SUREMENT
WD 00/ 09976 PCT/ US99/ 18537 TIUNI Nr?t ﬁoﬁu'?ﬁlRﬁIEen;ngﬁErRérgESNFé t echni ques
SYSTEMk. 5 Ba?@@\%g%ﬁﬁgnf Egnt g\é? tenperature neasurenents of 2-pc’r/u599/13537
Jcg;ri ggnldﬂgt or rTgr other substrate. In nmany semi clondu?:tso:‘:)f dg\él/?ce
?ranuf acturing 10 processes, the required high evgmy be acini :
performance, yield, and process repeatab!llté gﬁgr vater) is MmmmmmmmmWﬂf
t erature of a substrate (e.g., a sem condu | o Control, g pne
cgm)rol [ed during  processi n%. TobatCP;te\éettePrgterate\tere in real tine Hhd in
necessary to neasure the subs er al be i )
g”ﬁ” so that any unexpected tPUREN@IATSQBYBEA |onfa0;'ig thergw m mmm"b
det ect ed and correct ed T e’ ﬂergvar exaﬁP.f;ﬂmmE 20 processe )
(RTP), which is used for o=t RTA) thermal cl eaning (ﬁﬁ%yg
including rapid thermal annealing (RTA), RTCVD), rapid thermal oxidation
rapi d thermal Chg”‘ﬁal V?Eﬁ k g Boaltkon Invent i Nparticul ar ,appILcatlon
RTO, and rapi er.nma e ) t Bi.ck gr owt
éf ) gat e dielggﬁrggvpagﬁgp|gnlbyeEWGbOteaﬁnfﬁﬁbs BLEe HQE?Pg

: . : i ctrics are CFI al _
t enper at uRBPTraNedumdrordeins @f ttgt\;@real ee\?:"gelé’%bgm(% ad fabrication

par anet ef Sehiabalic IBNCE. dies Subssaiatg made with dielectric |ayers that
yield. Currently, - < : i niformty must be held
are only 60-80 Am'mﬁn@ﬂmow@%%%%ﬁ%ﬁn&f@?%ﬂéﬂa t hat
A r1ot2 ;?ﬂé@é%grgiggf i %ﬁ)s‘? & gb‘ggefihéﬁsbbéﬂvstls d(ﬁr'degihégp terpg;ﬂ U(r)]?ten
pocess) G “endend vikin, donacpsetehal sk Thec el LLgel] of
cannot taatbéee@ven sHBl Lo %Eéfgggg$%vi)ggp@ggqge (e.g., a
tenperat@%%f%§ﬁ5&g}gf Egﬁgr) is tightly controlled during
Processing. To achieve that level of control, it is
15 often necessary to measure the substrate temperature in
real time and in situ, so that any unexpected temperature
variations can be immediately detected and corrected for.
Consider, for example, rapid thermal brocessing
(RTP), which is used for several different fabrication
20 processes, including rapid thermal annealing (RTA), rapid
thermal cleaning (RTC), rapid thermal chemical vapor
deposition (RTCVD), rapid thermal oxidation (RTO), and
rapid thermal nitridation (RTN). 1In the particular
application of cMos gate dielectric formation by RTO or
25 RTN, thickness, growth temperature, and uniformity of the
gate dielectrics are critical parameters that influence .
the overall device performance and fabrication yield.
Currently, CMOS devices are being made with dielectric
layers that are only 60-80 A thick and for which
30 thickness uniformity must be held within +2 angstroms
(A) . That level of uniformity requires that temperature
variations across the substrate during high temperature
Processing not exceed a few degrees celsius (°C) .
The wafer itself often cannot tolerate even small
35 temperature differentials during high temperature
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ecess
gggg?{?L$ES@§EE$@?E%EEn§EFS, by measuring the emitted radiation,
15 the object’s temperature can be determined. A pyrometer

measures the emitted radiation intensity and performs the
appropriate conversion to obtain temperature.

One difficulty encountered in the use of
pyrometers for measuring substrate temperature in an RTP

system is that variations between individual temperature
sensors and differ

20

€nces in their position with respect to
a particular substrate in the chamber can affect the

accuracy of the temperature measurements. Therefore,

substrate temperature measurements obtained from the
mponent attributable
Those variations show up, for

as differences in the thickness of a deposited

layer across the substrate surface because the sensors

25 sensors can have an unknown error co
to such variations.
example,

are used as part of the closed-loop temperature control,
One way to address such errors is to reduce or

lacrease a temperature offset at the location of the
temperature deviatjon.

30

1f the location of the
temperature deviation matches the position of a

temperature probe, then the amount of temperature change

35 necessary to correct the deviation is approximately
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temperature sensor readings in a thermal processing

chamber includes determining an actual temperature

15 profile for a Substrate or an actual profile of a
temperature-related quantity for the substrate based on
measurements of the substrate. 2 simulated temperature
profile for the substrate is calculated using a

respective interim temperature correction value for one

20 or more temperature sensors associated with the chamber,
The simulated temperature profile and the actual profile
are combined to form an estimated profile. A final value
for each respective temperature correction value is
determined using an optimization algorithm which results

25

in the estimated profile being substantially uniform
across the surface of the Ssubstrate. Each final

temperature correction value is used as an offset to
temperature measurements subsequently obtained from the
corresponding temperature sensors.

30 In another aspect,
temperature sensors that m
Substrate includes a proce
actual temperature profile

a system for tuning multiple
€asure temperatures of gz
SSor arranged to obtain an

for the substrate or an actual
profile of a temperature-related quantity for the
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following features are present. To calculate the
simulated temperature profile, a bell-shaped distribution
for thermal contributions from multiple radiation sources
in the chamber can be used. For the purposes of the
bresent 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 Cerresponding 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-relateqd quantity can be made, and the

30 temperature-relatedg quantity can be converted to the
actual temperature profile. The temperature-related
quantity can be, for exXample, 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
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1. radial position.

The tuning procedure is simple and typically only

15 needs to be implemented once for a given chamber

structure. More accurate temperature measurements can be

obtained during substrate pProcessing by correcting for
variations between individual temperature sensors and

differences in their pPosition with respect to a

20 particular substrate. More accurate temperature readings

can help provide more uniform layers on a substrate
processed in the chamber. The invention, therefore,

enables reliable temperature measurements with enhanced
repeatability ang uniformity.

25 Other features and advantages will be apparent

from the following detailed description,

the accompanying
drawings and the claims.

Brief Description of the Drawings

FIG. 1 is a Cross-sectional side view of a rapid
30 thermal Processing (RTP) system;
FIG. 2 illustrates an exem

plary 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.
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ilTustrates awgggpoquie to calculate correction values for tenperatures

obtained from tenpérature sensors in the systemof FIG 1. FI z
illustrate further details of an 5 exenplary |anp configurati oﬁﬁf%r&%@ﬁgs”
heating el enent. Detailed Description As shown in FIG 1, a rapid thermnal
processing (RTP) systemincludes a Progessing chanber 100 for processing
a di sk-shaped, eight inch (200 mm) dianeter 10 silicon substrate 106. The
substrate 106 is nmbéfted iilbdskdeathe gh@@eﬁ?ﬁ a,substrate support

e s

. . e t ! :
structure H¥Bretddrs S by a heating e nt 169 B&® directly
above the sybstrate. Theqﬁggﬁlﬁ;QﬁWRﬁﬁﬁtqmﬁﬁgﬁbﬂﬁrmed feadi ation 112 which

enters the processiNg denssars 100 the tdyugh S \/ﬁtb@r-fool ed quartz wi ndow
su

assenbly 114 aboveritcde subsiiff eneat h t he strate 106 is a reflector
102 whi ch E%HPE%&OI on a vat er-%%%%e%l, YtEPfF edstatéel ofbase 116. The
02 Ts

reflector I d&BP SPO&iAUTRaAdnhder a bl GlRlat ief | AGhl G surface
coating 120. The underside 20 of substrate 106 and the top o Fef | ector 102
forma reflecting cavity 118 for enhancing the effective emssivity of
the substrate. The tenperat urest 1 ipt éghons 109 of substrate 106

are neasured by nﬁﬁtﬁ@p@ntemp$ﬂatuqq Rr : 126 coupled to respective
G ?t%erlfl‘ﬁc Bhocegingnper at ur e

pyronet er S(RZS (Hpdterh Y whi ch are shown Th
probes 126 _are éé;g peﬁi r er_?ﬁkg%?s P PJEsCTHEs i passhambenghonesgect i ve conduits

124 ext endi 5 S 9 e dladksitdepat, tdigypas 6 rough.the top of the
g e fhéﬂ_(2¢$y8B?e?é?m§He§ecause t hey

refl ectOr siQ2.cobappibdtg-ddghty 30 pllggeessf re@g;tgee;fmstmymmdeao have

have rel atj.vel mal | scattering efF1
greater t?gqr?\é?ee?/st}q icﬁ’ﬁt‘“qeé] &t iaow,uudnmdeheg,upﬁgﬂ/i QLgat er measur ement

ocal i zat POA. iBoheaeed Bhea hHedhl B RIS, GaN S sBde OF any =pptbriate

[ocal i zat ocated direct]
EBBYe the substrate. The heating element 110 generat .
es

15 ¢
hrough a water-cooled quartz window assembly 114 abo
ve

the substrate. Beneath the substra

te 106 is a refle
. ‘ c
102 which is mounted on a water-coo o

led, stainl
Lo . €8s steel
e 116. The reflector 102 ig made of aluminum and ha
s

The und j
; erside
0 of substrate 1056 and the top of reflector 102 form a

reflecting cavity 118 for enhancing the ef
emissivity of the substrate,

@ highly reflective surface coating 120

fective

The temperatures at localized regions 109 of
substrate 106 are measured by multiple temperature b
126 coupled to respective pyrometers 128 cor
which are shown in FIG. 1).
are s§pphire light pipes that pass through respectiv
conduits 124 extending from the backside of the bas el
tbrough the top of the reflector 102, Sapphire 1i ; -
pipes are generally preferred because they have .
relatively small scattering coefficient

25
(only three of

The temperature probes 12¢

30

S and they tend to

| , thus they
provide greater measurement localization

have greater transverse light rejection

However, the

light pi
g Plpes can be made of any appropriate heat-tolerant
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corrosion-res e.g., quartz, that can transmt the sanpled

kﬁé mat eri al ,
radiation to t e&g@ﬂﬂmter. Sui tabl e quartz fiber |ight pipes, P%q.m%g& {§37
crystal light pipes, and light pipe/conduit couplers may be obtan d
fromthe Luxtron Corpora tion-AccuFiber Division in Santa dara,
California. Alternatively, the radiation sanpling systemcan be an optical
systemthat includes a small- radius 6bj7e(':ti ve lens nounted in the

reflector BOd adrrossysiempi-rrors and | enses whi ch communicate

radi ati on ]:Q,a%%lmll.e&;:t d by theglfge?ﬁ{s b e py rorfet e Auasiich dHachrdgue may

be | ess expénsive ﬁjf? SHEPN § € Tadjt immpes ithe PR HAt e of f-the-shel f

optical el éndtedleanuea-tfoumcdber Al g natively, |ight pipes also can be nade
e A Y s annar b Remeal gt 15

froma tubgipWkth hi.ghl.y polished re

descri bed gﬁ%’%u rré‘??td, l%%’éytpﬁld%ﬁ}tq%u@zs Coapd exrsnamyoWe bardwidih (e.g.,

about 40 nﬁfomoéé?e@uaatr@lmwor%‘i&a@gbn@l&idl@glb%rp%romet.ers 128 al so may be
I béer

obt ai ned feoayshecghy n_Corporati on - Accu DUvFSPBn iPnSsasea d ara,
California. 20 Thea%gé%%lgﬁgd i %gltéf‘f@ﬁttéf’?éhfaébaathgﬁihasioai ghip1ABESur enent

probes di st¥7bted82BvEe Bheopefikadt eysm@incbhagagnggjgégdato suré the
t enper at ureaddusli dbpeept vLadil o %futge substrate. ring~t R8P Mmar
processin u nt‘)o(;r]%‘ struct ure-108%1'5%¢ o1 Bt ERe a¥e hboeton01 02t ahitogs per
mnute 25 yl%\s/ﬁj. UBI T EQRER 13¥16béeaseﬂadvhyclsa@&hrﬁa§1£@£téegggigtyre profile
of a céPrexspdretitey amput RE 1LR8 @ﬁae@hg he Substrate. In so on

the probed"ar® usethCiThe se@poiqust ruct ur e

i npl ement a4 fewer than all
whi ch rot g%ale};s)%elesu STFRERS1%9 Ghan URRRPTal s plpiayHt rd 13861 34F Whi ch contact s

t he subst ARP&EOPFicel ¢hb- tsubsiiat e’ s o8 Helineter, thereby leaving all
of the undergidg Qf,dHNe substrate exop%osedaelexegleep erlr'fFt r Cap g’r?alﬁ"%ul ar
regi on about the outer ‘peri t FLPeR) alfoniqen det ime dieh v ditsgantinuities

that will YoEBUR &ighly polished reflective inner surface. In th
15 described embodiment, the Pyrometers 128 have a narrow )
bandwidth (e.g., about 40 nm}) located at about 950 nm
Suitable pyrometers 128 also may be obtained from the.
Luxtron Corporation-AccuFiber Division in Santa Clara
California. ,

20 ' j
The described implementation actually has eight

measurement probes distributed over the reflector which
can
: be used to measure the temperature at different radii
o .

the substrate. During thermal processing, support

structure 108 is rotated at about 90 rotations

25 (RPM). Thus, S

iy each probe actually samples the temperature
profile of a Corresponding annular ring area on the

sSubstrate. 1In some implementations, fewer than all the
probes are used.

The support structure which rotates the substrate

30 incl T ori ]
udes a suppor- r¥ing 134 which contacts the substrate

ar !
ocund the substrate’s outer perimeter, thereby leaving

all of the underside of the substrate ex

posed except f
a small annular region i .

smal about the outer perimeter. To
minimlize the thermal discontinuities
35 the edge of substrate

that will occur at
106 during processing, support ring
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i ffle
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particulate formation during operation. Upper bearing

15 race 141 isg magnetically-coupled to an actuator (not
shown) which rotates cylinder 13, Support ring 134 and
substrate 106 at about 90 RPM during thermal Processing.
The support ring 134 is designed to create a light tight
seal with the quartz cylinder 136, A purge ring 145

20 that is fitted into the chamber body surrounds the quartz
cylinder. The purge ring 145 has an internal annular
cavity which Obpens up to a region above upper bearing
Tace 141. The internal cavity is connected to a gas

to

supply (not shown) through a passageway 147, During
25 Processing, a burge gas is flowed into the chamber
through burge ring 145,
A suitable heating element 110 is disclosed in
U.S. Patent No. 5,155, 338, incorporated herein by
reference. This heating element uses 187 light pPipes to
30 deliver highly collimated radiation from tungsten-halogen
lamps to the brocessing 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
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(‘11-12) which are located in a radially symetrical 35 manner. The twel ve
groups can beggrou ed together to SUBSTI TUTE SHEET ( RULE 26) WO 00/ 09976 -

9 PCT/ US99/ 18%8P099%¢i de si x control zones (FIG 6), although h%e
particul ar arrangenent depends on the configuration of the cha Eﬂ59gﬂﬁ§g,
for exanple, the center lanp, which is identified by indices (-1, 0), is
| ocated in group 1 5 which is in zone Zi. The zones can be adjusted
individually to control the radiative heatitng of different areas of the

substrate 19@ VEE@ 3 iIIust‘rqt es a control loop for heating the substrate
to the desifed tenpsrdt GPELIPL Gomest HEIM sanpladct riigiite g om t enper at ur e

sensors 190PgFtachlelearpyhaerbarsqiag gd the.light pipes 126). The
heat i ng elgﬁgngh;$gﬁgnclgges 187 tu%ggtgnfﬁhﬁgﬁb%q 1qfdteard  arranged

in radial zones. Each zone'8f'| &ftpse¥amPdepartdueelopnpewerachy whimy ti - zone
lanp drivertdoudentifisdi by indtaes, (cont pgl | ed By a mul ti-input,
mul ti - ouputhi€eni ok} e 192,, Singe the substrate rot at es "afTaFEuUL 90 rpm
and tenperature asur enent s~ are nAde®3Redi FRBr bt adjadited | ocations on the
backsi de oflqcifevﬁlb%“}étféo 1o6rtrehcthé enpeiat 48 §8AS9L pg?duces an average
tenper at ur eliXif exveric aasbd{d esent, annul ar Le ion of the stbStrate. The
annul ar regions coggéide wi th Hhe radi af 2 2one8eof the heat | anp. The
controller 192 recet es3tHélﬂéﬁﬁéﬁasuaecommaﬁurQEQ@I&C&h%ga%gggpﬁﬂFrated by
d

the t enper AUuSE T smqa;?fes q%%%répr%eq@dérgg?r%ﬁﬁp %%ggssgﬁgs f ufon a
e RNyl R WS
i nedPYERPEame: & 28c pekde throfliik®rl 96 ddiat; 46 suppld ed to. the
Cont ol [ o «180r20 110 depaLLge e boudr Tt S THE Mt T ams. e
control l er_192 uses a nmatrix G WA chheS&GEds idgen Netmireattiaalare
rel ati onsh?p* BREGEeANarddsal edonhangeEakh zone of lamps is
éepaFately powered by a multi-zone lamp driver 194 that
15 is, in turn, controlled by a multi-input, multi-output
controller 192. Since the substrate rotates at about 990
rpm and temperature measurements are made at different
radial locations on the backside of the substrate 106
each temperature sensor produces an average temperatu;e
20 over a different annular region of the substrate. The
annular regions coincide with the radial 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
Lemperature as specified by a predefined temperature
Cycle profile 196 that is supplied to the controller 192
30 To determine the powexr level of the heating lamps, the -
controller 192 uses a matrix G which describes thé
mathematical relationship between a desired change in
power supplied tc the lamps in a particular zone and a
corresponding change in temperature. More precisely, the

35 matri ' T '
rlX G describes rthe relationship between a change in
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[ ondi ng
i i articular zone and a corresp
e P e o e I:gpz Lpegigely, the 35 matrix G describes the

in te 1907 : RULE 26) WD
52?2? ieolnshi png’g{’%%%?“a change in SUBSTI TUTE SHEET ( P%a/,&%gg?m

| S99/ 18537 - 10 |anp voltage and the correspondi aﬁefgagge Iis the
retl Y in other words, dV_ x G = dT,,, (EQ) in tenperature at
tenper atur e, in lanmp zone n, and dT., is 5 the change I'n gpindex for
VOltage'CParggation of the tenperaturelprebe n, mhereln I? afron1one
the radial Io hes Lfig.details of the matrix Gwll vary o
”})gt Zrennfgrzl-nac?tl%er %ﬁg cahn BethﬁrFQEHEéRQEd“m”thhhge Thect@pReL phiL

S

Predk j fe
: i adjustnents to the tenperatu
correction?ﬁgﬁﬁh%?ww o Cthe se sé?s 150. Such adj ustnents are necessary

i the s . tures
neasurements obtai ned from gg Ty° exi%k-. bet ween t he (EQIpEr a
i ' typrealty” ex ture
because slight dj screpancies L3ke t enper at ur ¢
oha e THOH A SOt i ot e femi e
Thr oughdut thhecmafﬁ@@sslrpy@"epelja}‘ﬁ]ee a%ttﬁ%rﬁ%ﬂeslwﬁm @Myt he
| Li.yered to the different . rofile are
Cenper at ur 6 TRV EaELERe BXRRF Fromheies desis et g vl G [SEESSHE 1 he
er Yy i i or, .c .
E:gm)ect ed Fhoe. SB@t@.'feCdmrallmsin%ft P:Zlé% g‘%r%?flé%;ﬁ Wikl Viagyhéimhulorieo define a
N C iaan g L e it
sensitivity s . HE . val can .be es _
experinentalIy-deﬂéﬁndﬁﬂbﬁfﬂﬁﬁﬁé?%%%§§§§5%95wﬁygékgﬂ]Qﬁﬁqﬁuqqﬁpmmncess
repeat edl yapridrndn g oot PRL "Ben SbRbUESsMeASHbemet08s. obbeiA¥ar ags,
at different tenperatures Tn . d-f.or b.tenperature. The
thicknesset t sQﬁﬁd%g@hlCﬁnehsad§u§eméﬁtfeai§ 2§QE|%%F%a??6ﬂu%¢ the
. I rat ul
o e L o I e o e S e betwee et ey 0.
system se | : . e | s_in
Alyt Lo \'i/‘%rr@a,e\ggft%ﬁé:resr é.'b%%ﬁ@?ﬁ@ £pem f toheri sensot her @ 2 p4 keSS4 3
chamber 18Bbsgmetieertemperature. Throughout the process cycle,
15 the controller automatically adjusts the power levels
delivered to the different lamp zones so that any
temperature 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 & sensitivity s for the thermal
processing system. The sensitivity s is an
experimentally-decermined barameter 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

indication of the system sensitivity s in angstroms per
30 degree Celsius (A/ec) . Alternatively, after repeatedly
performing a thermal process in the chamber 100, another
temperature~dependent guantity, such as resistivity of
the deposited layer, is measured. The slope of average

resistivity versus temperature provides the sensitivity s
35 in ohms per degree Celsius.
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tenper at ur e- dependent quantity, such as resistivity of the deposited
layer, is measypep 99;99 sl ope of average resistivity versus tenperature
provides the sensitivity s 35 in ohnms per degree Cel sius. SUBSUThS0ESIEET

(RULE 26) WD 00/09976 - 11 PCTIUS99/18537 FIG 4 illustrates a technique
to calculate a correction value AT.. for the tenperature obtained from
each sensor 190 (i.e., the pyroneters a light pipes). First, as

i ndi cated by step 200, a blank wafer or substrate is placed in the

processi ng chanber HD®. apdia) LeppeLat yres endent process is perforned.
The teﬁperetﬁlgga?ggendeﬁﬁt process %gngi ﬁ%gﬁgéQuFoFoeﬁéﬁﬁPé&eaﬁ oxi dat i on
process or an inp ant’ ¥iés Ap*r—-o§@§s.Chentegpeeaahrehem@&(@ﬁeda@ om

t enper at ur ef8€peAdBADrPILOCESS tehat ¢ i.n, a_knqwn correl ation

bet ween subsigate agemg&gggr% and g%ngilo%#h'tee?eﬁ%agunrda |1§h&u§ﬁﬂe§y,- such as
filmthickness or resistivity’ &3nh5&Puséf. Prbflenkbiwrfert be rel ationship
bet ween CenPePatifee ahd phecrdasur &abeprgggggggé LRasubst i%l ally linear.
15 Once thetérﬁ;ﬁ@ﬁdaﬁyéed%?gﬁgggﬁt ngocess,has en -perforiidangha
substrate i,s renpved from the chaftb8F€$80lSaRarheamadenelihs of a

t enper at ur e- 7S HEFHRAEPERARLK) pracess aken ﬁﬁéPﬁéthfofag;cg'ﬁ%i% t he

substrate usi mxizlatRas Us LHBEE s Y 99, (step 202). For éxa if an 20
- 5% gﬁe%m%{‘)%‘:‘tt eaihﬁ’%‘k%%s-nehsurenents

oxi dati on geqfegsasl Werfor med I'n
of the oxide layer DETmRLY Peneetd psoredependenbepisesss f [, examl e,
to makel? h&estitskres s ﬂﬁ&ﬁkt{%@f\}élalﬂér?r%v&ev%?/ﬁ@%q a SiTici datton

e

process wag eppkh i_n step 200, then neasur rate; regj stivity can

be made. A t,ﬁlll%n ?Fﬁ%%r éaéfj‘fiﬁcg'i‘ef y° M dimd vy adppmrqatars: i Sc hsas, 8,4 our - poi nt

probe, canfBéM tiségknessaloe tofess TaSiiGiteb Vi 1h JTRAS Y LBt - thk her Id; echni ques
+ the

and neasur eAeNteUg¥E 6ESHGAN used to obtain the neas
tenperature-rel ated. qu%rl%'(ti?)t fg%f(felrh CERE ST RSME e st itdre, mealstuiralg e

measur errenfEaBEItY 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
meésurement 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
Anlellipsometer can be used, for example, to make the.
thickness measurements. Alternatively, if a silicidation
pro?ess was performed in step 200, then measurements of
25 re51st%vity 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 andg meéasurement devices can be used to obtain
, the measurements of the temperature-related quantity,

In one implementation, multiple measurements of
thé temperature-related quantity are made at various
points k along a radius of the substrate. For example
measurements of the temperature-related quantity can bé

made at twenty five points k from the center of the

35 subs ]
trate to its edge. In another implementation, one
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t-he tenperature-related quantity are nade at various points k along a
radi us of the substrate. For exanple, neasurenents of the
_tenperature-réY%P%@?"Zﬁjantity can be nmde at twenty five point spészrf{]@gm&pe
center of the 35 substrate to its edge. In another inplenmentation, one
SUBSTI TUTE SHEET (RULE 26) WO 00/09976 - 12 PCT/US99/18537 neasurenent is
taken at the center of the substrate and. two or nore nmeasurenents are
taken at each of anot her tmenty-four’rﬁﬂial di stances between the center
neasurenents taken at a given 5 radi al

and the eduyeaofiréhensubst ¢ e :
di stance frgmthe center caﬁkgg %gn%?%eﬂe?BeﬁbPﬁi hheafulgtrage mmasur enent

for each ra |aloﬁi'§?5?1c'é¢afl‘%§em%mb$ialee M &keshatl dakgf bﬁ%nﬁ@ﬁg es in the
e€r than

measured BTt yE Ao 08831 o f. the substrate, rat
§H€&g’? eeégt%e%w%% 502 dFfBRaY oAt phefil e

absol ut e val ues, and r

al ong the ragl ,ugiggglﬁwes e, Thhanemasmehyal tggeofat he ive

t enper at Br &Addladt et stguard i faeMEHe Q;req}t(‘é}nv(.{a#eg to_a tenperat uTe p?ofi | e
P(K) usingnt ek n{e%:s%fri onshi \%&t%et ween e Tred &quu%t@lwamd t he
tenperature (step 204). 1n otiér d€achs natkiasysdemaensi timidy s of the

chanber 108TPEig§el K0 shomler tretfhe oY asa] tities Mk) (e g., oxide
t hi ckness quahesk§t B¥hbyk ttget g%r%grres Or@%r?gqq?eer#péeﬁnaﬁ%(‘b‘)eé ofile P(K)
accordi ng Bs%atipn EQ2: (R "=3FC( Mt ke smisemat/sS) ratPeoA Mrean) 20
wher e (EQ2§, 5F. Mmeapprempnty makugs]l ka@ Per(Mman), lohelLhe tenperature
cor r espéndiimensi dheanprapg k g§on§01:gg resol utian g}e-g-, k =10 1, 2, .
., 241. A processqn, such as the control FEF11§204r tRe Supstameegener al
purpose conputer of procesE¥sd 1o uasawt the temperature-relateq

quéntity M(k) are converted to a4 temperature profile P (k)
using the known relationship between the measured
quantity and the temperature (step 204). 1In other words
15 the system sensitivity s of the chamber 100 is used to '
co?vert the measured quantities M(k) (e.g., oxide
thickness or resistivity) to the corresponding
temperature profile P(k) according to equation EQ2:

P(k) = [(M(k) - Miean) /8] P
N + Py (Mpean) (EQ2),
y n Knax
mear - M
'K-nax"l kz=; e =ezA) l

Py (Mpean) is the temperature corresponding to M and k i
point resolution (e.g., k = [0, 1, 2, .« . ., gz;t )
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 conver;ion
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 using, for
example, a keyboard. Alternatively, the data for thé
profile M(k) can be stored on a magnetic, optical or
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' tomatically.
[ mred to performthe conversion au
Sghaiiin hi ?n?i F;OI%EE) reflecltos changes in tenperature and reflects
e tegperagiug‘f?a mg?@nperature profile along the radius Of|th§/FE§lR{§éJ’%t5§7
.?nogﬁ-e :glnemsnt ation, for exanple, the maasuredI 30 prkgf Ibogrd
oot vely e process]?r 1'?ﬁ USIppg{‘irce)rl\/(%(a(r:rgnebeasto?/ed on.a magneti c,
' the data for e megn

ﬁLE?EQ?tBYegﬁBSTITUTE SHEET (RULE 26)" W3 00/ 09976 PCTI US99/ 18537

198. In
' %@ ly transferred to the processor
ot her st or agthdwedisy miPsgquen ! e bt anaed o
yet ot her ;)?I enent atlons,e%?lhe ET‘R‘-Eg %ﬁf%@iﬁllse N da) s e

t

devi ce
et ued | RCORRITalIS: by “whac enessorsiflduamd p6 Joasyy eront 5 devi oo
£ 1398 Moty ald . SUT™
139' (C))p?gctn!easpm{/ I.ues1 A'Iﬂ, gge) (:%I%cgﬁea_tozj&ad%%@rprr(%fﬁslsmd 198, I frj\lsyet
expl ai d %g?)'%v"&a%éﬁ& Ivhdl &he erceeedomtos e oD nleearsutjz% el el
g?ﬁla(rm 283 i ﬁpVén,entlaBi.ons, t he apparatus for obtaining the enp

[ |
[ formed as part of a single overa
rrection val ues AT an be . - r he
tcgrrper ature -pr oce(?}scoér ,tcl'éeué?Foé%escEH@’ Icthtolid s 192, rd de RS @ e

: i tenperature correction
processor MeBSexedupesfalprEmgkam ciAs EQErgg{??a Leéggeﬁefs CAFes an

opti nmal
[ the su
et of tenper o O e AP ePtaar A5 Tor efplasnasobeldR0. lhe

_ . i |al profile
si mul at ed et Bt uPRtpred i it dTike -¢§nt%?9@%h£y?g§pg}r‘;{’%ggtEb?Fegt i on
and 1s1di Smﬁbm%%%r%sgﬁi}g% sadﬁé%‘l‘alfﬁggl W’.f/ Phled iRy atloe her | alnd may
| ues f each o e , . i ff tia
nave post 16T GRS vereclerr aidies o clbeLt omedid 49 GlAlec or
t enper at use Sdmg]ﬂﬂ?tdmﬁlw %fégllff%or%-%g% pzi‘eon DiS°fo0 fWGeE208)e. The initi al
25 i St I she
Y:L;:raturcéﬁggﬂrdrlztcet%i C}%%Val ues OTn0 can be set to
In general, the Processor 198 executes a Program
15 for a simulated temperature correction profile 4T (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
2€ro or can be set to values which represent educated
guesses based on the temperature profile P (k) obtained
from the actual Mmeasurements. 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,
& 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
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zero or can be set to values which represent educated guesses based on the
tenperature profile P(k) obtained fromthe actual neasurenents. For
exanple, the i P4/9%7630 correction val ues m ght be 1 or 2 C A“%ﬁr Bjyely,
the follow ng techni que can be used to select the initial tenperQ&%ré537
correction values OIno. For each sensor 190, a nean tenperature is

cal cul ated using a predeterm ned nunber of points that are centered about
the position of 35 the particular sensol4 For exanple, if the view ng angle

SUBSTI TUTE SHEEI - 6) WO 00/ 09976 PCT/US99/ 18537 - 14 of each probe
is an area havin% Sg%$%%e%3ra8faﬁSGuPaYIHQEﬁtﬁdanemeﬁcmr addygn ;f i ve

equal | y- spdteY PertrREs oAmi hechenbstat eqhaithe yicini ty . of each particul ar

pr obe canlxhbstﬁﬁié(&ﬁﬂ%ﬁ%nvgg-avgrag%qte%% r§¥h%gﬁv§¥dgt?npﬁe& e 5 that

probe. In Q{Sheq{ words, for 1 K ¥4*"¥f OL(R8&R)Parsippkpr kzkbe( EQR) peWher e

kn representsd & GRfrainfan everage ngeapgls: fios vRighern. |f$§$pessary,
ue of

ext r apol @t itdvatalpgobean be, %gedlt ouodster m ne the tenperatlie
points toward the substrate edge. e’ initial tenperature value OIn0O for a
10 particular probe n then is calculated by subtracting the nean value

Tn(mean, for the particul ar probg romut ' me tenperature value T.
.mean for the probe positioned”ate?ﬁz sgbg ra?zgkenter (i.e.,(BRY 1): ATnO
= T1l(nean; - Tn(nean) (EQ) 15 The inverse hatrix G' is used to convert

each initial tenperature correction value OIn0O to a corresponding
relative d%%ﬁﬁ% kflqgﬁﬁﬁﬂﬁmtagehﬁVétart ¥Ref e QYEWingsagégge%ged as a
per cent agq::(cslb@pn.zosif-né@esggg:g/',Clélx%rriap%%ation also can be y
~ determine the temperature value of points toward t::ed -
substrate edge. The initial temperature value AT, for a
10 particular probe n then is calculated by subtract:;g th
mean value T, .. for the particular probe n from the meZn
temperature value T, mean fOr the probe positioned at the
substrate center (i.e., n = 1):
15 The inverse igt f TITTT i B
o rixX G is used to convert each
lnitial temperature correction value AT,, to a
corrésponding relative change in lamp voltage av , where
dv., is eXpressed as a beércentage (step 208) . Igw
particular,
20 av, = AT, x G, (EQ5)
and the individual lamp voltages dVv,,, are obtained based
on the information in FIGS. 5 and 6: Thus, for exampl
dv. = av,, , = dv, ., and dv, = dv,, = dv, ;| = dv, ,. o
To simulate the continuous differentiél
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 eéxample, the temperature
30 contribution of each lamp can be modelled by a bell-
éhaped distribution, which for the purpose of the present
invention, is defined as including, a Pearson
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dv; = ATnO X G' , (EQ®) and the individual |anp voltages dVv,,,, are
obtained ba d se on the information in FIGS. 5 and 6. Thus, for exanple,
dv_ = dV_1. =wWW80/0997@nd dV, = dV2 0 = dV1,1 = dVo.2 To sinulate the
continuous differential 25 tenperature profile dT(k) (step 210)PCTYY#99/18537
tenperature contribution of each lanp in the heating elenent 110 is
nodel l ed by a symetric distribution having a peak anplitude and
decreasing toward zero on either side-ofis the peak. Thus, for exanple, the
tenperat uregy: tribution of each | anp can be nodelled by a bell- shaped
di stributi oﬁ?g%ﬁg}itﬂeﬁrthecéudpme aohdzhelpe%%@fib%@g;gmi N, oy § defined
as_incl udi ngauss Pear ana SWBSEL THTE ; SHEET %RugE 26) roggrgell as
PCTNS99/ 185§gmp%11%u1qi stri?ugion incl UdPng 8 hoPREI dTber tbutlon, as wel |
as Gaussian an (52 Bhof k& @hepr cbut bendetdhni 082k LepgiaLure
profile t hei& aftimyea iotrer of neﬂebyeﬁggggéggézg %hf supmat i onof *thB

t enper at 8r es QS id fgégnqgcp.lanp.'S i nceP TRkt t &hpl EONf pgohatamp. i s
symmetri cal, onuy the = Cent &t 1P bent bel symietly BJa Bndogne- sixt h of the
remai ni ng | ( dSFIlGRatzdnt 5) - negd Hgy © _isdiertq,? xpressly, and

ot her | anpsemadatied qtanﬁssoa(rg%é:tglaé radi al | St ance tr B center are
taken intogageount by using 10 the %ih@l%ﬁ?ﬂiﬁiﬂ&?dnhaiqbﬂS£HéBédIua nunber
of such Iarj%s. Sa¢h andechieyud woars rieshined he amyunt, of JTemory . required
and can i né#éasecehérsme@@eatcemieqh at%e . (jl(| %gr.i thm'is execlu?tred-’_adlih’r’e‘L peak
anpl i tugde ¢RemMma gigen Ign’g i's assumed to ot & Caf camumniartyi gligyg radi al
position of the lanp. PTREL IEnprilided ied biye theakugiepends Qy the | anp

vol t age. ™HRMPS| muSackdat egphhabukee cggo@%bgchéhé takes into consideration
the contrifstipred rQythg various |anps: I'n one"SpBBPERE PépMmemeryat i on,

. lhcrease the speed at which the
algorithm is executed.

5 be e t;:u;;iiik amplituée from a given lamp is assumed to
. cular radial position of the lamp.
anlltude of the peak depends on the lamp voltage
Simulated temperature profile dT (k) takes into -
consideration the contribution from

The
The

the various lam
1 the s.
In one specific implementation, ’

v

6 6
dT(k)=c 3 ¥ rl av, . (exp [- (x(k)-L, )2 o] (X)L, )2
ussivie L 2(Aw? T zams ) '

20 ] .
where dT (k) is €xpressed in degrees Celsius (°C) and

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

u,v indices identifying lamp;
C conversion constant (°C);
r
u,v number of lamps per radial distance from the
25 ) center,
where r, . = u + v 41 for u, v > 0
and r. = 2; B
dv, . ] ]
uy relative voltage change (%) for the lamp
identified Dy indices (u,v):
30 x(k ' ' j ere
(k) radial distance (millimeters (mm)) of a point k

from the center of the lamp array;

SUBSTITUTE SHEET (RULE 26)




1v=0 r ;
_ - k) LLexp - ) 21 u,v )2 U= .
°° gTEi) V\)_CZE+EX|D- dE% (2kQW[ e %: > 1) 20 where d(T(Eg)Ingxgéefsiﬁﬁog'
-t y i in :

' ' 97. where the various terns _ T ot
degr?ﬁéiEﬁLS!ugngffifQ?ng anp; C conversion constant (c); ru, VRSB
u, v

~ where - u + v +1 for
i ' fromthe 25 center, r~:....
| anps_per r:ghaL SIZFaSSE., rel ative vol tage change (Wﬁ_rffn;PgrLa?ﬁn)) of
ent 1% By natces (uvic 50 (i radal lstaee (m1 [l mers () of
. : the | a g : : aefs
00/ 00076 - ‘16 PCTTORS8/ 1487300 \(FRRapal ches Rampe ik 0% gy amp
Cdenti 1 ed by indﬁeéésgg,gy,v?oﬁrb?etﬁggkg?ﬁg}egﬁgggéz%%féyénd 5 k poi nt
Gaussi an teﬂperatgwggghiﬁglgg%ngu?ﬁggPhEe@BﬁVéFBrgnd¢snstbuti@nand for

resolution = [0, 1, 2, '  pegngexperinental ly. One techni que
the tenperature du%%?Wbﬁt?bﬁgb@/banggT?LpngggraBid rEnta 1y, ne tec

for det € mkning t hesent vadsEs,i So7 0 % tHe Thhbet. add to. measoag) for

process on 10 a first test substrat substrate. . An

. - i he processed
exanpl e, the oxide thickness -profile of t jg i ntroduced for one of the

LAy non_Zerahemﬁyrﬁégf%%écﬁwspﬁo&&@%?%r@ Amddieith a

tenperatUr@héeﬂéﬁﬁéréggreaggstrlbution Aw are obtained

second te%éxperimenially. One technique for determining those
values is to perform a rapid thermal oxidation Process on

10 a first test substrate in the chamber and to measure, for
example, the oxide thickness profile of the processed

substrate. An arbitrary non-zero temperature offset then

is introduced for one of the temperature sensors 190, and
an oxidation process is performed with a second test

15 substrate in the chamber. The temperature offset can be,
for example, +1 (. Measurements are made to determine
the oxide thickness profile of the second test Substrate,
and the difference between the oxide thickness profiles
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 190 being'
changed each time the Process is repeated. The
experimentally-derived data, in conjunction with
equations EQ1 and EQ6, then can be used to determine
appropriate values for the conversion constant C and for

30 the temperature distribution aAw. For example, with
respect to the RTP Centura™ and the RTP Centura XE™,
manufactured by Applied Materials, Inc., it has been
found that for témperatures between approximately 900-
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15 substrate in the chanber. The tenperature offset can be, for exanple,
+1 C I\/Easurenﬁatﬁ are made to determne the oxide thickness profile of
the second tes ¥ fate, and the difference between the oxi dpc.é(gg%rag}sls
profiles for the first and second substrates is cal cul ated. The oxi de
t hi ckness differences then are converted to corresponding tenperature
differences. A tenperature offset then is introduced for a different one
of the tenperature sensors 190, and the’process is repeated. The process
is repeatedinmbtep| e fi ith an offset 25 for a different one of the

t enper at ur e_ .Sensor s ?L%% %?%%M%%%nﬁ%bs%%‘é% ¢aAebe heepr boesssi angepeat ed.
The exper i HENt Y ofef i terl s tar L BT J00m) ARCEAD b &by @8“?% ons EQL and

EQS, then can be ugedutgidst ! appropri ate val ues for e"Bonver si on
o8, e ag, 0D SR

const ant C%% 30 the tenperafuré t SéAUlgwedror exanmple, with
respect to t CentRif *1 e e iRTR Oant Lirtge KBS Mg SR act ured by
Appl i ed MaES6 disted mL0) i tichas ResD i e lttt;%t for tenperatures between
appr oxi mat aley <309 sg%%leTUIE SHEET _(RUL CH T witty the
PCT/ US99/ 18537 1100 C, “t N& "&3fivBFSféhecErdantstegn i@ )seato tydy &,and  the
wi dth of tR&EtdMetedbrriosnlewEdan, benset to 28 mm Returning to FIG 4, once
the sinmulated tenperature pr f(H e_d%’ék% is calculated using equation 5
EQ6 (step 210), it is conbined arith f }:al*lﬁ(iﬂ/i’th t he measur edebenper at ure
profile P(k) (step2PHtiw Fagrimraml gentiited egk i denEf k), Where E W=
dT(k) +0P §e¢EMine éemggggm'l;@tégpﬂg%ggrithn}[i s perfor rredoto 10 determ ne
t enper at ur ﬂﬁ&f#iﬁn val ues AT, that geHel&tBeSaldi it egenenpesat ur e
profile dT(k) such ThatSTReratsre et be ofiTklk) E6krhi ghatbgphantial ly
uni form 9Pt Peated ubnotildee optivg zalon. @l gofjthm determnes the
t enper atur&lqpirg,_g}cgll orm/ealcyets. AT,, for the sen s'158°FRat 18 nminimize the
val ue Z (Stt%P 214)"" where ©Ptimization algorithm determines the

eémperature correction values AT, for t

he sensors 19¢ tha
L -
15 minimize the value Z (step 214), where

Z = 0E(k) - D(E(k))

T'€presents the standard deviatio
E(k), and D(E(k)) o

and where 0E (k) e
| represents a deviation of E(k) for all
points k on the substrate weighted acco

. rding to their
20 radial position. Specifically,

” &f Kinax 2
max * 1) x(k)? '(
ok 2 UZO X (k)
Kmax (Kpay *+ 1)
(EQ9),
and
( Kmax
D(E(k)) = - 2.
o A}j [(E,~E(k))2.-x(k)] (EQ10A)
25 Ly
E =
"t T X B (EQ10B) ,

where x (k) is 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.

alue equal to 24.
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the standard

0:) and where aE(k) represents tor all

Geviation of Bl et b (E (k) represents a deviation of EWfor all
oo ?tl(lznoﬁ tﬁ'ég‘{/f’(?’gi‘sr ate wei ghted according to }_hg' ru-o u_ krREI7YS99/48533
s - L =0 u_ :
'gglegifically, aB(k) = N kmax ka ax +1)E x(k)z wWith k =0 _ 25 1 a Em=

" k)) 1 [(EmE(k))2X(k)) . a oi nt
1) (EQ) , and gg > E(:E(vm)zare E(Ek) is the radial di stanf:et(”o”)r Or egspt han
| +a B E(k) (EQLOB) f the lanp array, ant8"a" is set equal to k has a
k fromthe center o "a" can be set to 10 when

the maxi MimeM@Hiar dhe POl LXADIE. o S?ﬁfrmmaa%quél%é?ﬁgggégt on
PCTI USoo/ 15857S. 1160 \P@%ﬂm@“dg?dt@tﬁé&@}i%fnﬁ%ﬁf%ﬁﬁgre%gqu% thenber of f
EQLOA _takasmbetro\%@tc rg%istaki%p%% S&h W rq%bfmmtiimitaf%%\r/r; ?;I ?rgfeo
boi nt s ¢l oSar Foothe 5036 5 o contar Mara e R 2 S has0A
strongl y t@é&nthposnbstpaak Eﬁ%ﬁ??i%getﬁgl(Qﬁ%ﬁqKNﬂPﬁQ1sq4ﬁng¥yImﬁﬁgdvalues
prori e E( 5 A8 AHETobENFEREFbn ager Uameta 1046C Uathe sl 24140,
Pz)(r)fltlhg t«(e?ﬁ)fé]r%ﬁ'{ﬁfeaCOECEﬁﬁtié Y@kuﬁér@g’ligri%g the deviations in
the estimated profile E(k) .
As the optimization algorithm is executeqd, interim
10 values for the temperature correction values AT, are

determined, and Steps 208, 210 and 212 are repeatedly

correction values AT. are obtained such that the value of
Z as set forth in EQ8 is minimized. The optimization

15 algorithm can be implemented, for example, using
Microsoft Excel for Windows 95, Version 7.0, Add-1In
solver.xls, commercially available from Microsoft, Inec.
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 ig Processed in the chamber, the
controller 192 subtracts each temperature correction
value AT, from the temperature obtained from a

30 systems, the correction valuesg 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). 1In an
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determ ned, and steps 208, 210 and 212 are repeatedly perfornmed until
final values of the tenperature correction values AT_ are obtained such
that the val ue 01007099785 set forth in EQB is mnimzed. The optimn zation 15
al gorithmcan be inplenmented, for exanple, using M crosoft ExcBfTA899/18537
W ndows 95, Version 7.0, Add-In solver.xls, commercially available from
M crosoft, Inc. Alternatively, other comercially avail able software
packages al so can be used. 20 Once the @gpti-m zation al gorithm determ nes
the final {preek orrection values ATn, the tenperature correction
val ues AT, are us%%l_ygg %#ggﬂg‘eflé'admﬂeatdh@f remFerati wee syaluss ,obt ai ned
fromthe se rEFQﬁEﬂ@uMth ofhehpr aeasshag Q% ubs%rates step 516).

Speci fi cal Iqguaritsi aghesny @ SuUb te i.s_processed Fn thE*ERARBEESdt he
controller _\ leudlloyttI act séga(g%‘?%ﬁﬁgré tFBmesicadiiyonitatye ATn fromthe

t enper at ur € “obt 4l 9TRR BAC Loe reseoNte ngToRe Eg {Dggagen%%r ature sensors
190 prio? €estiadjtest ig¥eb # e Q;_g),\l\ﬁ%'} Iev\@l of the heafrl ng FafPs. I'n some 30
,' na

systens, the correction values h® used in addition to other
cal cul ated_tenperature of fsét's’k)l ¥ tshe taxhni ques descri bed (%gg\éﬁ t he
‘a

profile MRF beforke measirachitemmelature-related quantity, s oxide

t hi ckness @&r&egk st iik;#{s clonvefc{rgdalﬁ[%o%l%@“ ddteTe sigb e Tip e esat ur e

profile (st§§%€04§. FATER SOESFrATHE SSHRET qRUdR 2@)1usd0 K0/ 0g976 5 10 15
)

20 200 mm* & Rnehbdears iBCTAUSY/F833 Lot 132 r eg profile

10 E’' (k). i
: ( Eguatlons EQ8, EQ9, EQ10a and EQ10B can be used
Y replacing E(k) with E' (k)

. | Aléhough the foregoing technique has been
escribed in the context of a particular thermal
processing systen,

15 to other thermal pr

temper i mi
pPeérature sensors. Similarly, the foregoing technique

diameters othe

r than
s .
uch as substrates having diameters of 150 mm or

I . . .
Il various 1mplementatlons, the System may

include one o
I mOore temperature sensors 190.

Other implementations
25 following claims.

20 can be used for substrates having

are within the Scope of the
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alternative enbodi nent, instead of performng step 204, the profile MKk)
of the neasureqyé%ﬂBerature-related quantity can be conbi ned
arithmetically wt e sinmul ated tenperature profile dT(k) to obtain
estimated profile E (k), E (k) _ e, an optimization an (EQLl)PCT/dsoshneior
ns dto determne final tenperature correction valuesYATn that result in
substantially uniformestimated profile FE (k). Equations EQ@, EQ, EQLOA
and EQLOB can be used by replacing E{Kowith E (k) . Al though the
. foregoi ng t@hhmiquecn§§ugggn. described in the context of a particular
thermal processing system e technique is generally applicable to other
thermal processing systeks iA mbtiddibri s, hecessary or desirable to obtain
accurate teﬁ?@dangseinn@ag%gggggts of a subst?atemBeFargrer seassing.
Moreover, dhgpieghpigue is not IPﬁPF@éSﬂ@gam%am@@&chhgrn%%nbe of
tenperatgre sensors. “Simlarly, the foregoing techni que canhﬁ used for
substrates having di anet@f)s qichel,; Q%P such as substrates having dianeters
of 150 nw1¢brlg1§@g%§g§ti | enent a i5h§P1ﬁﬁ§QﬂknuHmp§aégyy%(gro re
t enperature sensors 7€ Wdi@m|mﬁé&1&q§§a&‘[€ t'thi nth-e of

al g

the follow ng clains. WherealcﬁlagInékg Ei%L Eted to T tfiPEheate SUBSTI TUTE
emperatyure

20 temperature p

25

30 temperatyre corr
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WO 00/ 09976 PCT/ US99/ 18537 - 20 What is clained is: 1 A nethod of tuning

t enperat ure seW@gm,g%gadings in a thermal processing chanber, the method
conprising: 5 (a) 3eternining for a substrate based on neasuremﬁpbﬁ
tenperature profile (b) calculating a the substrate; tenperature B%géer?:Ve
for the substrate based on a respctive interimtenperature correction val ue
for at | east one tenperature 10 senspr2fs§ociated with the cham (c)
arithnmetically conbining the simulated enperature profile and the actual
tenperature profile to famduteasdiiyTy rature profile; (d)
determ ni ngrespedaivyal yg for _each 15%%5%2%&3#&%@% @aehcorrection
val ue by St%ﬂ?d%b% anq%gcg un%?iet?@?%%ﬁﬁh@mewalmmp@yaigégéggn rofile
subst ant i al1y Rini fRF R%e@r bes wrirei s urHea e ©0f md s rSté e;. an S?e) usi ng
each finalSm@ananﬁﬁéﬂuyﬁgﬁ¥¥ogﬁ)aé%%tea erat ur e Teasureneht s subsequent |y
obtai neds goi-e3RQNdi ng at |east one e dtirfacensbrthd roma 2. A net hod
of tuning tenperature sor readings in a thermal processing chanber, the
met hod conprising: 25 (@) dgt el an_actual profile of a

t enper at ur gefy [Eg,g@qrgu réti té fﬁé%agéﬁug%%l?aafevﬁa‘é%da%nan nefSseenept s of the
substrat e; bz cal culat i hg “CFRtiFafabisequpatatuest apheli e for the
substrate o<f @saoﬂéépecatveehatebhg1§Qm%§ grature correc?P@navalue for at
| east one tenperature sensor associ ated ?E the ERBABEE: (c)
arithnmetically conmbining the sinulated tenperature profile and the actua

- -3 . - .
profile to form an estidvat dhepmetihba of c§H§§T'1T8¥EZS'QEE¥e(i§ULE 26)

c .
onverting each temperature correcti

| on value
25 Corresponding voltage change e

7. The method of claim

1 wherein determins
rm
an actual temperature profile includ e

es:
measuring a temperature-related
convertain

30 to the actual tempera

quantity; and
g the temperature—related quantity
ture profile.
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WO 00/ 09976 PCT/ US99/ 18537 - 21 (d) determning a final value for each
respective ten%rog}bl e correction value by repeating steps (b) and (c)
until the estinat PHPofile is substantially uniform across the surface of
the 5 substrate; and (e) using each final value as an of fset toPCT/US99/18537
t enper ature neasurenents subsequently obtained froma correspondi ng at

| east one tenperature sensor. 3. The nethod of claiml1l or 2 wherein 10
calculating a sinulated tenperature pr‘ofzizl € includes wusing a bell-shaped
distribution for thermalg, c [ ions fromeach of a plurality of

radi ation &pLg&_qﬁai n_the cﬁIg{ erﬁ)e.tgth?gﬁé Ted Hodl okheraim Set\ben el 1y
calculating, 15 the sfTPSTREUEenpepstieeiprohike hacldides determ Aing a
sunmat i on otfhltcé?ﬁﬁﬂ%?dr@fpjofé)!,@§ g%ggg%lcg of the radidtfon sources. 5.
The net hod mferelal B4 wher ei n cal culati ng®%t AB SPRuSabss reerpeyaur e
profile includes using a peak 20 anplitude for each radiation source

| ocated at a corresponding radial position of that radiation source. 6.
The met hod of claim 3 v@erehqecal gHI ting _a sinulated tenperature profile
further inghuggg ;onverti ng eath Ba‘pélfatiéﬁemcér welrieQn \S@Itlé%mg%ia 25
corr espondr ng° vol'fagECPRaAgE e, pHee iRt g 19fe £ 4 M 1, Wherei n det &8ni ni ng
an actual teepehacknespr pEbka Lpclides: nmeasuring aﬂ%‘?ﬁ%r%‘i%@&hﬁg&t ed
quantity; gRds;fonverting the tenpersat ar & elfgtted Iguaatpdna 3 t o the
actual tenperature profile. SUBSTI TUTE SHEET (RULE 26) WD 00/ 09976

PCT/ US99/ 1 8537 - 22

20

the simulateq temperature profile

25 function of a sta

temperature profile,

14,

l

s .
a function of a deviation of the
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5 8. The method of claim 1l wherein determ ning an actual tenperature
profile includes neasuring thicknesses of a | ayer deposited on the
substrate by a thermal process. 9. The nethod of claim8 wherein

determ ning an actual tenperature profile further includes converting the
t hi ckness neasurenents to the actual tenperature profile. ~ 10. The method
of claiml wp Efin 1Q determ ning an actual tenperature profile includes
making resis |VT?§E heWPerehuseoprari ayeg, Q@ﬁfﬁéed on the substrate by
a thernal prmlégistedlaca'dﬂﬁdﬂﬁéhﬁg of C|ﬁi m 10 wher ef ni°? dei®rsibe g tan
actual tenperature profile further ﬁ%ﬁ? HUWPsL@onverting the resistivity
nmeasurenents to the actual tenperature profile. 12. The nethod of claim1l
wherein arithnetically eanbi riag imul ated tenperature profile and
the actual tempenature profile ?ng%gggé gg ChREMI At oNQ2 tkieesayn of t he
actual tepperature pr iﬁ(?%ﬂﬂ}aQQNeEﬁmmﬂnat&detgggggq%uggcgr file. 13. The
met hod of cFéﬂﬁP@aWH@@ekmsp@QtQW@iEh&@iglfknal val ue for eath®Fespective

t enper at ur evagoekeg¢hion éﬁhuelkncludes m ni-MPPRGEHYearaerebatons a 25
function of a standard déviafi-ofYoPft Reneersmat ed tenperature profile. 14.
The met hod of claim 13 wherein the value to be mnimzed is a function of
a deviation of the SUBSTIgTUT ULE 26) - 23 estinmated tenperature
profile forcgpé@¥§ton t he sugggrggéh&ggFﬁhFédlabdérdh&geﬁﬁ radi al position.
15. The met hod o cjrré?’nFiSB?Cleei@imaba&@ﬁg&tg%ea Si,mul ated tenperature
profile incfakies tnchhdesating respective initial tenperatur&Tcorrection

val ues flor a plurality 851%893853@ a mean temp

Sénsor based on the measurement
substrate; ang

erature for each
S of the Processed

15 between the
reference temperature,

corresponds to the mean
plurality of sensors.,

wherein the reference temperature
temperature for one of the

17.
20 readings in a the
comprising:

A method of tuning temperature sensor

rmal pProcessing chambér, the method

determlning an actual temperature profile
based on measurements of the substrate-

(b) calculating a simulated temperature

25 profile for the

substrate based
on respective i '
temperature_corr co

: | ection values for a plurality of
eémperature sensorsg associated with the chamber;
(c) arithmetically combining the Simulated

rofile and the actual temperature profile to
ated temperature profile;
(d)

temperature o]
30 form an estim

. | determining a final value for each
pective temperature correction value by repeating

B .



16. The net hod of cl ai m 15 wherein calculating respective initial
tenperature ¢ oS %) val ues includes: 10 calculating a nean tenperature
for each sen ’@ 28d on the measurenments of the processed sREEVSRI8537and
setting the inltlal tenperature correction value for a particular sensor
equal to a difference 15 between the nean tenperature for that sensor and a
reference tenperature, wherein the refegrence tenperature corresponds to
the nean tenperature for one of the ﬁrallty of sensors. 17. A met hod of

tuning tenmgepakurs) ?p.)%orc 2the£§d|tﬂgsels %af: gr mal rpD ESSI n q rrber t he

met hod conp r|S|n termning an-ac qCN a
substrate Béséﬁ 8 aﬁ§a§&ﬁ6n@ﬁﬂ§0§ﬂ ﬁhﬁosabSheaEarfdgg aﬁﬂuhdeulng a
sinmul at ed taepperatdreadd profile for the substrate based on respective
interim tenperature cogrectlon valyes for. a plurality of tenperature

sensors associ ated wit h'$hetSRghirach (@nad ivialne izal 89 ebfigening t he

si nul at ed tEmppeaaUueempa@hmbaeaad Bhﬁséghéﬁt%pewgb@hérdeffﬁ*o@lf il el to f30
determ nin a Tl nal val ue or

f
eg(r:hm apeggze:%%@ %ﬁgﬁ?aﬁ geoéoggﬁch‘gﬂ VaFBEeh§EPERESi ng WO 00/ 09976
PCTI US99/ 18537 - 24 steps (b) and (c) until the estimated tenperature

profile is substantialjgy unf C S the surface of.the ubstrate; and
(e) using each final v é/ue ar% sgf e?(}sfg)t% {0 1§gte§m? Léf?ﬁrlet%e urenents
subsequent F§TRBY AL HEE FLDBAPHES Ebat enpasdr Mgt @npeDatlrest efiper at ure sensors.

18. A systeupdOrateélni @geas?lsgéﬁl g:(ga,{ PIan%m)er ature sensors that neasure
tenperatures of a substra t he systemTonprising: 10 a processor
arrangga to obtain an ébgggpessor 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 value 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, wherein 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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tenperature profile for the substrate and configured to performthe
follow ng functions: (a) calculate a sinmulated tenperature profile for the

substrat e bas®® WP¥%spective interim 15 tenperature correcti Qg 9g%%,aor
the plurality of 20 25 tenperature sensors; (b) arithmetically conbi'ne Phe
sinmul ated tenperature profile and the actual tenperature profile to form
an estimated tenperature profile; (c)_determne a final value for each

respective tenperature correction value by repeating functions (a) and (b)

until the estinmated tenperatuig R i ubst ially uniformacross the
surface of Ilotcx_%ssubst.rat ;and (d t}s%g?éafzhc E?J‘r%lalns\glé'fa}ﬁe‘ye&'é‘ dheoffset to

t enper at ur & s Ur-anment %ﬁ&%%ﬁu@%@f%g@bedineddéteﬂmanec@rgg@@ggggﬁg one of

t he tenper afutempersansce %o flie: SYst | aj further including a
plurality gf,sadiation smjﬁﬁces for hecgr?]i ﬁ%cghgfg%ﬁguﬁgﬁ’%’e?n\Aher ein the
processor Is further configured to calculate the sinulated tenperature
profile using a bell- shaped distribution of thermal contributions from
each of sthe plurality ?% raqgation sources, SUBSTI TUTE SHEET (RULE 26) WO
00/ 09976 - 25 PCTI US997 18537 207Y ThEMsQ&t 8ARdM @Laiheroinhehei n t he

processor PECFEFEREr 18odlirginead com fdefiarad e & SWIBIdOR L Of tenperature

profiles fsDhueacddotehbe Hadhat i .sources. 5 21. The system of claim 20
wherein the  processor ?srfaurtr%e q’c%(;fnl igilEds & Rfadulcard ittvwsle diqmul at ed

t enper at ure pr of F T2 6iPRg SQUEESK laraltiedude frorcoreaniportdingt X SQur ce
| ocat ed atpestoiomspdndhag radiakiopogitiyea of that radiation source.

10 22. The system of claim 18 further including
a measurement device that obtains measurements of g
temperature-related quantity 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 Lemperature 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 to 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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10 22. The systemof claim 18 further including a neasurenent device that
obt ai ns rreasur‘ggi@@és of a tenperature-related quantity fromthe substrate,
wherein the pr K% is further confi gured to receive the nmeasurenents
of the tenperature-related quantity and to 15 convert the meas U HEPL 857
the tenperature-related quantity to the actual tenperature profile. 23.
The system of claim 18 further including _a nmeasurenent device that obtains
t hi ckness ngagurﬁments of the substrat ,6 wherein the processor is further
20 confi gur@@tiair eempeeatthet by S _ne renments and to convert the

t hi ckness npg@gg’_ggeggso%g t he Ig'crt%{fglq% taélﬁf)l}?]ﬁ FlaEradfead ¢emplratheesyst em
of claim 18 further ncrudtfg N8 RE&SMaement: ctpeirae uRat, Qg ns
resistivity 25 nmeasurenents of the substrate, wherein the processor is
further configured to regeive,the resistivity neasurenents and to convert
the resistiyity nmeasurenerts "% SE et 1afal c kasipermtuheydypfifle. 25. The
system of (ﬁ a1 TE Wwhes ef Wit iner G@nﬁigggégogoi@%?mi ured to calculate the
sum of the 1suasmuﬁiﬂi§HE€Eng§Lg#36%ﬁ 00/ 09976" T+ 38 PCTRUSSIr 18637

act ual terrpgg@elya% profile and the 5 AV B tempef athie eespifidg tO obtain
the estimated tenperat firlst ite ot i Thensyst.em %ajﬁ&?igﬂ 18 wherein the
processor FSSPeFthee cenpeddted-d Q:ngni ize a value that “% i@ function
of a standard deviation of the esti nateec(:EJtoé?Tﬁ’ear]d-t%re profile to obtain the
final value for each respective tenperature correction value. SUBSTI TUTE
SHEET (RULE 26)

SUBSTITUTE SHEET (RULE 25)

e



