al gori t hnFREKEYPEEFRERn 1B2R6RGS: St SURStHRE & difffer b8 1@ ereheatenent s

obt ai ned fiopnwhhiehsessamoaint2Q@ ofiueh wadjedSidBylles ars: AECESSAr ¥ begause

slight di p i es pically exi bet ween, t he. t eratures obtained from
t he senso§§g§939§hd ,EI‘%: act &gl%tgﬁbé‘ttolzatlg ATt BN HPHE AR UR2E he
process cgcheghls rkéleonnmel lser fareomatitdald 1 241j usTise tinedgpyedel evel s

del i veredok Oshiber dbtLengal AR zoRes 56 bgh AMod eperatyf e, deviati ons

away fromthe desired tenperature profile are correc " Before
descri bi nget hecE&BANFAYE tior 18alf e snhagcimg Kda enfplecttive correction

val ues inegigsieitdebdi khel Eubsthakpful to define a sensitivity s for the
t hermal processi gg system The sensitjvi ti’f IS an

experinental | y-d i HERE TR SRt 3t WS Vafder8d9AOBE 28Pabifi shed by
repeat edl yupsttatei ngéaatrbemsabupedc Bys mudy ipUeh tRsnpsd DX ARt b PLPE OCESS,

R e s S R
aver age tWnirRhedsevehsows tanpéfat dde i Then tiempesstare frdbes sysé em
sensi ti Vi h¥eSshPpRIYet 198RPBipes that pass through respective

conduits 124 extending from the backside of the base 116

through the top of the reflector 102. Sapphire light

30 p:ipes are generally preferred because they have

relatively small scattering coefficients and they tend to

have greater transverse light rejection, thus they

provide greater measurement localization. However, the

light pipes can be made of any appropriate heat-tolerant



30 degree Celsius (AC. Aternatively, after repeatedly performng a
thermal process in the chanber 100, another tenperature-dependent quantity,
such as resistivity of the deposited l|ayer, is neasured. The s 8pe of
average resistivlty versus tenperature provides the sensitivit MAR; 2003
ohnms per degree Cel sius. 25 MAR 2003 - 11 FIG 4 illustrates a
technique to calculate a correction value (err) for the tenperature

obt ai ned from each sensor 190 (i.e.) the pyroneters and |ight pipes).

200, a blank wafer or 5 substr

First, as i dicatedﬁ}%ste @_téis%glacedin
t he proce88fn§oths) TRF BRI tWferRur & depefR - pr dORE ¢

per f or mredt r@hentienuéreatsangs dep erdiid t iproaes s e pyinmotatkx . f or exanpl e, an
oxi dati ongpt j gl | e : , any
Ferpor af U B dabasda h bostat HEo o R s Suprth e S el ST SRE

bet ween spbpESsat @nCenpaltt PP afePrBNE sl srmfimale eRemtned, such as
fi1mth ckgss e 1RMISIdYIdorpbalt f6 Hsedr M! grall daod hen Tl gt onshi p

bet ween tenperature and the neasurable quantity is substantia i near. 15
Once the féppeératdddfRptifient® Prarcdst VY bedie FaFHAMRR saepkimgtrate is

removed f goerkhe calamieran Mpanch Measdeneiiae ofnd Udbdeed admd Er L €l at ed
quantity 5), are taken across the radcil us of the substrate usin

a
measur emeREIdE ORIFSF 6 "2 UG gt P S0 b3¢ d%rt‘ﬁgo‘?u process
was per f osged eimn ot epl ) s tdred I dnoda edsl ale asameneint st ©f radica okode | ayer

can be, e 18Rl RS VRS Sfchan DN Sl XM 6o L0 B BEe

t hi ckness “measuremnen ternativ a SiT] 1on process
per f or medmal $eep XG0, xRS HeasthamesarPlofrebl yahyi Riresyifan be nade. A

thin filmypgsioshiiWirey JEASUL NehSPPAH M 1 Wl & SNTEH0F KT Obe, can
be used to_mmake the resistivity neasurenents. O her_ techni ques and
measur eneft t§EVREdY dahy bt IRePIRFDRETN T3t b dadensie dftihe

termeratuwgtheiaagﬁ@r?qﬂrﬁdi%/shé@ feflf]!mﬁ:t : ilea)lﬁimt_t éﬁdﬁ‘a%&w:ixﬁ)'@he -
measur enment s of, e rature-rel ate uant i are nmade at various points
o o e AR bt ARt of Hie oy 2 V3 AN S RTBPV L he

t enper at ubandeliaicéd Guant) tabosan e meldel adatiederdty dhoet ppEditismk from t he
center of S i e. 0 . 1.1l tation, one 2
~ MAR 200§h?%f§§eng§§éngérr€en{gi is£€a e‘c?lo a@;?ﬁ%é‘p%%@% ?ﬂels%strate and
two or noAXEresuCanIMIa tien t AkewF leedeivigiematrhetantentyaftaur radi al

di st anceschetwesmithe center and the edge of the substrate. The
measurenents taken at a given 5 radial distance fromthe center can be

conbi &Y to obt ai AENAgFErAGE e ARILERBRALAGR B8SEHALAY AR sdiedShifce. The
profile Mdehstfiumdht eft&isds Choggeshhted heverashy etk flledt bt ywREERSS t he
surface of _the substrate, rather than absol ute neasurepepnt val ues,.and
reflects gaéjhgeléls(ﬁc{m%%i%%%?uﬁ?ow? et%rl‘%%a’i‘ﬁ]éerq:di%%gg?r?ﬂ'é Eﬁ%éf‘rate.
The neasurdd thal o sfrdte. t ehpeiag urkermd htprocresing y #lkpoare convert ed
to a tenpey fid e. BP( Lhg.th r i i e t he
measur ed %&%t?%%ddéthg it%%r%é%%t#re éé?g\é@%oﬁfeg‘}%&g%h‘g?%%ﬁg?ew t he
syst em®Bern&BMvi t Tisf eaeh chapberadoglly usaples cCoie ek empasarBasur ed

quantitieprMeind &F G 1cc9£‘i'éi§%>éll‘i'di essn@la¥ 681 i) ok Ochbe
corrfsgo?sl n t%@eiahure ro |_Iel k)caé:fc%g,l n evt,eoretugrtllg{\IEt é.;. P (k~ - ~
(M (~C M?g"éﬁ PS¢ Mred iR TEER" 3
probes are used.
The support structure which rotates the substrate
30 includes a support ring 134 which contacts the substrate
around the substrate’s outer perimeter, thereby leaving
all of the underside of the substrate exposed except for
a small annular region about the outer perimeter. To
minimize the thermal discontinuities that will occur at

35 the edge of substrate 106 during processing, support ring



20 where 1 ~ (EQRA), Mrear. - + Mk) ~na:c 1 k=0 Po (Mrean~ is the
tenperature corresponding to Mrean~ and k is point resolution (e.g.

[0, 1, 2, . . ., 24]. A processor) such as the controller 1926§% a sg&grate
general purpose conmputer or processor 198, can 25 be configur

programmed to performthe conversion automatically. The tenperature profile
P(k) reflects changes in tenperature and refl ects a one-di nensi onal
tenmperature profile along the radius gf the substrate. In one

i npl ementation, for exanple, the neasured 30 profile Mk) is entered into

the proc r,d9 r np, oa r i y, the data
for the Sl?% g ‘ﬁ)?ﬁ? ant{%g SRl J’g ngﬁ'gége f“%te?ﬁa?cg%t &?Fé 2 ~ MAR 2003

- 13 (ﬁrﬁ#b%tbﬁége ﬂeﬁruﬁihhlogu%§eaaéﬁﬁpv fRERILErred to the processor

198. In yet ot hefrrydTRlgipHratd ) ,13t4heré@@§%reobpf@éatsbwékiugamabe
obt ai ned or recelvigngutonatlca groce sor. .198 fromthe

nmeasur eneEH{a B geTy 8% %ﬁcéh?ﬁelﬁr888§§ wigd SHldiGR &° rkdiS%s the
nmeasur ed p&o&pa@u&(kh thbefeeguentyonavgkues taer piroatexetal culdied by the

processor. 198,85 SKpLAbned beLomagbd Lhenoane etered g, dhe, control ler

192. In ye% | ément at 'ons atus fo talnlng t he
t enper at e bb¢¢bc@uonradLQESOOefrymneG&ﬁrbelf@mmm¢aﬁsqhﬁq wight si ngl e

overal | | SIRELAL HE Lo 9590%%@9&5ﬁgcme%u&@ﬁ.ea%tro HY bb¥tod bgeneral, the

processor execdtes a program for a sinul ate terrper at ure COI‘I‘eCtI on
profile oFli‘efk)q‘a@r’ééscvhénéﬁénésoheﬂ-ﬁebs’u%‘t PENE1aYd URRes ReREing opt i mal

set of ot eFpes ai ¥ eyRQEREEEEES ¥al Heél(&%ﬂ)ﬂfﬁi ber dahe mrﬁ%égﬁ7 The
simul ated tenperature roflle g WiFh a contlnuous differ ial profile
e

and is disRss@EC n1B0CYFBat BF 1he PEWS tRid T HYer &Y *or rect i on
val ues foxo@aﬁhbeérihg 8806801 39190ThHay bwally beaghngyze 1@tder ,madel may have

positive, pe e zer a T tain th dif ferential tenperature
correctld% gg ¥ aa?(E?aggﬁ |n?ﬁ|aﬂgfe% epéfﬁ%e céf}é%c?on val ue 25

(err)Tna p«sre$cabatshédrmet1eacdusengopp§mt@mp pPper teariimgi al
t enpen gt %§%g0£5fcalsoaa gyséagfgr LS0B16AN (e 5P dedARRO Gofan be set (o

val ues whi ch represent ucate uesseés based or. the tenperature profile
P(k) obt a$1h@‘dnmw€heraéﬁgaﬁ FEAsndenedts. 5@@%@&@1@9 thd igndial 30

correcti oguNat HeEe M BBt abeaboqt aoCRpﬁl H@lrrﬂ@qb' @lermdingdctd £y iy, t echni que
can be used to select the initial ture correctlﬁgﬁﬁalues err) Tno.

For each S&fsBrPROBE §1H8aﬁ39eﬁﬁeP§?& 8 toarEadte d a- PPRUet er ni ned
nunber ofséalnwschhaheaqeaeeateyednab@un3mhe poAi pupgeotidfy ttka parti cul ar

SEenson, t?haexa tted Eovkggﬂgga%gg' bod% %JM@%&%%E‘the quartz
cylinder. The purge ring 145 has an internal annular
cavity which opens up to a region above upper bearing
race 1l41. The internal cavity is connected to a gas
supply (not shown) through a passageway 147. During

25 processing, a purge gas is flowed into the chamber
through purge ring 145.

A suitable heating element 110 is disclosed in

U.S. Patent No. 5,155,336, incorporated herein by
reference. This heating element uses 187 light pipes to

30 deliver highly collimated radiation from tungsten-halogen
lamps to the processing chamber 100. Each lamp in the
heating element 110 can be identified by indices (u,v)
(see FIG. 2). The lamps are divided into twelve groups
(1-12) which are located in a radially symmetrical

35 manner. The twelve groups can be grouped together to



- 14 . of each probe is an area having a dianeter of about 1 centineter
(cm, then five equally-spaced points on the substrate in the vicinity of
each particul'ar probe can be used to obtain an average terrperaéo re val ue
Tn; mean, for 5 that probe. In other words, kn4 Tr(nean) - 1 SWARM% 5
k' kn where kn represents the start of the view ng angle for probe n.
necessary, extrapolation also can be used to determ ne the terrperature

val ue of points toward the substrate _edge. The initial tenperature val ue
(err)Tno for a 10 particular probe n then is cal culated by subtracting the

mean val ug, ARt {Eans , £ 0 chPeoParbhed! RETRI 0BE , Nl keBUGHE cHean terrper ature
value T;,nmean for_the probe positioned at the substrate center (| n =

1): (err) BRFLIGY! Fhedhr 2AITAT A aR§PENEY OF EE‘GTHQ“I PSS YAtk i G lis
used to cdqrn/eercthaats@rl lnltr"]haé tB@fleéﬁéhibeecOlthéC't:Ie@Jﬁe\talllaﬁtp((jerwﬁfEr}p to a .
correspondi ng. rel ative,change.in | anp age er.e dVuv i s expresse
as a percert %d% rﬁrstéb %0%3} TALPEFL § cbraPS G g\?rcatm?ierlp) HeWw & 1, ( E®
) and the wmd:h/u:lsrainlacmp)evmtag’Elsed)z/unesar:enobEarardachsmasied on the

| nf or et o i PAGR 1 AR Bec DS nLOL MRS, 1l andied O, - dVO, 6 and

dv3 - dv2.0 Pat 62FRa -cont iMuoUS diTT erential 25
t enper at urdi rexrene aggsy ¢85t epe29apstrhset dfPerature contribution of each

lanp in the heati ggcel %nerttlujsttta't%sn%deééﬁer@y Poé@!”f‘@%rhéaéhﬁ%rtﬁél“ on

havi ng a peak anplrtude and _decreasing toward zerQ on eith er S
peak. Thus‘su}:f%rr%tk%mﬁfﬂ’eth? hdet ehplr BEMPET30 6Nt r itbutiSG? dh%ach | anp can
be nodebl eshripyl € b@uiﬁ@@pEﬂorﬁll sémp Qﬂétﬁ@e wehebrison sohe ip poshedf the

t t di P 5 MAR 2003 - 15
G 5t 11 but ISR, WS a=Hor FaE BRSEF BOESn 1228 “wel P AR an and

Gaussi an- Ieken@hnstIl@uinohsdeﬁ’hewotahgtseepehatlmgenprl@fmplse thean axan be

determ neda!%yag? Jfﬁtf%tglﬂtezg#{ggatr Egcgf z'é:.pt% to%”ﬁ%n@}%”es profiles from

each | anp confrguratron i's symretri only the center
| anp | ocatseep@tat(elly OQOtaﬁde@nbYs&xmhl bt -ehaer é@mmdmg,weamiw( ddmtFl GS. 2

and 5) jgeegy b%ﬁ“@%&x@'”@ém@%@if@é' ¥y gngulthenq rEps rhAGAL&H,

particular radial_distance fromth center are taken into acc tg%mt by using
10 the si riPREFPbIEF el t i PENEE E?et FEDSEFBEE FPtSHEH BB a
t echni que e@n 410ducembELa BIDE Nhe QEUTBRRNY s @G Madicart QHIT fid¥dgase the

speed at which fhe algorithmis, executed.. Th ak anplit de froma given
lanp is asrs‘ﬂ%h#tﬁo‘i%gbﬁnﬁt Of’hghﬁaP?F GrEF drit ?sttir cch“)re | anp. The
anpl i t ude exich heeppeakathependsnsort heotiace svalnt ag@raﬁm tmmpﬁ:a‘ettarke

te”per%“r&ref’f of Jiffﬁ'&é?att%ﬁﬁ%wt QH%rQLB%' %%r %tH %JH&%:%%B ri btgi-ié on from

t he various one s (x(k) +L
) OT ( k)am'@.llar reqipng, cp}nc@d{e"wn.thexhe‘ rad1a1 zones of the

heat lamp.
The controller 192 receives the temperature
measurements that are generated by the temperature
25 sensors 190, corrects the temperatures based upon a
temperature correction algorithm, and adjusts the power
level of the heating lamps to achieve a substrate
temperature as specified by a predefined temperature
cycle profile 196 that is supplied to the controller 192.
30 To determine the power level of the heating lamps, the
controller 192 uses a matrix G which describes the
mathematical relationship between a desired change in
power supplied tc the lamps i1n a particular zone and a
corresponding change 1n temperature. More precisely, the

35 matrix G describes the relationship between a change in



a6-1. ~bor~,.; p[ 20W2 2, p[ 2(~Wz 20 where dT(k) is expressed in

degrees Celsius (C) and where the various ternms in (EQ) ar
u,v indices ldentifying | anp; C conversion constant (C); r"
| anps per radial distance fromthe 25 center, where r,;

u, v >0, and r - 2; dVvu,v, relative voltage change (0) for
identified by indices (u, v); 30 x(k) radial distance (mll

e as foll ows:

, " nunber of

- 25 MAR 2003 f or
the | anp
inmeters (mm)) of

a point kK fromthe center of the |lanpiarray; 25 MAR 2003 - m L","

radi al distance (mm) of the lanp identified by indices (u,

v) fromthe

center ofidie a6laxge(ant) whei Gt refspohelGaushanyd anpeleriparacdiyed,ri bution

froma single | anp ; and 5 k point resolution (e.g., k
., 24]). ~ éDEE?ﬁegggg%'the conversion constant C and for t

=10, 1, 2,
he tenperature

distribution (err)w are obtai nedexpeGi gedTal | y. one techfEQue for

det erni niygg. 1003g. VAl Uase 1 5o 0.ger £ALALE £APY nbNELHB! nOXLAA hgn pyocess on

10 a first test substrate in t and t o neasur e,

exanple, the

oxi de BhitkhecBapdof ihe tefMpera cprse ads ddies gigskipdt d.0CAT 1@hiafk drhe non- zero

tenper at wan9bfsehrbhpRobe NNt LARGET, fiQr N8 Rfed R AIREIAHE S SENSOr'S
190, and an oxi dation process |%beﬁééorned W th a _second test 15 substrate
f

in the chdibetPehelfeffEratsr &

MatFt*H & Wigrl dnplfFom pre

Measur emasit st @x et dadaot bedebeidnidag e dvdided kixgeresemrafliy} e of the
second test subsH??tqi and the difference betreen.ﬁge ox%de t hi ckness
§d a1+4°th 8

SR et bnd“StbSE T 4P w2

profiles for the

S §RET38M0xi de

t hi cknessadij hiéementss tbhehearempemasnired nea storemes e G iresp ef rgnur e
di fferencag, AhegPerabyr e Qlfseld NEkdehdNLLadyaed Jalp i dhgrent one of

the tenperaturé sensors 190 . process I's repea
repeat ed sadghpl disrrepangiels &yrofdaddly Exiusdr hetieferertdia

e process is
one of the

t enper at W &n5epsense498HR8IRG £ Hanged IRAR IR IR RERFASR isdigpeat ed.

The experinental | y-derived data, in _conjunction with equati

then can HEPISEYCE ot BEPELRLNE Sappr OPHHONIQRY Fde RFCAeTE Qifks

ons EQL and EQ®G,
sion

const apt h@ndohdrodetrha utemperididing AEugdautten (ke drevaxampl e, with
respect Rﬁ?i\he RTP ‘t.and th<=]T RTP Centura XET manuf act ured by

Ce .
honl | od MEEIYSTES PR el difBtens

A FFRR SOt Yat ures bet ween

appr oxi netahyedBbure deviations away from the desired temperature

profile are corrected for.

Before describing the technique for calculating

20 the temperature correction values in greater detail, it

is helpful to define a sensitivity s for the thermal

processing system. The sensitivity s is an

experimentally-determined parameter whose value can be

established by repeatedly performing a thermal process,

25 such as an oxidation process, at different temperatures

in the process chamber 100. The average thickness of the

oxide thickness is measured for each temperature.

The

slope of average thickness versus temperature is an

indication of the system sensitivity s in angstroms per

30 degree Celsius (A/°C). Alternatively, after repeatedly

performing a thermal process in the chamber 100,

another

temperature-dependent quantity, such as resistivity of

the deposited layer, is measured. The slope of average

resistivity versus temperature provides the sensitivity s

35 1n ohms per degree Celsius.



2 ~ MAR 2003 - 17 1100 C, the conversion constant can be set to 3.8 and
the width of the distribution (err)w can be set to 28 mm Returning to FIG
4, once the sinmulated tenperature profile dT(k) is cal cul ated Eﬁln
equation 5 EQ6 (step 210), It is conbined arithnetically wi t h2
tenperature profile P(k) (step 212) to forman estimated profile E(k),
where E (k) - dT (k) + P (k) (EQ7) . An optim zation algorithmis perforned
to 10 determ ne tenperature correctioenltalues OI" that generate a sinulated
tenperature profile dT(k) such that the estimated profile E(k) is
substantial Iy uni fdiGn 4 niphustratas,athechprtanezbei odlangaret Am det er m nes

the tenperabpre-€06heGhi QR %@‘U?ér(@ﬁé)E@mﬁ@faﬁﬁ§e588§giﬁeé9@rh Rat 15
mnimze the value Z (step 214), where Z e%err ga %B) , and
wher e oE( k§2FRpFeREAEs 1PRe (3t- - Endarded SYERMES S L8t ""FE1 I@)lgh RFRSSE (k) )
represent srargeyi aki Qﬁd@f:aEe(dk)Dyf @ce@lhoml £ Sbllfarm v&arf%xstdqst rate wei ghted
accordlgg to, their g d_ tion. SpeC|f|ca gﬁyna knax+1) ~
X(k)2 - %‘(‘?‘?tﬁﬁﬁﬁ)ls pLage &rkrFa’B? PSR SEDS ¢ |'3(‘E’§

((Em E(k) ) ersg tat ECR0Apphdera 2 doass 1s~§@@ﬁbr&EﬁnOBﬁhe lra K—o mhere
Xk IS oeehpOkatydLohanee e (ool o e centa, ot the | am

array, and PAESET AN the M ‘'muh va For
exanpl e, "an cahdgeigont ptr@cmmaln hamlan’mmnmlv@lmmal Itro 24, 2 ~
MAR 2003 -gbger¥$i gnawagetrhea%%wtaetn{ R DI HrofAld g fFQLOA

t akes |nto account the fact that for contour maps the nunber of points
i ncreadds HREWLFRJEBI 2pbBPHR0FOFRE L ati@reRtweam AURFHIEE ons of points

closer to t@ﬁp@ﬂ@@ure and some other measurable quantity, such as

ur ed

film thickness or resistivity, can be used. Preferably,
the relationship between temperature and the measurable
quantity is substantially linear.

15 Once the temperature-dependent process has been
performed, the substrate is removed from the chamber 100
and measurements of a temperature-related quantity M(k)
are taken across the radius of the substrate using a
measurement device 199 (step 202). For example, if an

20 oxidation process was performed in step 200, then
thickness measurements of the oxide layer can be made.
An ellipsometer can be used, for example, to make the
thickness measurements. Alternatively, if a silicidation
process was performed in step 200, then measurements of

25 resistivity can be made. A thin film resistivity
measuring apparatus, such as a four-point probe, can be
used to make the resistivity measurements. Other
techniques and measurement devices can be used to obtain
the measurements of the temperature-related quantity.

30 In one implementation, multiple measurements of
the temperature-related quantity are made at varaious
points k along a radius of the substrate. For example,
measurements of the temperature-related quantity can be
made at twenty five points k from the center of the

35 substrate to its edge. In another implementation, one



5 of .the substrate inpact the uniformty nore strongly than points near the
center. Mrre generally, equation EQLOA reflects a technique for normalizing
the deviations in the estimated profile E(k). As the optim zation algorithm
is executed, interim10 values for the tenperature correction baWAR 9003
(err)Tn are determ ned, and steps 208, 210 and 212 are repeatedly perforned
until final values of the tenperature correction values OT_ are obtained
such that the value of Z as set forth ¥ £ is mnimzed. The optim zation
15 al gorithm can be inplenmented, for exanple, using Mcrosoft Excel for

W ndows 9%CARILGTRNT. b5 PReR 2sothercanser cefmthei sHbgtaasel amide from

M crosof t ,cudiCor Ad£s NAbs el ¥me Rt Hesr SOPRRERT 2t | ¥ad¥abkahherpeht ware
packages al so can_be use&r%ﬁo Once the optim zation al gorlthm et er mi nes

the final TEREf=tMe £ t P IRF R SLE YRS Fnt PEnEeRERBeAREUER COr r ect i on
val ues (ereddge off echusesuiastphtset STho mdhsstenbAtbegRREAL HEE 2V iNRT

obt ai ned from the,sensors 190 during the processin f _substrates (step
216) . S%ecﬁa\égcaajl I%/fsﬁ%n%eﬁr%ms%%tg%?%e¥SC%?O gsgga’gilﬁeghé%ﬁ Lt he

control | erani SvesuAge aueaseaehenenper atack cadiett dostaakae DThefromthe
temperat urg aoial Nefcf oM@ §0FL PROONALIGL00E OF LHE hEgRALature sensors
e heati'ng [amp

190 prior "to adjusting the power level 0 S.In sone 30
systens, (FEOINEARFTEPSTathessuekagarofmiheesubstirafcaddiatinenr tdiagt her

cal cul at e atis Lsfdmeh 6. vdTudhe Leehpiguecdgsar bhed above, the
profile I\/(Aézmof t he asu eg t epper ature-rel at ed quantlté, such as oxi de
885 €c r BR

t hi ckn Gt viRYR T t e t 62138 e6r FBEpSHBFRF atenper at ur e
profile (step 204T¥hel measured YaVhBs20d3 thelt enddditintd wee RAHSGI ment

i nst ead of f. i t 204, th fil K f th d
tenper at uCBEFEAURdT oart 1T v CAF Dee R oDl e BPFERRUEFCRRPY et F ¥
si mul at ed ussmEertdiaringwof rebadi¢kyhip bbtweenanht estsomedd profile E (k),
where, E nt’it:'%/~ar‘;]c?_(é(ﬂe e M r dEQ) (s ég] ?8&9(9’ 18N PR M, 230N
per de e Frha tenp

algorithmthen 1S orned to determn erature correcti‘on
val uesl¥erthe By qtRt sersitivhty subbtnei ahapbani f6Pmiestisret 49 profile 10

E' (k). Equainwans BEGe r@su&%%i@@&%@ﬁﬂ be .4sedokyqeepl aci ng E(k)
with E (k). Al though the foregojng techniqgue has béen described in the
context of-BE PHITT RGrrEfEs Y“b’?)octe%s'i'—}ﬁﬁ CYEFERPOPAENBechni que i s

general | y tapypdcatlee 1iré i Dé he(k )t hecodtd pPhgcesseggagysherp2i:n which it is

necessary or desirab o_obtgi p,accyrat,e, t.enp re, neasure of a
substrate during pro}csz]égi ﬁg?(@/égéoV/e&TﬂT)I{eﬂt e+cre1£m?(%e")| S not |Fﬁ£§§&'to any
parti caPawhamsher of tenperature sensors. Sinilarly, the foregoing

techni que 20 can be used for substrates having dianeters other than 200 nm
such as substrates having dianeters of, 15Gwm or 300 nm |n various

i mpl ement ations, the system ndy.i ﬁcl%ﬁ“e;ong oM (&dre tenper at UER28dnsor s
190. O her inplenentations are withi'mtHe X%tope of the 25 follow ng clains.
2 5 MAR 2003

P, (Mpe,,) is the temperature corresponding to M,.,,, and k is
point resolution (e.g., k = [0, 1, 2, . . ., 24].
A processor, such as the controller 192 or a
separate general purpose cémputer or processor 198, can
25 be configured and programmed to perform the conversion
automatically. The temperature profile P(k) reflects
changes in temperature and reflects a one-dimensional
temperature profile along the radius of the substrate.
In one implementation, for example, the measured
30 profile M(k) is entered into the processor 198 usang, for
example, a keyboard. Alternatively, the data for the
profile M(k) can be stored on a magnetic, optical or



- 20 - What is clainmed is: 1. A method of tuning tenperature sensor readings
in a thermal processing chanber, the nethod conprising: 5 (a) determ ning
an actual tenperature profile for a substrate based on neasurenents of the
substrate; (b) calculating a sinmulated tenperature profile for28hgAR 2003
substrate based on a respective interimtenperature correction value for at
| east one tenperature 10 sensor associated with the chanber; (c)
arithnmetically conbining the simulated3 enperature profile and the actual
tenperature profile to forman estimated tenperature profile; (d)

det er ni ni RGPS T iSHATAE IRCGBIM dich SMPgeEyRRE v et FaRpEerTradet cothect i on

val ue by mmﬁssm& 8193398 (11 i dedNthpl dhenest LHBE ede fgnperature
profile is subst %ﬁf\e%&grmacross the surface of the _substrate; and

(e) using 55&\“% arF Bt R OR A DR et BE B ¥efeasur enent s

subsequenhmanintaldaa]duf HM ehet PrEspwh Npo ait f+eastheneeh apemnahyr e sensor.
2. A neghgquf ttirg g tenperature sensor readings in a thermal processing
chanber’ fthe ‘conprising: 25 (a) determ ning an actual profile of a
t enper ature reI at @dcquahE| pyofessarsibst pateibssed orcwmass effents of the

substrat emeblil, &R YUAEH NG MY 1S Myl éfé@@f@ﬁ%&@é&fﬂre 400 the

substrate using a respectlve interim erature correttion val ue for at
| east oneCgd rﬁbg@ét af P¥% el PresaREQr &P 8 t@tmk%m%@rbelc\)/ and

ari thmet i ealkly sgeintdved e rEH@t&&héx%‘PFé@ti‘éf prpﬁliiét éh%?e act ual
proflletof rm an estlrratgg_é)roflle 5 MAR 2003 - eterm ni ng

a finat® vafBe FER P s AP aﬁ?ﬂf eO}r\,tb?:I‘%H‘?o‘hh%al ue by repeating
steps (b) ten@e(rta)tuﬁﬁ idortrertaisir redlekeProf i lan Hes shid i Iparnidor m
across thg g.irrgﬁce exl '1‘; substrtate and ‘:r(ﬁ% usin each final value as an
of f set to%t EAperat (re ieds uremsmy b ?/r'obf FhedS £ FBf a

cor r espongng ratl lesasitdone terrperature sensor. 3. The nethod of claim1l or

2 wherein 10 cal cy% %éﬂgr lSI ?ﬁa{;cgggggr br .8k glftlel e ig{;ijo(lﬁjreajn B|SIUII:]691| ?ty

bel | - shaped distr] I on contri ut| oNns from ea
of radtat £6% SoFicrsated w@mﬂ@ermre correction profile dT(k)

across the plane of the substrate and determines an
optimal set of temperature correction values AT, for the
sensors 190. The simulated temperature profile dT (k) is
a continuous differential profile and is discussed in

20 greater detail below. The temperature correction values
for each of the sensors 190 may vary from one another,
and may have positive, negative or zero values.

To obtain the differential temperature correction

profile dT(k), an initial temperature correction value

25 AT,, is established for each sensor 190 (step 206). The
initial temperature correction values AT,, can be set to
zero or can be set to values which represent educated
guesses based on the temperature profile P(k) obtained
from the actual measurements. For example, the initial

30 correction values might be +1 or +2 °C. Alternatively,
the following technique can be used to select the initial
temperature correction values AT,,. For each sensor 190,
a mean temperature is calculated using a predetermined
number of points that are centered about the position of

35 the particular sensor. For example, if the viewing angle



4. The method of claim3 wherein calculating 15 the sinulated tenperature
profile includes determ ning a summati on of tenperature profiles from each
of the radiation sources. 5. The nethod of claim4 wherein calculating the
sinul ated tenperature profile includes using a peak 20 anplitud25fMAR @gagh
radi ati on source | ocated at a correspondi ng radial position of that

radi ati on source. 6. The nethod of claim3 wherein calculating a sinulated
tenperature profile further includes_cppverting each tenperature correction
value to a 25 correspondi ng vol tage change. 7. The nmethod of claiml

wher ei n dejreldddH -Gl acs uah é@@@eﬁawhg ar gf binetkeRcb¥dagoypeasuring a
tenperature-rel ated quantit converthE% t he t erature-rel ated
e

quantity S$6TH3MERETctTm - t e rafﬂ?eeBPﬁ Spac? PPRTZ0B8 thes 8. The
met hod of stbatmak evhiat et e deiermtlyngfaEaaht palrttemnalrapurb@epmhl be

i ncl udes neas r|n thlcknesses 0si n the substrate by a
t her mal procégs Efaﬁ?l ega%? L?%? gEB %rgggu etéﬂﬁ?nﬁ%ﬁ'an act ual
tenperdiuﬁ@q@wﬁndbefurImewtm@nludeésconvertlng t he thi ckness neasurenents
to the actual tenperature profile. = 10. The nethod of claim1l wherein 10
determ ning an actual tenperature profil.e*Mcludes nmaking resistivity
measurenents of a |layer deposTt@®ash th Ebsﬂﬂéme by a ther rdEQBJ) ocess.
11. The method of claim 10 wherei n determ*nng an actual tenperature
profile further 15-includes converting the resistivity measurenents to the
act ual teg&eratt&e profile. 12. The netho ':33; claiml V\/nerf

arithneti nBERFRGES LN IShakt t St A IRD FFEL&nECY he act ua
tenperatup&ommoﬁile Imcm@dQSSaﬂycaéxukapbmgtﬁba alisootanhdeadised to
emper At U Bl A0 L DSt Il aLedal RIPREALUIRD fLlda Hhe The Mot hod
of cIa|n1 Wher €1 i ern1ﬁ? Pval ué Por each respec

t enper at usatbsdmeds ieRgeal u“éhe ncnudealntnmnexangra value wFas fica: @ 25
functi og gJ m@iar;grésalﬁtm@noist ESl@%ﬁ'aEEBert SUBeLAA, %gpr%fe' le. 14.

The method of claim 13 wherein the value m Bimzed | s afunction of a
devi ati on™Msan p@lue T, nean, £Or the partlcular probe n from the mean

temperature value T,...., for the probe positioned at the

substrate center (i.e., n = 1):
AT o = Ti(mean. - Tn(mean) (EQ4)
15 The inverse matrix G! is used to convert each

initial temperature correction value AT,, to a
corresponding relative change in lamp voltage d4dV,,, where
dv,, is expressed as a percentage (step 208). In
particular,

20 dv, = AT,, X G, (EQ5)
and the individual lamp voltages dV,, are obtained based
on the information in FIGS. S and 6. Thus, for example,
dv. = dv,, , = dV,,, and dv, = dV,, = dV, ; = dV,,.

To simulate the continuous differential

25 temperature profile dT(k) (step 210), the temperature
contribution of each lamp in the heating element 110 is
modelled by a symmetric distribution having a peak
amplitude and decreasing toward zero on either side of
the peak. Thus, for example, the temperature

30 contribution of each lamp can be modelled by a bell-
shaped distribution, which for the purpose of the present

invention, is defined as including, a Pearson



2 5 MAR 2003 - 23 estimated tenperature profile for points on the
substrate wei ghted according to radial position. 15. The nethod of claiml
or 2 wherein calculating a sinmulated tenperature profile includes 5
calculating respective initial tenperature correction val ues WMQR 2003
plurality of sensors. 16. The nethod of claim 15 wherein cal cul ating
respective initial tenperature correction values includes: 10 calculating a
mean tenperature for each sensor based;©n the neasurenents of the processed
substrate; and setting the initial tenperature correction value for a

particul agisenseue@®l i -pudih§esensemdd besvepput henieas Lempesature for
that sensor and a . reference temerature, wherein the referepce

t enper at uPEUSHAEs FIHI SRS TR el t hﬁ%#h?%?%p?%r ohB€oFCFRE plurality of
sensors. témpkrmihed mfof e nghérnpen aber e sermonie@0byeadlogsat ing t her mal

processi ng,chanber, 1he thod conprising: (a)-deterpining. ap actua
enper at UEBSOAORTTAE 19T OF SRS F STBeEaLane ohEnEbtos chents Safh, FEMEibst r at o
(b) cal%ulsaticey ténesi @t eoh{ eppeantanei25synoétrecadbr ohéysubstrate based
on 1 eSPECtiaye Ny { SIRELALLE € (COT b PeLhaNoNBLYERAOBearRbUr al TLy of
tenperature sensors associated with the c aﬁ%er; gi arithnetically

combi ni ng YER@ is1iMe kaswPs ehpeeal UFS - p? ofRd eS hneeeheLacFRBF1E8ARBEr at ur e

profile texdyip ammestotméedl happelatateapsof sl gartdiudaterghinkng a
final value for eaﬁgfres ective te eratuke correction valge bg,repeatlng
2 L VAR 2688 CANSE B 6) SSRGS CF BNt RKCR hLESt FREPBH L ENpUFAPEY o

profileoi gheubksitrmyite aprtyf ihe froubr apl 084 bhetser haebenf ofheushbstrate; and
(e) using,caeh i nalowal ue. a5, 80,07 Legl 19,5 epeLAbURE MRagupsEEnt s

subsequentTy ohta COFreéspondrng on _ enper??ﬂ?gysensors.
18. A systrequfigred wmndgean plucheasy ohet sppedattrehsehsdhe t hat neasure

t enper at Ura@%o‘}fitqqﬁ@étéfégutéa? system conpri si ng:
The peak amplitude from a given lamp is assumed to
15 be at the particular radial position of the lamp. The
amplitude of the peak depends on the lamp voltage. The
simulated temperature profile dT(k) takes into
consideration the contribution from the various lamps.

In one specific implementation,

(x(k)-L, ‘,)2] (x(k)+L, )2
- : +exp| - : (4
2(Aw? 2(AwW)?2

6
dT(k)=C Y 3 —=—av,, (exp

u=-1 v=o e v

20 where dT (k) 1s expressed in degrees Celsius (°C) and

where the various terms in (EQ3) are as follows:

u,v indices i1dentifying lamp;
C conversion constant {(°C);
Yyuv number of lamps per radial distance from the
25 center,
where r,. = u + v +1 for u, v > 0,
and r. = 2;
dav, . relative voltage change (%) for the lamp

identified by indices (u,vVv);
30 x(k) radial distance (millimeters {(mm)) of a point k
from the center of the lamp array;



20 a processor arranged to obtain an actual tenperature profile for the
s-ubstrate and configured to performthe follow ng functions: (a) calcul ate
a sinmulated téenperature profile for the substrate based on respective
interim15 tenperature correction values for the plurality of 2t5eygRr re
sensors; (b) arithmetically conbine the sinmulated tenperature profile and
the actual tenperature profile to forman estimated tenperature profile; 20
(c) determine a final value for each néspective tenperature correction
val ue by repeating functions (a) and (b) until the estimted tenperature
profile i&,subst arrdahlyduaténrcen aombsstt hbesliafmpcédehtulidesultst rate; and
25 (d) use each Tifaicualyg 98 aPofl{f tcéﬂtéfm?rghgr grragaurement o
subsequent|y obtained froma correspon one o ature sensors.
19. The s$¥tem ofwh‘{iﬁhrrPRthﬁr?méFSM@IHﬁﬁﬂﬁgrat]élfér énisw tigdi at i on
sources for heatifgomhg §Qn§y@slgﬂﬁe(mmmergha the processor is further
config g to calculate the S|nulated te eraiure profile u5|n%M§

g% t Jolurality

bel | sh di st riBOEPbnTBFCLHEFARI (BoBt ri Buti dRs fromreach of

of radiation sour ces ~ ~ MAR 2003 - 25 20. The systemof claim19
wherein the proc fur[éher onf| ured to determ ne.a_s tion of

t emperature profi % Y? H?%a FhEng° Xﬁfﬁf?Bnc88§F88§ 532 Hfife system

of claln12bewhem@emaMqundxaﬂxmhuurpﬁluwf&ﬂe(nhﬁa;nﬂéd to calculate the
simul at ed LBuRerALYLA 180 Idre HdHh RCHOA e {08 E3GR. adi ati on

source | oca at a corresponding ra a positio rad| ation source.
10 22. Th¥adyigfemSoft T IRGTROMN faurkardd itheumsiin el drlaken erepeedavpne t hat

obt ai ng naasuﬁ:@r&eme%tofs@gm atrl Itgrel eirﬁinaséxq% ity heéQemide sybstrate,
wherein the &P cess IS ther conflgy%%g ﬁﬁf %%ve t he measurements of
t he t enpef&f rel e&’ G RRPS t*RHIPTREREFEHent s of the
t enper at usebselrated quanwﬁnAdnaﬁyundnnzﬁﬂotuﬁmﬁﬁﬁﬁuufermfﬁéée.tﬁén The
system of . ¢l r inclu a Jeasur nent device t obt gi ns

T ckness e ablroRugtd Jx (1R R the RIS dte L L8h. PERAL T her
20 confi ganegdxtidatecel \pradess msclpaasf@rmmlsu\rmm sseamhd ccesuvert the

Lhi ckngss SIBRENLRECLS IR 53 ‘ditnifdial IR R RO foe 2deal B Sy ST M Of

claim18 urther neasur enent al ns reS|sf|V|ty 25
neasur enefiP¥ Gﬁ‘aﬂ‘@éesubs]t r°é7t e, Marsrianates pxscdwade @ defemsineonfi gur ed

to recei vehehexige HHNKNeIPFHYBMNIT HHE iy ¥ dsd Noukgetatbyity
V\rrzasuyemeatgg 6%§t (I}e @gt ual t nper at ug&1 pr%éi 25.. The zémgm of ¢laim18
erein t RE93 & SXige i kReRs tlefe
for the first and second substrates is calculated. The
20 oxide thickness differences then are converted to
corresponding temperature differences. A temperature
offset then is introduced for a different one of the
temperature sensors 190, and the process is repeated.
The process is repeated multiple times, with an offset
25 for a different one of the temperature sensors 150 being'
changed each time the process is repeated. The
experimentally-derived data, in conjunction with
equations EQl1l and EQ6, then can be used to determine
appropriate values for the conversion constant C and for
30 the temperature distribution Aw. For example, with
respect to the RTP Centura™ and the RTP Centura XE™,
manufactured by Applied Materials, Inc., it has been
found that for temperatures between approximately 900-



2 J MAR 2003 - 26 .actual tenperature profile and the sinulated tenperature
profile to obtain the estimated tenperature profile. 26. The system of
claim 18 wherein the processor is further configured to mninmze a val ue
that 5 is a function of a standard deviation of the estinated élgrrperature
profile to obtain the final value for each respective tenperat eMAR 2003
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20 radial position. Specifically,

Knax Kax 2
(Kpax*1) Y, x(K)2 - (Z x(k)]
0E(k) = =2 =2
Knax (Kpax * 1)
(EQ9) ,
and Kmax
D(E(K)) = Y, [(E,E(k))?-x(k)] (EQ10A)
with K=o a
25 Ep = v ’gE(k) (EQ10B) ,

where x(k) 1s the radial distance (mm) of a point k from
the center of the lamp array, and "a" is set equal to or
less than the maximum value of k. For example, "a" can

be set to 10 when k has a maximum value equal to 24.
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, 10%3& ()7 *WIPL forth in EQ8 is minimized. The optimization

15 algorithm can be implemented, for example, using
Microsoft Excel for Windows 95, Version 7.0, Add-In
solver.xls, commercially available from Microsoft, Inc.
Alternatively, other commercially available software
packages also can be used.

20 Once the optimization algorithm determines the
final temperature correction values AT,, the temperature
correction values AT. are used as offsets to adjust the
temperature values obtained from the sensors 190 during
the processing of substrates (step 216). Specifically,

25 when a substrate is processed in the chamber, the
controller 192 subtracts each temperature correction
value AT, from the temperature obtained from a
corresponding one of the temperature sensors 190 prior to
adjusting the power level of the heating lamps. In some

30 systems, the correction values AT. may be used in addition
to other calculated temperature offsets.

In the technique described above, the profile M(k)
of the measured temperature-related gquantity, such as
oxide thickness or resistivity, is converted to a

35 corresponding temperature profile (step 204). In an
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quantity can be combined arithmetically with the
simulated temperature profile dT (k) to obtain an

5 estimated profile E’ (k), where,
E'(k) = s - dT(k) + M(k) (EQ11) .
As before, an optimization algorithm then is performed to
determine final temperature correction values AT, that
result in a substantially uniform estimated profile
10 E’ (k). Equations EQ8, EQ9, EQ10A and EQlO0B can be used
by replacing E(k) with E’ (k).

Although the foregoing technique has been
described in the context of a particular thermal
processing system, the technique is generally applicable

15 to other thermal processing systems in which it is
necessary or desirable to obtain accurate temperature
measurements of a substrate during processing. Moreover,
the technique is not limited to any particular number of
temperature sensors. Similarly, the foregoing technique

20 can be used for substrates having diameters other than
200 mm, such as substrates having diameters of 150 mm or
300 mm. In various implementations, the system may
include one or more temperature sensors 190.

Other implementations are within the scope of the

25 following claims.
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OBBBBDC%DnEmimﬂgslln a thermal processing chamber, the method
comprising:
5 (a) determining an actual temperature profile
for a substrate based on measurements of the substrate;

(b) calculating a simulated temperature
profile for the substrate based on a respective interim
temperature correction value for at least one temperature

10 sensor associated with the chamber;

(c) arithmetically combining the simulated
temperature profile and the actual temperature profile to
form an estimated temperature profile;

(d) determining a final value for each

15 respective temperature correction value by repeating
steps (b) and (c) until the estimated temperature profile
ig substantially uniform across the surface of the
substrate; and

(e) using each final value as an offset to

20 temperature measurements subsequently obtained from a

corresponding at least one temperature sSensor.

2. A method of tuning temperature sensor
readings in a thermal processing chamber, the method
comprising:

25 (a) determining an actual profile of a
temperature-related quantity for a substrate based on
measurements of the substrate;

(b) calculating a simulated temperature
profile for the substrate using a respective interim

30 temperature correction value for at least one temperature
sensor associated with the chamber;

(c) arithmetically combining the simulated
temperature profile and the actual profile to form an
estimated profile;
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5 substrate; and
(e) using each final value as an offset to
temperature measurements subsequently obtained from a
corresponding at least one temperature sensor.
3. The method of claim 1 or 2 wherein
10 calculating a simulated temperature profile includes
using a bell-shaped distribution for thermal
contributions from each of a plurality of radiation

sources in the chamber.

4, The method of claim 3 wherein calculating
15 the simulated temperature profile includes determining a
summation of temperature profiles from each of the
radiation sources.

5. The method of claim 4 wherein calculating
the simulated temperature profile includes using a peak
20 amplitude for each radiation source located at a

corresponding radial position of that radiation source.

6. The method of claim 3 wherein calculating
a simulated temperature profile further includes
converting each temperature correction value to a
25 corresponding voltage change.

7. The method of claim 1 wherein determining
an actual temperature profile includes:
measuring a temperature-related quantity; and
converting the temperature-related gquantity
30 to the actual temperature profile.
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8. The method of claim 1 wherein determining
an actual temperature profile includes measuring
thicknesses of a layer deposited on the substrate by a

thermal process.

5 9. The method of claim 8 wherein determining
an actual temperature profile further includes converting
the thickness measurements to the actual temperature
profile.

10. The method of claim 1 wherein
10 determining an actual temperature profile includes making
resistivity measurements of a layer deposited on the
substrate by a thermal process.

11. The method of claim 10 wherein
determining an actual temperature profile further
15 includes converting the resistivity measurements to the
actual temperature profile.

12. The method of claim 1 wherein
arithmetically combining the simulated temperature
profile and the actual temperature profile includes

20 calculating the sum of the actual temperature profile and
the simulated temperature profile.

13. The method of claim 1 wherein
determining a final value for each respective temperature
correction value i1ncludes minimizing a value that is a

25 function of a standard deviation of the estimated

temperature profile.

14. The method of claim 13 wherein the value
to be minimized 1s a function of a deviation of the
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15. The method of claim 1 or 2 wherein

calculating a simulated temperature profile includes
5 calculating respective initial temperature correction
values for a plurality of sensors.

16. The method of claim 15 wherein
calculating respective initial temperature correction
values includes:

10 calculating a mean temperature for each

sensor based on the measurements of the processed
substrate; and

setting the initial temperature correction
value for a particular sensor equal to a difference
15 between the mean temperature for that sensor and a
reference temperature, wherein the reference temperature
corresponds to the mean temperature for one of the
plurality of sensors.

17. A method of tuning temperature sensor
20 readings in a thermal processing chamber, the method
comprising:
(a) determining an actual temperature profile
for a substrate based on measurements of the substrate;
(b) calculating a simulated temperature
25 profile for the substrate based on respective interim
temperature correction values for a plurality of
temperature sensors associated with the chamber;
(c) arithmetically combining the simulated
temperature profile and the actual temperature profile to
30 form an estimated temperature profile;
(d) determining a final value for each
respective temperature correction value by repeating
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S temperature measurements subsequently obtained from a

corresponding one of the temperature sensors.

18. A system for tuning a plurality of
temperature sensors that measure temperatures of a
substrate, the systém comprising:

10 a processor arranged to obtain an actual
temperature profile for the substrate and configured to
perform the following functions:

(a) calculate a simulated temperature
profile for the substrate based on respective interim

15 temperature correction values for the plurality of
temperature sensors;

(b) arithmetically combine the simulated
temperature profile and the actual temperature profile to
form an estimated temperature profile;

20 (c) determine a final wvalue for each
respective temperature correction value by repeating
functions (a) and (b) until the estimated temperature
profile is substantially uniform across the surface of
the substrate; and

25 (d) use each final value as an offset to
temperature measurements subsequently obtained from a

corresponding one of the temperature sensors.

19. The system of claim 18 further including
a plurality of radiation sources for heating the
30 substrate, whereain the processor is further configured to
calculate the simulated temperature profile using a bell-
shaped distribution of thermal contributions from each of
the plurality of radiation sources.
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each radiation source located at a corresponding radial

position of that radiation source.

10 22. The system of claim 18 further including
a measurement device that obtains measurements of a
temperature-related gquantity from the substrate, wherein
the processor is further configured to receive the
measurements of the temperature-related quantity and to

15 convert the measurements of the temperature-related
quantity to the actual temperature profile.

23. The system of claim 18 further including
a measurement device that obtains thickness measurements
of the substrate, wherein the processor is further
20 configured to receive the thickness measurements and to
convert the thickness measurements to the actual

temperature profile.

24. The system of claim 18 further including
a measurement device that obtains resistivity
25 measurements of the substrate, wherein the processor is
further configured to receive the resistivity
measurements and tc convert the resistivity measurements

to the actual temperature profile.

25. The system of claim 18 wherein the
30 processor is configured to calculate the sum of the
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actual temperature profile and the simulated temperature

profile to obtain the estimated temperature profile.

26. The system of claim 18 wherein the
processor is further configured to minimize a value that
5 is a function of a standard deviation of the estimated
temperature profile to obtain the final value for each

respective temperature correction value.
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