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THERMAL PROCESSI NG SYSTEM 5 Background of the Invention The present
invention relates to a systemand nethod for determning a paraneter of a
solid object or workpiece, such as a sem conductor wafer, or of a thernal
processing system and nore particularly relates to a system and nethod for
10 determning, in real time, the stray Iight conponent in a thernal
processi ng system Thermal processing furnaces have been w dely known and
used for nmany ye f riety of sem conductor fabrication
processes, incl ud?%%rﬁ%‘grgﬂ ﬁ@ﬁﬁm% TERNIMANG $TRykY LIGERT B¥IA vapor
deposition. As a result, theSEHERMIADRROCESISING'SVETENer st ood, especial ly
with regard to the inpact of process variables on the quality and
uniformty of resulting products. Thermal processing furnaces typically
enpl oy either a horizontal -type furnace or a vertical -type furnace. For
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application of an oxi | ayer to the fer eposition
vapor layer to the wafer. The heating requirements of the wafer during

processing are known andhevelal proneteingtfoadcesande bdunswiabs 1GhAsehy w1 or ed.
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i .. vertical 5t t her.mal processi ng
f urnaces, such asQ?S%(Sagoék ﬁ@%@ g\s%?ietgro Sgesry %é%&%b%‘@ﬁ%?’toc?iﬁ%% Brebdangsi ng
tube within théeghingdiffysion; peidatian; ardeliemicd ivapanlepdsitort. hey amkulf Wistace al so
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processing t ub &R on e qualiny gaithpirepdtipg prodyets Fhgraebprocesaing
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from For some applications, vertical-type furnaces are preferred because they create less
particles during use, thus decreasing the incidence of contamination and wafer
20 waste, they can be easily automated, and they require less floor space because of

their relatively small footprint.

_ Both conventional types of furnaces are designed to heat
semiconductor wafers to desired temperatures to promote either diffusion of
25 implanted dopants to a desired depth while maintaining line width smaller than 1
micron, as known, or to perform other conventional processing techniques, such as
the application of an oxide layer to the wafer or deposition of a chemical vapor layer
to the wafer. The heating requirements of the wafer during processing are known

and well understood, and thus are closely monitored,
30



. wafer cassettes to the wafer-boat assenbly. The wafers are theDeckabes®EB4i Nt O
a quartz or silicon heating tube. The tube is then slowy raised to the
desired tenperature and nmintained at that tenperature for sone
pre-determ ned period of tine. Afterwards, 10 the tube is slowy cool ed,
and the wafers renoved fromthe tube to copplete the processing. A
drawback of this processing technique is that it places constraints on the
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Pyrometry has been one method of choice for non-contact
temperature measurements of a silicon wafer during processing in a thermal
processing furnace, but it suffers from known drawbacks. One drawback is that the

25  emissivity of the wafer backside must be known in order to attain accurate
temperature measurements. Typically, silicon wafers have backside layers that can
drastically alter the spectral emissivity of the wafer through interference effects,
which can lead to temperature measurement errors during processing. Furthermore,
the emissivity of the wafer is dependent on the backside surface roughness and wafer

30 temperature. All of these drawbacks make the determination or prediction of wafer
emissivity a difficult task.

Prior art techniques have attempted to measure the wafer emissivity
in situ, that is, within the furnace or heating chamber, in order to measure the
35  temperature of the wafer during processing. One prior art method for determining
wafer emissivity is to employ an AC ripple technique, as set forth, for instance, in
U.S. Patent No. 5,310,260. A light source is employed to illuminate the wafer
backside within a heating chamber of the thermal processing apparatus. The



occurs conpletely within the heating or process chanber of theptbesaedos
processing 5 furnace, and hence it is difficult, if not inpossible, to

hem spherically and uniformy illumnate the wafer therein. Consequently,
it is difficult to accurately determine wafer em ssivity, especially in
real -time, during processing. Another drawhack of prior art systens is that
the heating |lanps used 10 to heat the chanber and thus the wafer are al so
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em ssivity. Amfthefleabjiyahemstreideatsl nvention is to provide a system for
measuring 35 and correcting for stray light wthin the process chanber.
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! o within rt‘he (B—xam%er éur%ng processing. TTEIES problem%nses since stray light, that is,
radiation from sources other than the wafer, is reflected onto the pyrometer when
measuring the radiation flux within the chamber. This measured radiation value is
aggregated with the radiation emitted by the wafer, and employed to determine the
wafer temperature. Since the wafer emittance is all that is desired, the pyrometer
25  signal does not accurately measure radiation emitted just from the wafer.
Conventional systems cannot accurately and completely compensate for this stray
light component, and hence have difficulty achieving the temperature accuracy

required by modern manufacturing techniques.

30 Due to the foregoing and other shortcomings of prior art thermal
processing furnaces, an object of the present invention is to provide a system for
accurately determining, in real time, the wafer emissivity.

Another object of the invention is to provide a system for measuring
35  and correcting for stray light within the process chamber.

Other general and more specific objects of the invention will in part be
obvious and will in part appear from the drawings and description which follow.



system for determ ning the amount of stray radiation present in a heating
chanber of a thermal processing furnace, said systemconprising a furnace
housi ng defining a heating chanber, a detector optically EoWpreisri84t he
heati ng chanber for detecting the rafliation present in the heating
chanber, and a control stage for correlating the radiation detected by the
det ect or whuinmane ofithelmventiorst ray radi ation in the heating chanber. In
accordance with a second aspect of the present invention, there is provided
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a function of the vertical position of the wafer within the heating chamber, The control stage
then correlates the detected total radiation with the vertical position of the wafer to correlate
the total radiation reflected therefrom with the stray radiation. The control stage may
determine the emitted radiation to be nominal when the wafer is disposed at a generally low
temperature, for example, is disposed at a temperature below the ultimate wafer processing
temperature, and then equates the total radiation with the stray radiation. Once the amount of
stray radiation within the chamber is determined, the system can correct or compensate for

this radiation during thermal processing of the wafer.

According to yet another embodiment, the detector generates an output signal
proportional to the radiation emitted by the wafer and proportional to the amount of stray
radiation within the



t he heating chanber when the wafer is disposed at a generally |ow
tenperature. According to another enbodi nent, the wafer is di sposed or
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The example embodiments also provide systems and methods for determining the
emissivity of a wafer during processing in a heating chamber of a thermal processing
apparatus. The system and method in an example embodiment provide apparatus for
determining the reflectivity of the wafer outside of the heating chamber of the thermal
processing apparatus, and then determining the intensity of radiation reflected from the wafer
when disposed within the heating chamber. The wafer reflectivity determined outside of the
thermal processing apparatus (ex sifu) is correlated with the intensity of the reflected radiation
of the wafer determined within the heating chamber to determine the reflectivity of the wafer
within the chamber (i sifu). The system then determines the emissivity of the wafer in real
time, during processing, from the ir situ wafer reflectivity.

In an example embodiment, the system determines the ex situ wafer reflectivity
by measuring the hemispherical directional reflectivity of the wafer prior to thermal processing
the wafer



wi thin the heating chanber of the thermal processing apparatus.
Specifically, the systemnmay generally uniformy and for exanple

hem spherically illum nate a portion of the wafer with rabdiNevéngar pbm a
radi ati on source, and then neasure the intensity of the radiation reflected
fromthat portion of the wafer. Optionally, the systemmy then neasure the
intensity of the radiation of the radiation source, and then determ ne the
reflectivity of the wafer fromthe asured radi ation intensity of the
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source, and generates a calibration curve correlating the reflectivity of the wafer with the
mathematical relationship. The system may then determine the reflectivity of the wafer from
the calibration curve. The radiation emitted by the radiation source may be modulated by

suitable structure, such as a chopper.

According to yet another embodiment, the system and method determine the
intensity of reflected radiation of the wafer within the heating chamber by illuminating the
water within the heating chamber with a radiation source, and measuring the intensity of the
radiation reflected from the wafer within the chamber with a detector. The detector generates
an output signal proportional to the intensity of the reflected radiation. The system then
correlates the reflectivity of the wafer within the chamber with the intensity of the measured
reflected radiation of the wafer within the chamber, and determines the reflectivity of the
wafer within the chamber by R = K AVy,, where R is the reflectivity of the wafer within the
heating chamber, X is



a constant of proportionality, and AVWis the intensity of the radiation
reflected fromthe wafer wthin the chanber. According to another

enbodi nent, the system and net hod deterni nes the constant 13@fovember2004
proportionality K by sweeping the wafer through the heating chanber of the
thermal processing apparatus, and determ ning the constant of
proportionality K fromthe radiation reflected fromthe wafer during the
sweep aemsthﬂeafgﬁﬁoe@dﬂamyt MPAVE e theanehsi I faRdTaaRfoR WirklRa frdth td\eafipat i ng
chanber cor, to yét another enbodinfnent, the systemand method then
cal cul‘gllt}?ég&f%@m’?’gf lectivity of the wafer during processing from the
constant of proportionality K, nmeasures the intensity of the radiation
reflected f romQChHiimibeanoﬂmr emgodjmmeﬂiei smgﬁmamd nakghaet ddterasndshibe comgnt t i ne
vafer dfeﬁrbﬁ&&bﬂél YEAnEA A B 08 tﬁ@‘ﬁ%&] jpt ant

I onal 1 e"@ﬁ stemt ete m nes t SIVIt t he waf er
from tfﬁ CefRinG APPHRUF, Qﬁ NnigRg;t “g%‘?%@éﬁ |W°W@H%Kn§0mothﬁﬁé@ﬁ%¢n
enbodirefated ftre thy stfmdodng thetseesp aed theeefletiveg bf thetwaferddetdrinstiedtdid@s a
funct 'o?@hé)ﬁ gaﬁd}]ﬁ}?&&ty of the reflected radiation nmeasured within the
chanber 1n epe of the position of the wafer within the heating
chanber. According.to yet another enbodi nent, the system noves or sweeps

the wafer thrSegRiingH Yot anothey ephodivaent, tiegyspmiand anethoduhen salculates the
subst arBﬂctoﬁkzity o €S Whfdr Hhﬁng\@f&éssihg frBh thé REnst@f &F pPMReRonaly K€ measures

conco suri.ng the ensity of .the radiation refl cfedfrom t he
waf er Qbé fhﬁ%nﬁ}{? WS%E an 5?@5’%@ % r%? afl fduring processing, andiietermimes thest or es
t he r aealatiingnwafentrefleitivity afroma ieovicaturetl weflestedp casfidtionnamtlither gonstastuo nent .

The s I r n

refl e?émlﬁgiﬁ thg%wa er tﬁeﬂ Plﬁte{f %ﬁlg%: ﬁ%én%glrﬂsg{ﬁo?\f;mc?r Vater rﬁm{la& Abafef

posi t it Sﬁ‘é‘:“’%aﬁ%ﬁﬁfﬁf’eﬁ‘é‘gt he constant of proportionali ty Kto facilitate

the determnation of the reflectivity of the wafer during processing.

According to dwotiiag endmthementbodintent, Sys systera rdn ketehintle phovofldetivity adi at i on

Sour C @t whteld BN Se IR Rlentfle Br HieSRASGM WdtdHoR OSLREIAIAY gehanber
asur e ro

and dZLaWt?’ eating
chanb %rﬁnéppee@e@éf)%ﬁheagﬂt%o{»sa@ @’iafef wothasthe heatmgobewler. The system can

optionally correlate the neasured total radiation from the wafer with
radi ation ori giooatdinggtd yemarseher eethodirhet, theayystehemoeéLtbr s@bchsdbkeyafene t he

or 1 i tuuShetl A BRAiRR RALbECTod DBMAG WRGH s PHARL REROs MprSE e o
r adi ath®waiergween, sthile coneomitantly rdeasuring the inteesitseofibe sadiationoefledted frafrer

duri n%m@féﬁaaﬂhngth%rcﬁmqbaeatwé OF nfRE Kk Ipbsenaﬁsd méeyatelh@ﬁoré@ﬁhb%dﬂﬁb@m tted
st em and net hod

fromt fer et . anot her "enbod
det er i ﬁ%s\l@ﬁ‘@d aﬁ@ﬂ ge@tw%g"f Ifloslﬁl onAufnensasue et iThe S}Ssrt%é@% F‘%@ e3sye Rt i ng
c hamb gadigtfonaintensitynef the raiamairefiected from the wafer within the chamber at one or more

water positions, and calculate the constant of proportionality K to facilitate the determination

of the reflectivity of the wafer during processing.

According to another embodiment, the system and method provide a radiation
source to illuminate the wafer when disposed within the heating chamber, and detect or
measure the total radiation from the wafer in the heating chamber with a detector as the wafer
moves therethrough. The system can optionally correlate the measured total radiation from
the wafer with radiation originating from sources other than the wafer, and determine the
amount of radiation emitted from the wafer by subtracting the radiation originating from
sources other than said wafer from the total measured radiation. The system can then
determine the temperature of the wafer during processing from the wafer emissivity and from
the radiation emitted from the wafer.

According to yet another embodiment, the system and method determine the
reflectivity of a workpiece during processing in a heating chamber of a thermal processing



13 Decenber 2004 8 apparatus, by determ ning directly the refii B&thder 10p4 Of

t he workpi ece outside of the heating chanber of the thermal processing
apparatus, and determning the reflectivity of the workpiece during
processing within the heati ng chanber of the thermal processing apparatus.
5 O her general and nore specific objects &f the invention wll in part be
obvious and will in part be evident fromthe draw ngs and description which
fol l ow. Bri ef apksans, byidstermininghdiréatiyvthagslet@vitihe thowedpistg oattiieqifiay

obj ects, featyrgg %ﬂgmgg'vc?f'?ﬁ@&@ﬁnﬁf r&&gﬁlh%%&ﬁw ana\ﬁétem? gqﬁgre AR

the fol | owi ng desck ption. and apparent s ofi
whi ch like reflEri¥d B‘eﬁfh%‘f'r&lﬂtﬁfp‘éesﬁléﬁé‘flﬂ'{“é)ﬂtcﬂ@a%@aﬁ&’ﬁt gf nﬂwghlmmqsmg

di fferent viewpparate drawings illustrate principles of the invention and,
al t hough ngt to 15 scale, show relative dinensions. Figure 1 is a
schematic Dl ock diagramof the em ssivity nmeasuring system according to
the teachi ngs of the pr&¢emigeherslemdinore speifi¢ ghjeds afihsm/epﬁmsp»ad:tﬂp@tbei ew
of the ex sit [ I . Figure 1
according to P?}\g@%eﬁiéih‘?i%g‘f%ﬁ%% %gﬁgétefé@%ttﬁ% %‘éﬂ{%stangdg%% }CE oW
perspective view of the in situ radiation nmeasurenent portion of the

syst em of Fi gBiif Destafisticth 613ht Dratvendseachi ngs of the present invention. 25
Figure 4 (§ a schematic flow chart diagram show ng the neasurenent of the
hem spherical directional reflectivity of the wafer in the illum nation
stage of the system of Th fuemikg aiBlotherpbjets féatures anhwivattagesfdf tve iaeation
di agr am show tion
Vet Pect ed fro%% %ﬂ@pﬂiféﬁ%ﬂl{)ﬁf@ﬁtfol w1n%|a§schﬁ{1§%§ﬁc} %%pg{eﬁéﬁ%m tﬁ?g%] 8pra|n_.¥1 Bre 3,
as well as th a@&%&ﬁeanawlﬂfelhhls? e wsn@@l@mcwrmf@to fl@rsa@@tpaw thyoughoht thére i n

situ waf er rediffeednt viety, TBS dﬁv@ﬂgﬁllﬁs&:&e Pnﬁéibl@fmf 1he ikVenbs R, Taltgé@ﬁrn%mo

show ng t d r m nat the stray |ight conponent of the total
radi at i onfb\(/a\nt%taﬁe’ fe' ellé%{ve%lmghsé%m of the system of Figure 1. 13
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Figure 1 is a schematic block diagram of the emissivity measuring system
according to the teachings of the present invention.

20 Figure 2 is a perspective view of the ex sifu radiation measurement
portion of the system of Figure 1 according to the teachings of the present invention.

Figure 3 is a perspective view of the in situ radiation measurement
portion of the system of Figure 1 according to the teachings of the present invention.
25
Figure 4 is a schematic flow-chart diagram showing the measurement of
the hemispherical directional reflectivity of the wafer in the illumination stage of the
system of Figure 2.

30 Figure 5 is a schematic flow-chart diagram showing the measurement of
the intensity of the radiation reflected from the wafer in the heating chamber of the
system of Figure 3, as well as the correlation of the ex situ wafer reflectivity with the ir
situ wafer reflectivity.

35 Figure 6 is a schematic flow-chart diagram showing the determination of
the stray light component of the total radiation within the heating chamber of the system
of Figure 1.



Figures 7A and 7B illustrate a light pipe suitable for directimgensacioad i on
generated by a radiation source into the heating chanber of the system of
Figure 1. Figure 8 illustrates a horizontal thermal processing apparatus
suitable for 5 use with the systemof Figure 1 in place of the verti cal
processi ng apparatus in accordance with theé teachi ngs of the present

I nvention. Description of Illustrated Enbodi nents 10 The present invention
is directed towards a sysguesn hndndel ilbubthtera ligdt pipeisnitatde ferdiesting tayiagod
tenperature o r C fer,
during proces's%?%é%aré)égFﬁ%ﬁnﬁgggﬁ??@\ﬁl&éﬁ%ﬁgggé{%& ogfei{e %#e}r?l 0?1?‘%\@8%-
reflectivity of the wafer outside of a heating chanber of a thermal

processi ng appar at us, am‘tguiélgﬂlukﬁaﬁﬁhﬁbﬂtdﬂtﬂghérhﬁl fn%f:é@ﬁxfgla}’)?érﬁnﬁfsuirtm for
er nal

wor kpi ece durin ceSS|n r. of

processi nggiappaerg‘g A& SYREMY g%%‘ﬂ? it 'ﬂ\?&ﬁ?l ﬁﬁ’ é’gHICBC%@c%féleﬁraawa‘ms feal tine
em ssivity rrea@l@r@mnwsthlthﬁ teadhiings afhoprgdpuinvemtéormal processi ng furnace.
This invention is thus broadly adapted for determ ning a particul ar
paranmeter of a solid object during heat processing. For purposes of
clarity, the solid object wll be described 20 bel ow as a sem conduct or
waf er, and thPesiasptichlofINusiRied BmBodinieakd ectivity, em ssivity and
tenperatugﬁ:. Those of ordinary skill in the relevant art will be readily
able to adapt the illustrated systemfor determ ning paraneters other than
t hose set forth abdbepiesertinientionis ditestetl ¢aedidn g sydten endmetdFogdsteniining
illustrates aeﬁ‘ﬁﬂ@ﬁﬁ&%ﬁ'E&nﬂ%ﬁﬁér&mrh?e%%%%ﬂgs5 éﬁlﬁSﬂ{ungfggihc&P%

teachi ngs of the présent invention lTustrate
waf er  handl efUTBE PIRSESSING. 448 HrveatiebPIoyites éor\ikﬁtéietqrwrbng thedellestivity 9&15«;

remove a waf ewafer Qmmdehﬂ‘ a hbhtidgrﬂhaﬁibleﬂ@f #thageal %&cebdhg’ﬂ‘@ﬁ@f&%s‘"’aﬁ&"t}ﬂéﬂ own
technlquef rovi,des a conveni d easily

T I um
operabl e s agggt i rer%% th{yl %?13’9 f]%becg diEPe PragF e 153? SBREf rom a
radi ation or plixagmher Qﬁﬁndleer@@l piBogssingrapparetis o fThe paesérttynventien achienes aghtrate,
Il b .
source Wi %apﬁﬁg Hﬂ§sﬁ’1ﬁ} Iﬁ&sgﬁfﬂeﬁﬁ ift a?ﬁ’éﬂ' %Jggﬁ?t%ﬁ%}ﬁigﬁgﬂo@%sfr%%ﬂ'}abgn in

any convenient,. and suitaple wa such ranges
descri bed bel @WS IRYFATPR ffpus @8#&@3@%‘3@@4&?@@@% 3 pygHeul W%el{ izt soli

i :1][ roduced t oobjbet dukibg ll’ﬁbattq)ﬁ‘d)@ﬁsiﬁg.a‘@f plﬁposé'hbﬁclaﬂtygtﬂié s@l&ﬁ@fbj&ﬁ Wi HéSi@EErfUéd

i |l unminatg, a i e portjon

i |1 umi nat @on B@%’ a3 %é e%%%gd&%?r e é‘ﬁé it d%g %d %ag?{pé{srg ajée ﬁa%tfvém F%HSISV tty
uni f or m and ﬁ@ﬁewn@mre allheselof mdnaarvmllon theweleyatiteart withize deadjhit abdeoter aﬂapBO
as descri bed ’ﬂﬂﬁﬁhdﬂrat&%ﬁ}ﬁéﬁtf%dété’ﬁ’rhﬁﬁag%a%etté}h Bﬂéf‘bﬁaﬂ%{otsé C4tl£Bth WEWHR! if igh

range, and pre t?lrabl he visible, ""infrared, and the m crowave ran
Hence, the Ii eéfif’ﬁ gsgﬁelé‘rrpl oyed in the 13 Decenber 2004

25 Figure 1 illustrates a temperature measurement system 10 in accord with
the teachings of the present invention. The illustrated system 10 includes a wafer
handler 12 that is adapted to load a wafer into, and conversely remove a wafer from, the
illumination stage 18, in accord with known techniques. The illumination stage 18
provides a convenient and easily operable stage for uniformly illuminating a wafer with

30 radiation from a radiation or light source 30. For purposes of clarity, the term light
source will be used herein to define a source for generating radiation in any convenient
and suitable wavelength, such as in the wavelength ranges described below. The light
source 30 generates a light beam 24 that is introduced to the illumination stage 18. This
light beam 24 is used to illuminate a portion, such as a backside portion, of the wafer.

35  The illumination stage 18 is constructed so as to achieve a substantially uniform and
hemispherical illumination of the wafer. The light source 30 as described herein
generates radiation within any particular wavelength range, and preferably in the visible,
infrared, and the microwave ranges. Hence, the light source 30 employed in the



10 illustrated system 10 is intended to broadly include any Subdcaliee2004
radi ati on source that is consistent with achieving accurate neasurenents
of one or nore paraneters of a wafer in accord with the present invention.
5 The illumnation reflected by the wafer within the illum nation stage 18
Is captured via any suitable optical pathidy 26, such as by a fiber optic
cable assenbly, and is directed to a detector 42. The detector 42 converts
the |ight sigdhistrated eysers D tisintendedtodnbadly dcledegmalsuindtileadisgion comkechat & a
control stage | that
i s transferreaégf%érgltﬂ%hagmev g%&ﬁaﬁ%&k@gmeﬂﬁgﬁ g%:t&grpgrfdﬂ%&%}%%fg% ¢t or
40 in turn gemca?@swr&hthap&s@mwwm@m put signal which is transferred to
the control stage 50. The control stage 50 performnms suitabl e operations

and procesgses on the ed si S.a n a stared data to determne
t he IElem spieri cal di recﬁi Eﬁmmztt ?‘?t?fi]gjilgﬁfwa?% g[? ‘ﬂl“’f"ﬂ?aﬁ‘(’f‘ﬁ@ge

i | 1umi nation sipdiered vi zfnwcsmtabieolstucghpathwaﬁ@é,l sueit af bparﬁbtrt@tldealﬁetamembﬂﬁ and
42. 15 Wth f%tg] ta%tma@t §9&§ct694f'ﬂt§c?etémort%enoﬂ@érﬁhﬂlé ngﬁt@%rtat tt% [Cﬁ,?]itab(l)e

stage 18 is transterred, via any suilt
handl er 12, tﬁle?tFtéal sngk whig ﬁtgcwéag*éozzsontrﬁlegtaﬁeé@eél&wrt@hfsmg@ 32)2ai$05 any
suitabl e t her BBlerQCREGENE bt:atﬁnmes tra@fegwdrmafgratnl cgﬂlca attSwad zsatald@tetctaﬁu@i&'

l.e f h t
api d- neatt ng 1By aetrast A ome GheBlER e it tfPustin hish Yo it doen
i nventi on. Theommbetegsﬁ(hgTh;et eupiroP Bagre§d perfirna subatilebdperations and pardises on the
fabrication 99&5?1 aIQMoﬂ 468 rdatastHQQte m@%%lrrbﬁierlgélff et

oxi dation and ¢ emc vapor eposition techni rocessing, the
wafer is il ufallgetidty %tb%wrafeg r-wthfqr @ﬁﬂllhlr@ﬁlﬁtlo%ﬁ@ﬁeckg fzam tbmlgmﬁlt regsized frafrong
radi ati on or fhetdealorp4d a2, 32. The light reflected from25 the wafer
during prgfessing Is captured by a suitable fiber optic assenbly and is
conveyed ong pathway 34B to a detection stage 36, and al ong pat hway 34A
directly to the controWithfagber5eferchice to Figust I dhedafieingbe ilbmisttagestdf 18
converts the BﬁﬁérP@Ansﬁa'nQH%a ';g} gtuétbte%ﬂéthﬁ@ Em&‘clﬁls?rygttﬁé {:‘vé'%er ﬁérmﬁ' 12! & thfe Uf ;her

processing by the control
situ or wthi WOF?FémBéFﬁEFﬁa Jhanﬁtcﬁsw stws%?glﬁéamambtetth@rmaherocpwng furnace,

gonj unct i on warddintpagicukied mﬁ@fd thérmid @rcﬁ:ﬁ&ﬁ@ffurﬁd&e suif®Ie HP B?ﬁé\ﬁﬁé high wafgr
irectio r i vit urin i S .neasure
reflecti \r?q y &%J"%ﬁéut and%ap g 385“{“ Odréf? e?vﬂféﬁs c 15{%5%"@@ ﬁt?rt???htﬂ%s A g’e ro¥8Esi ng
according to maerrtmmmtemrwsmg shgel? parfarmise wasyrdfisendiconddotertfalbricatien ai |

bel ow. For puppessss Lqion?u%e ﬁ!aﬁf Isthh ad Ataetlﬁ{grmffﬁfs o JhHéttdﬁ dnd cuglﬂttah%p%t n,

al t hough refI CtIVIt¥ %n ’ectance are i nt
i nt er changeabf§P osition tec 1ques Durmg processing, the w er 1s 1llum1nated w1th light from light

source 31, which travels along radiation or optical pathway 32. The light reflected from

25  the wafer during processing is captured by a suitable fiber optic assembly and is
conveyed along pathway 34B to a detection stage 36, and along pathway 34A directly to
the control stage 50. The illustrated detection stage 36 converts the optical signal into a
suitable electrical signal for further processing by the control stage 50.

30 The illumination of the wafer in situ or within the heating chamber is
designed to determine, in conjunction with the remainder of the system, the
hemispherical directional reflectivity R at any time during processing. This measured
reflectivity is then employed to determine the emissivity during processing according to
a known formula, which will be described in further detail below. For purposes of

35  clarity, the term reflectivity is used herein, although reflectivity and reflectance are
intended to be used interchangeably.



13 Decenber 2004 11 The illustrated control stage 50 further 13 Secémbef medback
communi cation wth the wafer handler 12 via feedback connection 52 and
with the processing stage 22 via feedback connection 54. Hence, the
control stage 50 can control the operation of the processing stage 22 and
wafer handler 12 in order to control or adjyst, as desired, the 5
illustrated systemi's performance. The control stage 50 preferably |ncludes

sui tabl e memory nodul es,Theﬂt&ﬁ@ﬁﬁ%ﬁmlas%e%@rﬁ{ﬁﬁér% ﬁrfe@ gk@&nﬁ’ﬂ

di gi tal convert rt§ ﬁh? féﬁﬁg pt~ of an% g Ita nals
from the ot her 'S8 QT At PERLONRE IR PR &IMBPEOCE@IWt%@MZ
as wel |l as tovtﬁrf@c@@sk t¢rmectetre54zeﬂemaguhalcsnttdi st’@tzénmeoﬂtﬁﬂ kiRCdpetitioN of the
em ssivity ea .. L he
det ection st a§goc\é@sfn?g'r58t£g% g%f&hr%}gfsegrlﬁeﬁ{ ﬁlreigr ac1p 4 agtusggga?ﬂre 1 ux
within the’pr §'i'3ﬂg§}’-°§%f5@é’e£f2m% detection 15 stage 36 receives optical
signals fromthe proceSS| ng stage 22, and out puts a signal proportional to

t he received opti cal rrratl . Stage 50 enploys the signals
recei ved al ong pat hway éﬁ Ftﬁ‘&egﬁaﬁ lﬁ’é’é pSFurtabiamemory@deles.on
stage 36, aspwekisomsarfd mmwextn&ars Chetlkead mrah)gllte dagithl %vei‘t@rsdﬁtfﬁélmmﬁe&éiﬁt of

radi ative flu rt|on

il lustrated ségﬁgéngﬁ&ﬂgﬁél%@el e?pﬁt oye t?er'?gétg erm °§‘§‘8 e %ﬁt@ﬂﬂ# qet%‘:‘fqréy
light or 1Adi 4Prah4d.asyrell as deiprocpssithe respivedsigeals toddiermindweflecthatynahissivity
that is recei vedlwhfer tdigpech@iirect i on stage 36 and/or the detectors 40 and 42.
Figures 2 and 3 illustrate the conponents of the illustrated system 10

enpl oyed to determine the in situ emssivity of the wafer. Specifically,
the figures 25 illustratthierencospsineosiganpl akedetbytion s BotieaapRdite first

det erm ne t he g éthe edike Ecﬁntdr\fhal){tn‘?@(ﬂ& ﬂ‘lh?]fthe Pﬁ)cgs%ﬁtghst%e?ieifﬂg rdﬂﬁatnd then

rel ating or corre at i ng ect v
reflectivity. St%%@reﬁ?w%sr‘?ﬂtt‘ia]r%?g% fromthe Pfoﬁ@é@glswgﬁééofg‘ﬁll quéputs dsigniln or der

to accur at el ypiopbtionklanpies @tdival sptRa Bfbrda86n | THX cordtfd® sued §6 erﬁ?l‘o?§th¥:' ty

be k d h h f
backsi de 1 o s EpStseSr el SPRRBEnS Ry BR A o eraisecived hewahddSrstionstotang.
waf er tenper aB@ras welltasifom thesleteatore4? mdr) wdaymlemetmdtbevmhﬁemmeﬂ%&w e
the real tinmeggriasi \HetnXe Qfhis ﬁagﬁlo\f’ﬁ;f%e 111'9&%@& %E eﬂﬁm 981 1] %ﬁﬁ?)ﬁ IdFtLEfEPth od

especi al | in a rapid hér ma rocessi ng

system 1049 s ths aﬁ?&gmfemt"h é‘g]étrﬁ@ §‘?19‘F‘t’y(e§ :dﬁdlﬁh‘éﬂ ﬁ@ﬂe&oume Riberidan ﬂwlwﬁer)

waf er processihagis rddeivediby teecddtesivg stige 36Lad/T tHenidchrs SPssd 428
hem spherical directional 35 reflectivity of the wafer backside, and

applying the follow ng equation: e(TT) =1--R(T,,) (1)
Figures 2 and 3 illustrate the components of the illustrated system 10

employed to determine the in situ emissivity of the wafer. Specifically, the figures

25 illustrate the subsystems employed by the system 10 to first determine the wafer
reflectivity ex situ of the heating chamber, and then relating or correlating the in situ
reflectivity with the ex situ reflectivity. Those of ordinary skill will readily recognize
that in order to accurately infer temperature from emitted flux, the wafer emissivity must
be known. For semiconductor processing, the emissivity of the wafer backside is a

30 complex function of surface finish, backside films, and wafer temperature. It is
desirable in modern systems to be able to measure the real time emissivity of the wafer
backside during processing, especially in a rapid thermal processing system. A goal of
the illustrated system 10 is to measure the emissivity € of the wafer backside during
wafer processing. This is achieved by determining the spectral hemispherical directional

35 reflectivity of the wafer backside, and applying the following equation:

£(T,)=1-R(T,) M



13 Decenber 2004 12 The hem spherical directional reflectiViiyp&ameb®oa
neasured at this stage by illumnating the wafer uniformy and .
hem spherically, while concomtantly collecting the reflected energy in
the direction in which the emssivity is desired to be neasured. _
Alternatively, the wafer can be illumnatgd in a particular direction,
having a selected angle 0, and 5 collect all reflected energy over the’

whol e heni sphd?he.heﬁﬁ@hfaﬁdiai@ﬁ}eﬁgmﬁﬂlléﬂ%%ﬁﬁkyro@? Bk h%%sur%&‘%&hifs@&gﬁ ?Wmdmi?@?% ot
aque at the A v th. e, Syst.em of Figures, 1 an

ggr 19 ch)r s an egﬂ%{v? ﬁéﬂr@%ﬁt’ﬁ%grr%‘%ﬁgmg?hﬁrﬁglI%éﬁ?lgﬁﬁg?‘?@ﬁ“ﬂéﬁp fc'cttingr’rg‘? reflected

reflectivity. espayiin theaditegtioringuiieh theidmisgvitais dssiteddo b6 nicabured.nAltemativrst em

18 for det er migy wafek B beSluREldied v Dbl NRES, wiﬁ%ggelgét?& %‘f%? Q,te@%td' ng

n, 8
chanber of _.the therpal . processing apparatus. For’ purposes o i _
will descPi bé°bi’+‘é agge%ﬁp“{q&‘ gty QVEY U tho pRlvEst Thedforeeineradnationregiices of
the heating chizatitlertarget bé eaquber e pypntassdvelng@par at us, al though those of
ordinary skill will readily recognize that the thermal processing
apparatus can be constructed to have any sel ected 15 nunber of additi onal
chanbers, outside of thdbaepstemdOcidndees 1 aml Wfiist perfonpenfes sy tfvasurement

Cour o, | el uogardcaTlericuseidaal AORiGE Speantllp Ul MUBLETL o

cour se, . C .C. i ,

whi ch wou 0 Sﬂﬁ‘frﬁi?lfu%@fsteg? g%;@ﬁéﬁteﬂaml%@ﬁ reflesivitesh the walfes antsideorfshof  a

Lo et bbb ks mtnd VUL AL
adi ati L

opt1 oal _choppore® dia iy BfalOlc e RRAREN o8 B Sl Qeddf e Bt gmorne.

light source €hthetbermabpmessingupgaaen, ddlooglethosoofiardinaifhdill néliiieatlilpn t hat
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integrating sphere 62 is highly reflective and diffuse along its inner
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backside of the wafer W. In the illustrated system, the integrating sphere 62 has an -
aperture along a selected sutface disposed in registration with the cable 24 for receiving
the modulated light from the light source 30 and the chopper 58. The integrating sphere
62 is highly reflective and diffuse along its innér surface and therefore reflects the '

30  radiation within the integrating sphere to uniformly and hemispherically illuminate a
portion of the wafer. The illustrated wafer W seats on a selected aperture, for receiving
the uniform illumination generated by the integrating sphere 62. The light reflected by
the wafer is collected by a fiber optic 26 which communicates with the inner chamber of
the integrating sphere 62 via a suitable aperture. During this ex sifu measurement stage,

35  the wafer W is maintained or placed at a suitable low temperature. As used herein, the
phrase “low temperature” is intended to include those temperatures lower than and
preferably substantially lower than the temperature at which the wafer is ultimately
processed within the heating chamber of the thermal processing apparatus, and includes



phrase "l ow tenperature” is intended to include those tenper abycashel WMLI
than and preferably substantially |ower than the tenperature at which the
wafer is ultinmately processed within the heating chanber of the thernmal
processi ng apparatus, and includes 13 Decenber 2004 13 tenperatures
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bet ween about 10 C and about 100 C, and nost preferably includes disposing
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signals V,, and V_are introduced to an analog to digital (A/D) converter 68, which
25  converts the analog voltage signals 64 and 66 to suitable digital signals. The illustrated
analog to digital converter 68 can form part of the control stage 50, or can be a
component separate from the control stage 50. Those of ordinary skill will readily
recognize multiple arrangements of components that can be employed to effectuate the
analog to digital conversion, while concomitantly employing the output information for
30  the purposes described herein.

~ Those of ordinary skill will recognize that the radiation supplied to the
integrating sphere 62 is modulated by the chopper 58 and then transferred to the
“detectors 40 and 42. The detectors typically generate an output signal corresponding to
35  the restdual background radiation in the absence of light transmitted thereto from the
integrating sphere 62. This portion of the detector output signal defines a voltage
minimum of the detector output. When radiation is introduced to the integrating sphere

from the radiation source 30, the detectors generate a maximum output signal



I ntegrating sphere 62 is nodul ated by the chopper 58 and t hers bdamnsf®os ed
to the detectors 40 and 42. The detectors typically generate an out put
signal corresponding to 35 the residual background radiation in the absence
of light transmitted thereto fromthe integrating sphere 62. This portion
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hem spherjcal directional reflectivity to the foregoing Vvoltage ratio is
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known reflectivity, and fittgng a¥Fphest fit curve to the calibration pgints
to develop a nmathematical f Het:it)_n of the voltages. The cali brati on{®urve
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either in hardware orin software Prior to measurmg the wafer reflectivity ex situ, a

20  calibration curve comrelating hemispherical directional reflectivity to the foregoing
voltage ratio is established by measuring this ratio for a number of reference standards of
known reflectivity, and fitting a best fit curve to the calibration points to develop a
mathematical function of the voltages. The calibration curve is a collection of one or
more sample measurements that are stored, or pre-stored, in memory in the control stage

25 50. The calibration curve is then employed to determine the hemispherical directional
reflectivity of the wafer at the selected low temperature. Specifically, the hemispherical
directional reflectivity of the wafer is determined by employing the following equation:

Ry =1 v0) ©
30
A significant feature of the emissivity measurement system of the present
invention is that it provides an illumination stage 18 that uniformly illuminates the wafer
outside of the heat chamber of the thermal processing furnace. This stage affords for the
easy determination of the wafer reflectivity outside of the chamber housing, prior to heat
35  processing of the wafer. The system records this information and then correlates this
information with the intensity of the radiation reflected from the wafer when disposed
within the heat chamber. This is described in further detail below.



directional reflectivity of the wafer is determ ned by enpl oyi mgehtae2004
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In the illustrated processing furnace 22 of Figure 3, a silicon carbide or

25  quartz bell jar 70 forms the process or heating chamber 74, which can be used as a
constant or continuous heat source. As used herein, the word “continuous” is intended
to include continuous both in temperature and heating surface area. The top of the bell
jar is closed within the resistance heater module (not shown), and the bottom of the bell
jar is cooled by contact with a water cooled transfer chamber (not shown). A smooth

30  temperature gradient from top to bottom of the process chamber 74 is formed, with the
top of the bell jar substantially approaching a black body radiator. The rapid
temperature ramping action is achieved by moving a wafer vertically within the chamber
via any suitable wafer elevator and by rapidly elevating the wafer from the transfer
chamber to a position corresponding to the desired processing temperature within the

35  process chamber 74. The wafer is cooled as it is vertically lowered within the process
chamber back to the water cooled transfer chamber. The selected rates for elevating and
lowering the wafer within the process chamber determine the heating and cooling rates

of the wafer.



25 quartz bell jar 70 forns the process or heating chanber 74 pashiteioo@an be
used as a constant or continuous heat source. As used herein, the word
"continuous" is intended to include continuous both in tenperature and
heating surface area. The top of the bell jar is closed within the

resi stance heatér nodule (not shown), and gyie bottomof the bell jar is
cooled by contact with a water cool ed transfer chanber (not shown). A
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into ' assembly that communicates w1th the process chamber 74 of the bell jar 70. The optical

assembly includes a lens 82, such as a sapphire lens, disposed within the process

25  chamber 74, such as at the top of the elevator tube 84, and a quartz lens 86 disposed at a
bottom of the elevator tube 84. The tube and lens assembly collects and focuses the
radiation reflected off of the wafer W and received by the fiber optic cable 34B. The
elevator tube 84 and associated structures serve to move or sweep the wafer vertically
through the process chamber 74. The light pipe 78 illuminates the wafer when resident

30 within the process chamber 74 by directing radiation onto the backside of the wafer.
However, in the process chamber environment, with the associated elevator tube
assembly and other apparatus, the light pipe 78 is unable to uniformly, completely and
hemispherically illuminate the wafer backside.

35 Figures 7A and 7B illustrate the construction of the light pipe 78 of Figure 3 in
accordance with the teachings of the present invention. The light pipe 78 is a solid
quartz pipe which is coupled to one end of the fiber optic cable 32. The distal end of the |
light pipe has a chamfered end 78A that is cut at a selected angle 0. According to a
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radiation or radiative flux reflected fromthe backside of the wafer is
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t hrough the |ight pipe 78, past the bent portion 173, and to the distal

end. A selected

The total radiation collected by the optical assembly comprises radiation

25  emitted from the wafer, radiation emitted from the bell jar which has reflected from the
wafer, and radiation introduced into the process chamber 74 through the light pipe 78
from the light source 31. The illustrated cable 34B is a bifurcated fiber optic cable that
transfers a portion of the optical information travelling along cable 34B to a
photodetector 90, and the remainder of the optical information to a pyrometer 96. The

30  photodetector 90 and the pyrometer 96 preferably include the same optical column, and
include the same optical filter as the photodetectors 40 and 42 of Figure 2. The use of
the pyrometer 96 as a detector in the illustrated system achieves the advantages of
performing a non-contact measurement, with relatively fast response and large
temperature range. However, pyrometers are known to be dependent upon the

35  emissivity and transmission of the wafer W, as well as exhibiting a lack of sensitivity at
low temperatures. The illustrated pyrometer 96 preferably operates in a spectral band
centered at about 0.95 um, since the silicon wafer is non-transmissive or opaque at this

wavelength. An advantage of operating the pyrometer in this wavelength range is that
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backside changes or varies with the vertical wafer position within the process chamber

- 74. Hence, the pyrometer outputs a different signal for each vertical position.

25 Moreovér, since the wafer is supported within the furnace, it is generally difficult to
mount an optical assembly that can uniformly illuminate the wafer within the chamber.
Hence, the radiation measurement performed within the chamber 74 does not satisfy the
generally hemispherical and uniform illumination characteristics necessary in order to
properly determine the wafer reflectivity and hence emissivity.

30

The illustrated system 10, which includes the in sitx illumination
technique described above, is unable to meet the uniform and hemispherical illumination
requirements in order to accurately determine reflectance and thus emissivity of the
wafer. Hence, the system does not determine directly the reflectivity of the wafer within

35  the chamber 74 from the in sifu radiation measurement. Rather, the illustrated system 10
determines the hemispherical directional reflectivity of the wafer at any time during the

process by assuming that the in situ reflectivity R is proportional to AV, according to the
following equation:



Wth further reference to Figure 3, a portion of the optical 13 mdasmaionon
traveling along pathway 34B is transferred to the pyroneter 96, which in
turn transforns the information into a digital output photodi ode current
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the intensity and angul ar di 23:“ b ion of the radiation which inpinges upon
t he wafer backsi de changes $&hwves with the vertical wafer posi ti &h
within the process chanber - 74. Hence, the pyrometer outputs a different
signal for aﬂ; vert cal gdc) |t|fon 25 Moreover, 4n ce the wafer is
supported wit hih® Dr%’ PAgHAL Wersforeicoriglaies thy ingirkrelicchvity Rite theqwafet radigtive
opti cal as’iserrﬂhryAwaaomnstamtldf@rcmoytmdalhtyrﬁ(nate the wafer within the
chanber. Hence, the radiati on neasurenent perforned within the chanber 74
does not satisfy the general |y hemi spherical and uniformillum nation
characteristics necessafye illystgtebemissivity mepering syeterr dﬂéertrhmeswhd @mstant of

reflect t Portiensl '
ivity gogo a%#g‘@hancwhel%@[eahﬁ Idfﬂ&%ﬁ@l‘:%ﬁiéﬁabove iter R the

i ncl udes the |n Sit ti echni que. descri’b
neet the uni f%rPFFrSéﬁ pﬂgF V@g?r ‘& 1 ﬁtrﬁ 3?Wé‘i’F€Pﬁf§t“¥enan¥1@f@r to

accur at el \0 dexteeaﬂamtnathetheatlhmnmﬁoalspbtérh us vﬂﬁnsistemﬂnjng)ﬁe '@Ja @zru H&hipheridance,
the system do&?e_}:gg{)alqaie% eAQ&c{r&%k'té’ a%&?er;e%%g& clevtlhg}év erl%l? ﬁg%’)va er WI thin

35 t he chanber rom-t asurément
i1 lustrated sYHPETHIEO u@'ﬁ@?ﬁ#ﬁ%ﬂt@hﬁﬂﬁémfmmm IScﬂlSOextmqmaﬂmperanue

reflectivity wherd Iblﬁcéaaﬁlﬂﬁnﬁie ;ﬁBUesE blﬁ@nl?@r”'mn@u% hS theHTPE R maY m @&Sﬁ'ﬁl@&afel?at
the in situ rﬁlkect Vlt& ?op %hfgg oA\/\Naccordlng0

fol | owi ng equhft<Eh? 114 é "f()tgfl TRALPIRASFSING 3pRyratif o beghheorater age
~ 50 therefldr e Torillebtedta@bsystem lmﬂssnwrtmelﬂ)l' ﬁmVewort“gwEépsbt}teheafwﬂ‘hﬁru haﬁkt ative
5 flux AV, by, r@c&@@ﬁ%ﬁlﬂ% 119£ %ﬁéro\gﬂﬂlé E%cbé?ntmﬁrﬁi L ShE giu? rt'eco i 4,\ | ty

nmeasur i ng system 10 determ n e const ant ro Ol’t IO
hence the reflctdiths ¥ertigal P@ﬁéox}v&s yrealgyme)|daging Qnetsn*@emaﬁ“bq: Swetnhlﬂﬂtelne:reates

process c hanwablézbfv:m@gemi@g aMM wertiahl ;g%%ﬁahcyorah% tS JHE plaeMitd BOREY Akur e as

vhen 10, 1o iyt Nl 17 gl T A4 QR PHSH D AT vep, L L g The o
pract i ce,20t hezenedfelly disposed af tlmrsamteecrpparrammer whdumsldgnttvhénﬂmaﬂllﬁmmmaﬁ gageent
ELgﬁgZ f . Z‘nd DIUSZ J?éocﬁﬂinzé tolr dgf&[&ﬁ&@%ﬁ@%fe‘? is M§ Ho Iﬁinglemea H{unné g sRESS: GR
18 preferably heated in a range between 30 °C and 150 °C. Those of ordinary skill will
recognize, however, that the wafer temperature can be raised or lowered after the ex situ
hemispherical directional reflectivity of the wafer is determined, and prior to introducing
25  the wafer into the process chamber 74. Further, the system can be operated so as to heat
the wafer when disposed in the chamber 74. Since the wafer temperature does not
deviate significantly from room temperature during the sweep, we know that the ex situ
wafer reflectivity can be equated with the in situ wafer reflectivity R, such that R=R,,
where R, is the hemispherical directional reﬂecﬁvity measured using the integrating
30  sphere 62. The constant of proportionality K is determined using the following
equation:

R,
K(Z)= 7. @ ()

35  Once the constant of proportionality K is determined, the illustrated system 10 is then
able to determine the wafer reflectivity throughout the rest of the process. Hence, the

illustrated system correlates the hemispherical directional reflectivity measured in the



It takes a finite amount of time for the thermal processing sypRénstiimE0t O

heat the wafer. 15 The illustrated system 10 then vertically noves or
"sweeps" the wafer through the process chanber in a rapid manner, while
concomtantly neasuring and recording AY,,,, 1|,,, and the vertical

position Z, in real time, during the sweep,,The system 10 then creates a
tabl e of voltage values and vertical position. According to one practice,
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fromroomtenperature during the sweep, we know that the ex situ wafer

flectivit b ted wi.th the i it fer flectjvity R.. h
that R = RO, ARaRderREnE Sssymptionisest s hemisphariealciesinal rediepttity siinsarly
d [ etidnat .1 $igcSihe spiweare o propdhit H Bndete®iined during the
D OPOT | ORg! | K ofit GG HEIRoL G LALLM S KD
AV,,,0 (2) (5). 8 € CORst ant =of proportronality % |sercf%f’g%°ﬁmt-‘ﬁ'e , the

i{lustrated s$ignidiepnipdvantagreef theyprceent invgation v that theveystent &0 allaspd focthievi ty

t hroughout  t h@eteRfihaiin éfRMSAEASA dirdBisRI rdildBrivily Witsh R GAnBESTAMithout
correlates the hem spherical di ECéIO al .refl.e thw,t sured In the 13

.me : the
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situ or wthi meaheerperdeess chanber 74 in accordance with Equations 4 and
5. Specifigally, the hem spherical directional reflectivity and hence the
em ssivity of the wafer_can be determ ned at an time during processing by
the foll owing equation Bhwiljtrategssystem 39 can thep déﬁé ningdes wofentprepssiwe(l,dry i s
that the heni gphedsingdh thl ¢l ar@d 50 Rkn@ahd Mirbiheted olipBBEAN I, correcting for

stray or reflected light as described in further detail below, and combining it with the

measured wafer emissivity to determine or infer wafer temperature. Those of ordinary

20 skill will readily recognize that the method for determining wafer temperature from

pyrometer output signals and emissivity is known in the art.

Figures 4 and 5 are schematic flow chart diagrams illustrating the operation of

the emissivity measuring system 10 of the present invention. In operation, the control

25  stage 50 instructs the wafer handler 12 to place a wafer in the illumination stage 18, as
set forth in step 102. The light source 30 generates, and modulates if desired, the output
radiation which impinges on the back side of the wafer 18. Specifically, the light source
30 introduces modulated radiation into the integrating sphere 62 to uniformly and
hemispherically illuminate a portion of the wafer, as set forth in step 104. The radiation

30 reflected from the wafer is collected by suitable optical structure, such as by the fiber
optic cable 26, as set forth in step 106. The radiation generated and emitted by the light
source 30 is also measured by the detector 40, as set forth in step 108. The detector 42
generates output signal V, along transmission line 64, and the detector 40 outputs a
voltage signal V_,, along transmission line 66, both lines of which communicate the

35  voltage output signals to the control stage 50. The control stage 50 then determines the
ratio V,, / V ; as set forth in step 110. As illustrated in step 112, the system 10

determines the hemispherical directional reflectivity of the wafer using a pre-determined



proportional to AV,. Since the constant of proportionality KiiBeédsi£r00% ned
during the 10 wafer sweep, it can be used throughout the process to
determ ne wafer reflectivity. A significant advantage of the present
invention is that the system 10 allows for the determ nation of

hem spherical directional reflectivity withjn the chanber 74 w thout
satisfying the conditions of uniform hem spherical illumnation for in situ

reflectivity cﬂﬁﬁ‘ﬁiﬁnedﬁ?m %vh:&ﬁsﬁ@ﬁnhin%&'ﬁ&fo?é ff'lg v§a¥e°1~t ?E’o\?&[ \Qﬁlﬂntﬂgeoé}taﬂﬁnteg rmne

the wafer te rature processing in t he
pyronet er out E‘ile él?eg‘ﬁ%ff"r 1B aéﬁ’eéSkaéétl?‘ﬁ GFTRRSE at“%et rTei'F 16‘1““@@@%@9@01 Othght as
described in Heteihiaes ekl bahpherRardieeibhdl iréfkctivitiVof the bafer VBRI REed

waf er em ssiv i nfer wafer tenperature. Those of ordinary
20 skill wll 5%%%} Pfe(ilectrteed::t@mﬁgmgwfhat the nethod for determ ning wafer

tenmperatur® from pyrometer output signals and em ssivity is known in the

art. Figures 4 and“ﬁtf?ﬂe?er@rfc@%@?igu?e £ L iRveShai Eta%é %9 H%H‘irahi’.flexlﬁﬁé @Lfepg\f}'

oper ation of em SSi VI ur i ng SY stem he Pr esent 1 nhven
I n operation, ﬂFHﬁurEH’f'ﬁ‘?‘tha %foaéé P%eﬁ‘sﬁ@csrt%ﬁ?t@ tﬂ’@ ‘Vﬁ?relﬁ logdedipep Slllizﬁbtlﬁ)
pl ace a waf ervd:rnc:ilh&ppdrt asstmnbly| oil i8 depeseli8yitlis thes;ﬁbce‘sgéﬁalmﬁemat tfﬁe 111 . The

' i f..d d t
which & mpi ngeSouste 1 b SRR /T e o Bt iP5 oimates e Hatghy””
source 30 i ney it Gutsinsispul 18t dde radiation omadiati e fewithindle piobesy cBphberg462 t o
uni formy andgRgmcaRied be tlel detdctibh %Q@ﬁ@ aﬁd Eg%cfu]ﬁ %%B tﬁ@%)ﬁﬁfef’& 96 %ﬁﬁl ﬁgh%

forth.in step 104, The radiation 1S CO

by suitable offq E%ﬁtecéqrrggct%?élgr@h%??e@ée ‘lhﬁ@ PWOE@FCtObﬁﬁ)WGéﬁHP%%IOChSHSet
forth in stepahpbfierDi8ao geckrat: ItMoxg@ﬁt%tg’iahEdV&anhﬁﬁ% E&MDM stdpe 118 Gﬁ'& 12(;;our ce

| , t f
detector 4z Goikehtlaty e uHhEEh et 10 eRRine; e rbmidu b g Waviining
t he detectdor %@ Pﬁ?ﬂem@wef Vblas agtéosh gnstep 12%f Futhengorer tha sliisesied systemd 066,
both lines of q\binGiResGRETAARRB R tviEhiB The{Rb LRI M HeP “ﬁﬂhgﬂcaﬁj?roﬁl%tetr I@@ as set

AR G B T NI A S M A
det er mi nes t hehalthet 3ptsemi 08| wilile eptiwing|the ﬁﬂiaﬁ@é vk byyd 0drtitd1@oWabR bf Hhg ngda
o1 e, ST og B eSS Eork o RS
sel ect ed $bw penihe ﬁ)éﬁt?}}’léo TqYeELsite Fign i@ﬁ@hStm@e Process anew. lfideovafimesep e ex
situ hemisp hedsdrﬁ;ﬂkte bhé @ el @RAH] srtﬁgel Rdech¥ate¥ R fubBEonR{Z5 fo MU dfndinsRE5Eh: at
a first select propo li?y kr and measures the wafer vertical position z and the detector output
AV, in real time throughout the heating process, in accord with steps 130 and 132. The
system then correlates the intensity of radiation reflected from the wafer AV, (e.g., the
25 insitu wafer reflectivity) with the ex situ wafer reflectivity measured in the illumination
stage 18 in accordance with Equation 4, step 134. As set forth in steps 136 through 140,
the system 10 then determines the stray light component, and corrects or compensates
for this component when utilizing the output signal of the pyrometer 96, as described in
further detail below. The system 10 determines the wafer emissivity according to
30 Equation 1, and from this information, determines the real-time wafer temperature
during the heating process.

A common problem in pyrometry is the introduction of stray radiation or light
into the pyrometer. The term stray light as used herein is intended to include radiation
35  thatisreflected from the wafer and which is produced from sources other than a
workpiece, such as the target wafer. Although prior art systems have attempted to
measure this light radiation component, it has generally not been done with sufficient

accuracy to meet the emissivity requirements of modern thermal processing systems. A



Wth reference to Figure 5 the control stage 50 then transf erBecédier 0afer W
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| oaded on a suitable vertical support assenbly, and is disposed within the
process chanber 74. The light source 31, through the Iight pipe 78 and the
fiber optic cable 32, illumnates the wafexr2 W10 as set forth in step 116.
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pyrometer,, The termstray |ight as used herein is intended to include
r adi atlor%O 35 that is reflected fromthe wafer and which is produced from

* sources ot herwhdrah, @mespdads ecthe pertidn @fthd pyerotateg etitpuasignal wilicihelxgdy to heOr

art systems hgy ﬁn@r&)&ﬁ%ﬂ %ﬂ tltné)w?ﬁf aa%#;lgcéﬂe%péﬂdg Bs thra?g&?i%h 28 tl}%cfglﬁome 't

has generally not been ent” accurac
em ssivity rcgipyisiganl thatsomesnands thadistipn pmitedsom gowpet ather. tha the wadsenber

2004 22 signi aink:lG.ﬂrﬂ&h ﬁ.%’ﬂ’éﬁeﬂgﬁ‘mﬁfthé WEfeP! B PbrtioR\GEMd Qfndl Sart PRtudk tadiation
accurat e|2% Al orh the llgeht souree 30 other sources, as well as radiation present within the chamber
74 and not emitted by the wafer. Hence, once the total reflected radiation portion of the
signal is determined (non-wafer emitted radiation), it is subtracted from the total
radiative flux to yield an accurate measurement of the emitted radiative flux. With
reference to Figure 3, the fiber optic cable 34D transfers radiation to the photodetector
30 90 and the pyrometer 96. The illustrated pyrometer 96 measures a selected portion of
the radiative flux, and outputs a signal I, that is linearly proportional to the received
radiative flux. The pyrometer measures the radiative flux in real time and communicates
the output signal over a selected link to the construct control stage 50. When the wafer
is placed within the process chamber 74, the system 10 sweeps the wafer through the
35  chamber, as previously described, while the system measures the chamber radiation
(e.g., the output current signal of the pyrometer) and the vertical position of the wafer.
If the wafer is at the selected low temperature, such as room temperature, the emitted

light is insignificant relative to the total chamber radiation, and hence the radiation
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determines the stray |ight conponent received by the pyronet efpectdner by
enabling the systemto accurately neasure wafer emssivity. 5 As

previ ously described in connection with Figures 1 to 3, the wafer is placed
wi thin the thermal processing chanber 74 of the thermal processing furnace.
Wen the wafer is initially introduced inyp the process chanber 74, it is
di sposed at a selected |low tenperature, such as at roomtenperature, and
the intensityjRideh ornerﬁé ﬁ{r@g b

negl i gi bl e. ng%ef g‘rgpe B?I;og{é;e@%})gﬁlﬁg?lﬁlg%ghéﬁ? Hﬁfﬁ:ﬁg %%E) “tra%ﬁ- find
pyrometer is rf’é’&"’tcgldﬁéa‘{‘ﬂémsﬁ’?‘gﬁ FrobiHe Aptice 1@%@1&"@9&5? themgtozed on,

and this is mahs umﬁﬁblamge Sé,mlﬂd&ﬁsehyeﬁtbﬁlss&’&i ﬁﬁﬁﬂe@sat@@ﬁ@drfdcﬁﬁir't% stiae
total radi atiH tco O}Qérhplf ttgglgg)gg d%flfl%fro er. 74, and as neasured by the

pyr omet er onsr ts o era °8?Fi"}gred fromthe wafer plus
t he radi atﬁ ve flux emtted fromother sources which is incident upon and

reflected fromt heTH@fxﬁénsnﬁbﬂ% rhiGHcRUte EGAAhe G N04 ARATS.A FAnEUI T ent

of the pyrometer 96 i # tegrroportlona to the ra ux received

t hereby, the PHBIYS S prbpEionaklg theintensity of thgincddent saskiationgnal
of the pyr Onear&hha(gmmmilraﬂedh@lty o€ tHeokd fenvibaakisids] UBld $1Bsent Tn@@nttod assurfied thg 20

7) where I,, o {04 he n of..t onet er t signal
\(Nhl) ch rel at esth%%t[aﬁﬁg ot ]id%% éa‘%8 lé%% Earvtg%f rposglr?ﬁ‘#% R‘L&l[ yFesponds
to that pdtti %Eﬂlﬁpafttlyéhmwgbwm& proeessp Stncs ithprthermntah atocesingefiperdsmplvyed by
radiation em ih%?h eesEhIQNVEBidh SectiBhhgluch NBDa E&?stéi‘@ﬁgtm sBide %FH dé ﬁnergllgt i on

reflected from e.wafer.. Thi portion of the sig can i nc

25 from the |5cghirediguietssmigs tp‘%?‘ﬁ%’r light gppaneng i %69’{ "Eﬂéh hedrefeninventionetbe
wi t hi n t he .chiehesl gratier otatedtwiein tueqﬁo&e;s tienbea 78 katisHes efs req{iﬁﬁnérhe total

reflected ra .S deter er, e tted
radi at i onﬁﬁs d?%hé)g?ﬁp ﬁoé%%ﬂl& 4%%%1&? 3 tof% fhe PF°°8?$&‘E% %’%gefd%%%et%a%ﬂl%lfiﬁo
accur at e Yeasigflestathradistionisan bepettferth asidi ative flux. Wth reference to
Figure 3, the fiber optic cable 34D transfers radiation to the

phot odet ector 30 90 and the pyrongter yhe illustraggd pyroneter 96
measures a selected portion of% 't rad ve flux, and/outputs a signal
|,o0, .that is linearly proportional to t® received radiative flux. The
pyrometer neasures the radiative flux in real time and conmuni cates the
out put signal over a selected link to the construct control stage 50. Wen
the wafer i swhtradgd isvbe mtensitye! traotey sadibtiorbaeasvided dubiag shyesdvesep 1l Thsweeps

.. the waf ery hrlﬂf& };e Shethg cﬁﬁﬁ)m‘ﬁ{l vs:da1 9&%&%&1*6%&%1&8% aé@aﬂaﬁcé Pﬂq{jsyst em

measures the ¢ r latlon current
pyr omet er) an@ﬂ‘%aﬁénﬁféﬁlﬁq %a'}[h?)ﬁlé‘?qsltb At the rﬁﬂétlﬁbihff@ﬁed by fhe rvr@femfnerrow beat the
sel ect ed | ow dxprgesddtiyir e, such as roomtenperature, the emtted
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25  where SL stands for stray light or radiation. From Equations 8 and 9, the system 10
determines the emitted radiation intensity of the wafer and thus the reflectivity of the
wafer. Once the radiation received by the detection stage 36 is compensated for in terms
of its stray light component, the measured hemispherical directional reflectivity is
correlated by the control stage to wafer emissivity according to Equation 1, which in

30 tumn can be correlated according to known techniques to wafer temperature.

With reference to Figure 6, the system 10 operates to determine the stray light
component of the radiative flux within the process chamber 74 by illuminating the wafer
when resident within the thermal processing apparatus, as set forth in step 140. The

35  system 10 then transfers the radiative flux within the chamber to the pyrometer 96,

which in tum generates an output signal (e.g., a photodiode current signal) indicative of



light is insignificant relative to the total chanber radi ati omecaivd: Joence
the radiation 13 Decenber 2004 23 incident upon the pyroneter consists only
of the radiation reflected fromthe wafer, and does not include radiation
emtted by the wafer. This optical information is then stored in the
control stage 50, and subsequently used tojgonpensate or correct for the
stray |ight conponent of the total flux AV, during processing. 5 The

ishe

intensity of thecscstidahditiivd @il eCAiS thibiMohhe-HREFLI BNREL LBRbL] fistesh
out put signal of@%Qe r onet é s proportional to the_intensity of the

i nci dent radi HPHEE gﬁ SW‘Fé”g ﬂlﬁf"é corgsythe ¥entigalinpsigion of thewter withia ks de. The
present i nventhanibead4 umbsordiates thidysositivnenish thy radiativeefluxaeadardd at ot poditen at

a particular r L YRt Lgnifican hr oughout the
o beess. s el HEPYRARbE "Tholo B2 ofdlecy BGH oAl ST LCoBRR e e ALY

i nvent i on § untadiaien reflgstpd frore the wefpsvaties imeespidages with dhe, veridat hosittorgefitbe al | y

required to dehfhi ihe chhBb&! MaYs isis@fthrik AMRERNENH thnsgccord with the present
i nvention, the thermal gradient created within the process chanber 74

satisfies this requirenent. During heat processing of the wafer within the
processi ng stage 2Zhe sysend@tlichddenaines hdethtbthe efdfacivedp isadnldteandanit be

set forth as: LS. = T ' . ' sity.of the
stray radiati g%t’ %r?t‘a’grstgu[r%e diua&)i %1’8 a?%ggg%é%.gﬁ%ﬁ%‘ﬁ%ﬁ ]?ilf’}e%?l tbgk\% P ﬂéuon
radi at i onl@mni within thy chanebesaliche wafer seeeiois spmiphesal thesyacoosadeeintes the ttal

Equations 7 apdiddive TR rédiveABylie PfromBfr WA R Wafer ‘?éﬂet:fe@qliémf stnbemealifRncan
now be expressed.b 0 (2). R 0 .25 where §Il_]

| = | =1 sl (T) (9)
stands for st MaFrHs %HP“#‘)F&H? ﬁ#lecf}ﬁ.mrrﬁ@ﬂﬁl\?qﬁwwtgﬂeaﬁﬁlfc@sﬁ?‘ﬁéerg@ﬁg@tyﬁ-1o
det er mi nes t h€hesystenethen ddieahinen ] Nt rad mneanfred 4l readréy thanvehférhesidahe
reflectivit & he gt i B e tection
st age 36 i sycg%ﬁ%%s%?%%ijggroﬁ%%%gﬁlg@t E%ﬂ éiﬁt’%%sqste? g%%g'l 1¥§%P ?}é%irr%%dngsﬁﬂ'f ?P%?lﬁle
neasur ed heni thehelpl rediative flux measaemensfand the fpragpingsvaluearthe ysiany 19 detetmines

control st agetHeQomPdikiite MiSRityiof theaagiatich ﬂ&hﬁﬂhg?f&éés(%ﬂaébem. Cfhid # 30 turn
can be correl ated. accordi %iggt @Fknown echgl %ues Q ng{,tﬁ{a t ?rrpg{jat ure. Wth
eferonce to RIBTHN MEomRELay Be oD HBP QraPrass Ut e b NEThd e 1 i
employs this information, along with the reflectivity and emissivity measurements, to
determine the wafer temperature in real time during processing. This is set forth in steps
20  156to 158.

A significant advantage of the present invention is that it accurately determines
and then compensates for the stray light component within the system 10 by assuming
that the relative emittance of the wafer at the selected low temperature is negligible.

25  Hence, the pyrometer output signal is equated with the stray light component of the
system. The present system does not employ a quartz window, and thus does not
provide components that are subject to unwanted chemical deposition. Furthermore, the
illustrated system does not require the use of specially designed quartz or silicon tubes in
order to accurately measure wafer emissivity,

30

Another significant advantage of the present invention is that it employs a
correlation scheme that correlates ex situ wafer reflectivity with in situ wafer reflectivity
in order to avoid having to achieve uniform hemispherical illumination of the wafer
within the chamber 74. This provides for a highly accurate, real time emissivity

35  measuring system that satisfies the emissivity measurement needs of modern thermal
processing systems, and in particular, is capable of satisfying emissivity accuracy
requirements of about +/- 0.005.



conponent of the radiative flux within the process chanber 743 batember 2004
illumnating the wafer when resident within the thermal processing
apparatus, as set forth in step 140. The 35 system 10 then transfers the
radiative flux within the chanber to the pyronmeter 96, which in turn
generates an output- signal (e.g., a photodihpde current signal) indicative
of 13 Decenber 2004 24 the received radiative flux. This information is
conveyed to the co | so
records the vertica e (})eéslrﬁtqgﬁmg?ngﬁgpk&vfldJS%p%ﬁﬁﬁﬂet#aelez%’ﬁ{rgégrgl}&ﬁ?and
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steps 142 %o 146. The system 10 then determ nes whether the wafer sweep is
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t emper at ure. BWP%W‘EH‘?E%?”H‘B?%‘P% SPIEEShe Siage fmsatﬁfgges%ﬁ‘hf“ﬁ@l‘for ds
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tubes in order %{) acc te y measure fer emssivit
signi ficant aBRFSFiBg F PREIIPE %BWH“‘?%JEWPPB%}“P%T ig n%ttmamtamé@b%or&tam

temperature, for example, cycle on and off heat lamps, then only the foregoing

emissivity measurement techniques can be employed in connection with this
25  embodiment.

A significant advantage of this position independent design is that it does not
require the monitoring and recording of a selected position, such as the vertical position
of the wafer as illustrated on Figure 3, during the measurement and wafer heating

30  process. Moreover,

According to yet another embodiment, the system of Figure 8 can be
modified such that top and bottom hot plates can be provided to define the chamber and
to heat the wafer to the suitable thermal processing temperatures. In this embodiment,

35  the hot plates operate as a constant temperature heating source, and hence all of the
foregoing emissivity and stray light measurement techniques can be employed. The
foregoing embodiments are deemed to comprise part of the scope of the present
invention.



correlation schenme that correlates ex situ wafer reflectivitys Ddcénibed 200461 t U
wafer reflectivity 1in order to avoid having to achieve uniform

hem spherical illum nation of the wafer wthin the chanber 74. This
provides for a highly accurate, real tinme em ssivity 35 neasuring system
that satisfies the em ssivity neasurenent ngeds of nodern thernal

processi ng systens, and in particular, is capable of satisfying emssivity
accuracy requirenents of about +/- 0.005. 13 Decenber 2004 25 The present

invention al so provides,fo sj npl e .and el egant Si for correlating
the neasured radiative #I‘Yj‘i“aﬁl?ﬁ ef that BedRK “”7&9 ‘?fgf}taﬁtélﬁsékﬁ@ﬂ?%set
gener ated by fothrabese,cintuag thdsemddeappater fromt hhespresedighdesvstiony SiRaTdfthind
the radi ative L hl ' he id | ustrat ed
Syt em Gonponauies B B ol ebERce s (bl dbphitiy st BBl osthe
eni ssi vi t§sp me HY BRtEGTe Hils 1ndgndled that oll sraticheorppinedin the abasistdeseriptioh ohshiavn in

i ndependent  oOfhetaBorRimlyigQitaRingt BE iterpRited ¥4 H1BtRhtH B anPhOGRSIiInSIRAFBE s Of @
t hermal processi ng appar at us. EI ke nunbers represents |like parts plus a
superscript prinme. The processing stage 160 forns a process chanber 10 162
that nounts a wafer W ol isalseted entleraponit thaighe fglkivangslainhd art ecsaleasiper
wal ls are he t e , Ll of f or eqoi

i soi vi £y antepe ahd Fod o iikes (AR PLMICR ackol il Retei onl B B TR, e
connect i ol wi $99pe Bf tedmisatipaihich, pha mager ef lnegnage.aviight heosrid todhil theréhghveen.
source 31' is directed to the chanber 162 of the thermal processing furnace
t hrough a suitable radiﬁti.on intrbo L{%i.ng a ertgﬂre #23 in order to 15
transmt radiation to a’BYPRIPSREIEH theinveption, Wit iyHlaimed asnepapddssiresldp b
fromthe waf esecumddydrettesdtanintdsn resi dent within the chanber 162 is
captured by the fiber optic cable 34B" and is directed to either the

phot odet ector 90" or the pyroneter 96'. Since the thermal processing
apparatus is disposed in a horizontal configuration, the reflectivity and
tenperature nmeasurenents perfornmed on the wafer are independent of the
vertical 20 position within the chanber 74'. Hence, in accord with the
previ ous teachings, the wafer is introduced into the chanber 74', the
radiative flux is neasured within the chanber according to the foregoing
techniques. If the chanber is not naintained at a constant tenperature,
for exanple, cycle on and off heat |anps, then only the foregoing

em ssivity neasurenent techniques can be enployed in connection with this
25 enbodi nent. A significant advantage of this position independent design
is that it does not require the nonitoring and recording of a selected
posi tion, such as the vertical position




of the wafer as illustrated on Figure 3, during the neasurenent and wafer
heating 30 process. Myreover, According to yet another enbodi nent, the
system of Figure 8 can be nodified such that top and bottom hot plates can
be provided to define the chanber and to heat the wafer to tlg?ecsefﬂgtr%&e
thermal processing tenperatures. In this enbodiment, 35 the hot p at é
operate as a constant tenperature heating source, and hence all of the
foregoing em ssivity and stray |ight meaijéremant t echni ques can be

enpl oyed. The foregoing enbodi nents are“fdeenmed to conprise part of the
scope of th€lammesent invention. 13 Decenber 2004 26 It will thus be seen

that the inyenti IClen att.ains the. objects. set  fart bove, anong

t hose nade gppar‘ggyﬁééﬁﬁl%Iléed%?gég}?iaﬁam&ggfcs%a%ﬁ&é%lpnﬁr??g@188‘ aie changes

may be nadechambehef athowaal porrsssingfurmass, said dystet cepgaisingng from the scope of

the 5 |nvent|on,%ﬁﬁnd&ﬂoggiﬁ%g%iﬁ Qheﬁinlgc'ﬁg&nb&r contained in the above
anyi fig dra

description or shown in t acco i W ngs be interBret ed as
i | lustrative and2fgectprppiicaliyngqupled te Bigdwating chambar £ detscting thamshiatiosod t hat

the foll Ow;jﬁ}gse@ltﬁitﬁgh@d‘tﬁgtcﬁaﬁgéi’eén@H generic and specific features of the
I nventi on descri bed h?reln and .al

| . statenments of the 10 scop f the
i nvent i on whi ch, ® StEol stags foF C@ﬁ@%ﬂ%@%}"““ﬁ?&ﬁ?‘”ﬁ‘é% g}ed:lle{qgtqrgpﬁ; the
t her ebet weeamaorta of steaydadiatiobache heating\chmhban, what is clai med as new and
desired to be secured by Letters Patent is: 13 Decenber 2004 27 C ai ns:
1. A systemfor determ ning the amount of stray radiation present in a
heating chanberTlsssyatenhefralaiim hfothes somgrisingnace, said system conprising a
furnace housing k SRSk Bl I ' y dto
t he heating cha era ?Bor ,de?ectE’r?gglt)ﬁgﬁr@g:é%atlﬁ)%%%g@e%@%h&ﬁ%%’ ea ?Aﬁ%
chanber, and a clonirpefersing gavatesto thsyheating chagnhere radi ation detected by the
detector with the anount of stray radiation in the heating chanber. 2. The
syst em of aim furth conprisi-ng a heat .source thermally upled to
t he charrbe?’l'for ea%ﬁﬁ?&&ﬁ@@ﬁﬁ%b%ﬁrﬂ’fﬁaomggm@sf%”f%’ﬂ‘é‘fngrar"?’%g" a wafer to
t he heat i nghroughibeturaldy of hertical positions indhehaatitg dranther fwheréiasaidaefeciosi ng
means for "RYd-RGagiahl Rflected from the wafer at each of said plurality of vertical

positions.

4, The system according to any one of the preceding claims, wherein said detector
generates an output signal proportional to the amount of radiation incident

thereupon, said radiation corresponding to the total amount of radiation within the heating
chamber and reflected from the wafer, said total radiation corresponding to radiation
emitted from the wafer and the stray radiation within the heating chamber.

5. The system according to any one of the preceding claims, wherein said radiation
reflected from the wafer varies as a function of the vertical position of the wafer within
the heating chamber, and wherein said control stage correlates said detected

total radiation with the vertical position of the wafer to correlate said total radiation
reflected therefrom with said stray radiation.

6. The system according to any one of the preceding claims, wherein said detector
generates an output signal proportional to the radiation emitted by the wafer and
proportional to the amount of stray radiation within the heating chamber, said stray
radiation constituting the total amount of radiation within the heating chamber when the
wafer is disposed at a generally low temperature.



through a plurality of vertical positions in the heating chanber, wherein
said detector detects radiation reflected fromthe wafer at each of said
plurality of vertical positions. 4. The system according to any one of the
precedi ng clains, wherein said detector generates an output 1§b g}lna].lljm_2004
proportional to the amount of radiation incident thereupon, sard radiation
corresponding to the total amount of radiation within the heating chanber
and reflected fromthe wafer, said total 2adiation corresponding to
radiation emtted fromthe wafer and the stray radiation within the
heati ng ch er..o. The system according.to any. one.of th recedi ng

cl ai ms, whefein Fg% s gh?éf)f tora@VIOQEPgﬁleer W?Weémg%(ﬁ)‘ioé@r’ég“ga

functi on ofmedns foremaintadingthsivadfearat afgendiailylafatenpetahire) sutththahwaid wagr ghanber ,

and wher ei ' : I ' of r adi ation

W th the vt ERay Bl ffe RONE b ™R BB Rl b ARREL T o
refl ected tVeicd pesiiionst h sai d stray radiation. 6. The system according to
any one of the preceding clains, wherein said detector generates an out put
signal propprtiopal to the radiation emtted by the wafer and . proportional
to the amouht of L& $alem acarahng(q any ore AT theersrsdingipiopatfein saidicongek ay

rﬁd irr‘gt io \r/]vl"l Cotagetchotripkiegietdi iﬂaﬁd_ 'bﬂlneaﬁ@f@)tﬁﬂet@fmihﬁ@tfi? étﬁaPr r‘dﬁithlfﬂd)ﬂlcdrﬁ;?)n@@tat '12)9
chanber whe er_is..dispgsed. at .a_gener ow t enper at ute.
beconber S Gtat ¥lion Siufth SRATENE o AREr S Shaducriihe ahp B eiifedy

clai ms, furlyhewaltodispossidvgthimthwrieating charibet ti tre mnintleclativeto the tadalgener al |y
| ow t enper ahifen, SHfdeih @ﬁgct% glusé%fegc%%srmé @M&&igﬁﬁﬂ thik tg?eﬂéa%ﬁ in the

heati ng chapber when nove r a urality of vertic posgtions.
8. The syst%@”c‘b’#ﬁﬁ?@“@ﬁr gHogremponelof thedotdradiationai ns, wherein said
control stage conprises determ nation neans for determning the stray
radi ati on npongnt of the total radiation within said heating,chanber by
characterizi'ng r |_Sé'§tleglr13cg?ﬁdmg38 an%gn%gt\t)g?g CC#Q%S%W’WITFWRHS&&%%OW ting
chanber to sagesomprisds mesna forvelatieg thiseadiaticnl detectedi tytthe detestbrewsh thes ai d
control st agay eAfiRINANEEnt WRhihhShedipgiihig, Wi thin the heating chanber

with the stray radi ation conponent of “the total radiation. 9. The system
according to any one of the preceding clains, wherein said control stage

conprises nans Tig systeheddcogindie ahadhabf 08 pieetivipethiiy, fufBerdohRfispy W th

the stray iatl r i thin e.heatin hanber.. 10. The stem
accor di ng tlégaglﬁ3&5%%%'93%?1%%%%%%%&8?% ng,le gﬁ?ﬁgﬁmﬁm fegl WBGE s for
conpensat i Mgodassing.he stray radiation in the heating chanber in real tinme
during

11. The system according to any one of the preceding claims, further comprising

a detector which generates an output signal proportional to the intensity of the total
radiation within the heating chamber and reflected from a wafer disposed within the
chamber, said total radiation including radiation emitted by the wafer and a stray radiation
component, said system further comprising means for storing the output signals generated
by said detector at one or more vertical wafer positions, such that said control stage
correlates said total radiation with said stray radiation component.

12. The system according to any one of the preceding claims, further comprising

a radiation source for introducing light to the heating chamber, wherein said detector
generates an output signal proportional to the intensity of the total radiation in the
heating chamber, said total radiation including radiation emitted by the wafer, and stray
radiation including radiation generated by the radiation source and introduced to the
chamber and radiation from sources other than the radiation emitted by the wafer and
generated by the radiation source,



processing. 11. The system according to any one of the preceding clains,
further conprising a detector which generates an output signal
proportional to the intensity of the total radiation within the heating
chanber and reflected froma wafer disposed within the chanbﬁ&k“§ EQm&Ptal
radi ation including radiation emtted by the wafer and a stray radi at1on
conponent, said system further conprising neans for storing the output
signal s generated by said detector at omng or nore vertical wafer
positions, such that said control stage Correlates said total radiation
with said stray radiation conponent. 12. The system according to any one of

the precedi mgaryl far MBvink Hid \lﬂ@lfe; G&H@Jliyﬁh'ﬂﬁbheﬁtiﬁ@&la%ﬂe%et@@bﬁ Eﬁluffzﬁfty of
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real -time tREaNsfprdeterminging in replotime therenaishivinefitho watks hwdng mrecessing. syst em
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reflectivity determ nati on ans for deter.m nin reflectivity of a
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the heating chamber with the intensity of the reflected radiation of the wafer determined

within the heating chamber to determine the reflectivity of the wafer within the chamber,

correction means for correcting for the stray radiation present within the heating
chamber, and

emissivity determination means for determining the emissivity of the wafer in real
time, during processing, from the correlated wafer reflectivity corrected for the stray
radiation within the thermal processing apparatus.

17.  The system of claim 16, wherein said intensity determination means further
COMprises

a radiation source for illuminating the wafer when disposed within the heating
chamber, and



chanber, and emi ssivity determ nation nmeans for determning the em ssivity
of the wafer in real tinme, during processing, fromthe correl ated wafer
reflectivity corrected for the stray radiation within the thermnal

processi ng apparatus. 17. The system of claim 16, wherein sailgDi nt. e@%otcty'
determ nation nmeans further conprises a radiation source for’i Fietns" Aat'i ng
the wafer when di sposed within the heating chanber, and 13 Decenber 2004 '
30 a detector in comrunication with said raghation source for nmeasuring the
intensity of the radiation reflected fromthe wafer within the chanber,
said detector generating an output signal proportional to the intensity of
the reflected radideettonin cobmuiti€atidy stit9atdf radlatbmycufee fod frleRiring Mt chkiRg

means for g r.ati. a fkirst.output _.signal . proportional tg the intensity
of the rad: ot megddfpdeiided o Briard vl R BERhor Fe deroded edetbpE

si gnal of searigutiaget pmporticial OHke syastyrobthe oeftkicted radiatdrmi m 17 or 18,
further conprising correlation neans for correlating the reflectivity of

the wafer within_the chanber with the intensity of the neasured reflected
radi ati on o8t heThassterppt ¢aim | hdughaepriprising mepne for genesatingafrstiduigutt o any
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the foll ow PP fianal pf sa Q}iﬂereRisthereflectivity of the wafer
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s the inteppity LAl ef lect.ed.fromthe. wafer w.thin the
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means i ncl ugesufRineedt@ radidBiBR biMthe WdRS WS ihd dHafiigh the heating chanber of
the thermal processing apparatus, wherein said constant of proportionality

Kis determned fromthe radiation reflected fromthe wafer during the
sweep and t2e reThegsieni doponling thanwaheof claibdr 16itodd, whdrsindaidatflédigitheat i ng

chanber fro I: f BYARAY [q2 i0on ans.. 22. The.system of claim
21, furt herégééo‘ﬁi?%t{é)lﬁr%&%ngeg%tg % orgse%lgtr éeﬂe%ﬁ%ﬁtﬁaftg%g 9 %’f"\'lﬁ}}?ﬁﬁﬁh@%@g the waf er
duri ng processerdigg ortbpdodlowingformulehe constant of proportionality K,
R-K? Vy
where R is the reflectivity of the wafer within the heating chamber, X is a constant of
proportionality, and ? Vi is the intensity of the radiation reflected from the wafer within

the chamber.

21, The system of claim 20, further comprising determination means for determining
the constant of proportionality K, said determination means includes means for sweeping
the wafer through the heating chamber of the thermal processing apparatus, wherein said
constant of proportionality K is determined from the radiation reflected from the wafer
during the sweep and the reflectivity of the wafer determined outside of the heating
chamber from said reflectivity determination means.

22, The system of claim 21, further comprising

means for determining the reflectivity of the wafer during processing from at least
the constant of proportionality K,

intensity measurement means for measuring the intensity of the radiation reflected
from the wafer during processing, and

second reflectivity determination means for determining the real time wafer
reflectivity from the measured reflected radiation and the constant of proportionality.



intensity neasurenent means for neasuring the intensity of the radiation
reflected fromthe wafer during processing, and second reflectivity
determ nation neans for determning the real tine wafer reflectivity from
t he measured refl ected radi ati on and the constant of proporti lity.
Decenber 2004 31 23. The systemof claim 22, wherein said em %g?e\c}%]?b%rm&‘?
determ nation neans determnes the em ssivity of the wafer fromthe

real -time wafer reflectivity of said secdhd reflectivity determ nation
means during processing. 24. The system according to any one of the

precedi ng clains,, further_ conprjsing.a .radiation assenbly disposed,
external of £f}he YRS Bgéﬁ’g:géi "8}"9%?‘?1‘6FW?S?VgMgeteHBW%‘HH@PWQeFWmES

i 11 um nat i ntheamigiwty, ofshd Wafeaftomtthoreahtimie Walfyt refetivily 0PsadsdcohflREiie
sphere, a radjat. sour ically coupled to the integrating sphere,
wher ei n sai ggér%ﬁié%{ebmﬁ%}ngg}lnﬁé/p%%assﬁ’&ﬁ spherically illum nates a portion of
the wafer, and a detector optically coupled to the integrating sphere for

detecting reagdi att r f Sai.f: r ing an
out put 51 gnal pr oopanarorah (o Aonp B R pelesiR RS Rk eafpIGhER; On

25. The systadiatign agsegibhy diaposed extemal efthp Peating shpmberder waifarplyancer mi nat i on
neans for BehiephErRhMGilbEndRIF SPAYRF, isgiaradlhti RCdss @Ry iﬂic@ﬂidi%t' vity of the
waf er fromsaid radiation detected by said detector. 26. e system of

cl ai m 25, wherei ﬁngﬁ?gﬁat}n&ﬁpgﬁrtei vity determnation neans conprises source
measur enent neans rédatiomsasige opijcallyeoupledtusthe intedratidpespherd) whérein said sphere

radi ation s %@ﬁ I | chir LVi . i.nat i on, means determ nes
the refl ect?@?@lyo ‘?‘f’.’!é‘g%‘%?f g?ll quf(t)l%q%g%}sdé é%ﬂ?ﬁ%’f@?“&gﬁ &ted fromthe wafer
and sai d rmeasur ed detgefpaentisallpeoupldddo thadintegrasing sphare for detctinguadiation em of

claim 25, Waglliel D8] the MRKESEA YetbHo SlnRE AP 3h bR FREREd atio
determ nati on meanf foF3 determ ni ngoagénat% oEof tﬁ’g@%ﬁ%ﬁg ty do ﬁr%atgf:ati on
reflected fHGHsHRer hereflssipddrdigidn-waf er and the intensity of the radiation
emtted by the radiation source, and neans for generating a calibration

ti B! f the .wafer ith.sald ratio determ ned
by sai d 1t dofis MEPbEAGRLAL Roel Byl Fneot G BrlpiRed Hioane
det er ni nes ddierminihg dhes heprisgheotalidivsciierfabreflectovitysefi the wafer fioat i on curve. 28.

The system gid fldpiiBh detected by REH deREREI Sing first intensity neasurenent
means for nmeasuring the intensity of the radiation

26. The system of claim 25, wherein said reflectivity determination means comprises
source measurement means for measuring the intensity of the radiation of the

radiation source, wherein said reflectivity determination means determines the reflectivity
of the wafer from said radiation reflected from the wafer and said measured radiation of
the radiation source.

27.  The system of claim 25, wherein said reflectivity determination means comprises
ratio determination means for determining a ratio of the intensity of radiation
reflected from the portion of the wafer and the intensity of the radiation emitted by the
radiation source, and
means for generating a calibration curve correlating the reflectivity of the wafer
with said ratio determined by said ratio determination means, said reflectivity

determination means determines the reflectivity of the wafer from said calibration curve.

28.  The system of claim 25, further comprising
first intensity measurement means for measuring the intensity of the radiation
reflected by the wafer,



reflected by the wafer, 13 Decenber 2004 32 second intensity measurenent
nmeans for nmeasuring the intensity of the radiation emtted fromthe

radi ati on source, neans for determi ning a sel ected mat hemati cal
relationship between the measured intensity of the reflected,radi %H58&4and
the radiation fromthe radi ati on source, generation neans for generat ng a
calibration curve correlating the reflectivity of the wafer with said

mat hemati cal rel ationship, and neans for jdeternmning the reflectivity of
the wafer fromsaid calibration curve. 2 A nmethod for determning a stray
radi ati on conponent of the total radiation within a heati ng chanber of a

thermal processi Moﬁ@ﬁﬁéx@&yﬁlegﬁﬁérﬁ&t%m nRaAGREIhOBEitRor HEM conduct or
waf er, the r;ﬁthodc @g%riqe stesof pIaC|ngavvafer Into the heating
chanmber of THEUIPRE IIHP & Hmf Y¢fee, nmeasuring the total radiation

Wit hin E:I h;a Chanbﬁrkmisst‘oﬁdétetﬁtﬁhingl’a s?fecwahﬁithdmﬁichﬁ refatioddhib B&W&t @i&%}n‘i&m{uﬁﬁ f
nmeasur ed t o] str c as a function o
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movi ng a waf er t genstagionangahsifoaigenayatofg asalibratiah cyposicoirelating thet he heat i ng
chanber, ar‘x‘i‘:ﬂ@@cﬁﬁﬂr"df@@e waet %ﬁth%ﬁd&%ﬁlﬂl&ﬁﬁf‘cq} Je[a%%héﬂgf a‘P(ﬁf er at each of said

pIuraIrty of vertrcal ositions aim29 or 30, further
conpri sing the sEE&HsJpr ‘g@?@ﬁ@pg@@qﬂ@ﬁtﬁ"ﬁ@ of dhgiwpferdten saidwalthratidn ¢ugel- at i on
within the heating chanber and reflected fromthe wafer corresponds to the

radi ation e tte fro h wafer and the stray radiation wthin
heati ng ch ﬁE‘F ngAHrayiradjation compopaat of ihejoal ﬁ%h*?@nt“é‘ﬂﬂll

wher ei n saredheaadgahambt-:r of eftﬁmﬁﬂﬁoédfsﬁﬁ‘ghblﬁarmﬁ eirivgpihe@sal @socesdingetd on of
the vertic t h ting chanber, further
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conpri sing t Cor ¥ el radi ation with the
vertical positi ol?ia@ﬂg ieaferdnterthe bmi@ﬂg abmquoﬁrheqh@mwpmming@maac,r on
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The met hod a%cordr ng to any one of clainms 29 to 32, wherein said neasured
t ot al
correlating the measured total radiation to the stray radiation component as a

function of wafer position.

30.  The method of claim 29, further comprising the steps of

moving a wafer through a plurality of vertical positions in the heating chamber,
and

measuring radiation reflected from the wafer at each of said plurality of vertical
positions.

31.  The method of claim 29 or 30, further comprising the step of generally equating
said total amount of radiation within the heating chamber and reflected from the wafer
corresponds to the radiation emitted from the wafer and the stray radiation within the
heating chamber.

32. The methed according to any one of claims 29 to 31, wherein said radiation
reflected from the wafer varies as a function of the vertical position of the wafer within
the heating chamber, further comprising the steps of
correlating said detected total radiation with the vertical position of the wafer, and
determining said total radiation reflected the wafer to be said stray radiation.



radi ation within said chanber is proportional to the radi ati Gho®emtet 200 by
the wafer and to the anount of stray radiation within the heating chanber,
said stray radiation constituting the total anmount of radiation within the
heati ng chanber when the wafer is disposed at a generally |ow tenperature.
34. The nethod according to any one of cBains 29 to 34, further conprising
the step of maintaining the wafer at a generally | ow tenperature, such
that said wafer is not substantially heated in the heating chamber when
noved throuh salhe ipethedpeaoyding toanytanealf clajros 29 ko wietkin Faid mesireditotal
accordi ng tradi inQdai | : : Sk of
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determning, the stray radiation, onent o ] cation wthrn
said heat i'g2eR gy, radibien pithin thedgatingchambsn saidistray trdigfioa opastiuting
di sposed withéitomltaheunheBudiagos hathehe heathe oﬁl&'ﬁbéﬁkhénech@?]ﬂal’eﬁ if @ispdieq bof al

radi ation, Hgﬂﬁog{ekgt ng the total radiation within the heating chanber
with the st%ay radi et EHeT lt’:r(grrponent of the total radiation. 36. The net hod
according to any one of clainms 29 to 35, further conprising the step of
sweepi ng t hg waf [ rior. t.o thermal processing
of the wafer. _313,{.6_#%9%%%%?%%%&&%%3%? %@%@9 g)néeéeg‘f&}éelr 8?%’8“?%% %
further corfbmaintagingibe st at a genaralljionstempgrature, suelf that $aid waker ewmiti ng
chanber . 3gubsthfiallytHeadd ACGOhEATE dhanBeYwRSEmS &'hgd' ; '
conpri sing th stgg of detectig% t he aﬁguntnb?era ﬁ%@ﬁ%ﬁfgﬁ?gggﬁﬂgﬁgﬁfthe
waf er wit hif?¥'fB8%heat chanber. 39. The nethod according to any one of
claims 29 to 38, further conprising the step of determ ning the neasured
total radiati on tray radiation .40, T hod accardi.ng to any
one of cl a%?rt 2 ht%(%I? %B‘?c{]?cﬁg{c{%gmca&wp?Q?ﬁﬁn?%%g ghi%%ﬁpr gerEEsE ffsise
stray radi &i on conponent of the total radiation within said heating
chanber by char ggtcthigh G Al ] fer. di sed.wi thin
the heating chanber togglg Sn%}maga#l%gﬁgﬁ)gég“t% %tl{eﬁgtak’\%{d %‘El"gg@?ﬁ?%%, wher ei n
sai d t ot al TFANEAREYENPY thasacierigng adistion emiteddy a wafeh disposed vathamther

cor r espondsestirgathiahipet © Beh@nshdlaylafivsioaht RalGAERGAEAEG of the total

radi ation. 41. The t hgd .acgor,di.ng to.a one of claing, 29 to 40, further
conprising the sP gﬁlgg% %&%ﬂgﬁgﬁlf’ﬁb’v ! H%ﬁ’@até’fgr%mbﬁﬂwghiﬂlﬁffiaﬁ redi@tiofeat i ng
chanber i ncpmpbnent pEthedotehgdiagomcessi ng.

36.  The method according to any one of claims 29 to 35, further comprising the step

of sweeping the wafer through the heating chamber prior to thermal processing of the
wafer.

37.  The method according to any one of claims 29 to 36, further comprising the step
of illuminating the wafer in the heating chamber.

+ 38.  The method according to any one of claims 29 to 37, further comprising the step
of detecting the amount of radiation emitted from the wafer within the heat chamber.

39.  The method according to any one of claims 29 to 38, further comprising the step
of determining the measured total radiation to be the stray radiation.

40.  The method according to any one of claims 29 to 39, further comprising the step
of determining the stray radiation component of the total radiation within said heating
chamber by characterizing radiation emitted by the wafer disposed within the heating
chamber to be nominal relative to the total radiation, wherein said total radiation within



42. The nethod according to any one of clains 29 to 41, furt ieDecathanonsi ng
the steps of providing a radiation source for introducing radiation to the
heati ng chanber, wherein said detector generates an output signal
proportional to the intensity of the total radiation in the heating
chanber, said total radiation including s@adiation emtted by the wafer,
and stray radiation including radiation generated by the radiation source
and introduced to the chanber and radi ation from sources other than the
radi ati on dhe heatidgishambérecowasmmda dedlyrie tlat srhybydistien comtpoathtaT thowtate,

novi ng the yuaber, vertically in the heating chanber between a plurality of
vertical positions, and conpensating for the stray radiation portion of
the total radiation during wafer processing. 35 SYSTEM AND METHOD FOR

DETERM NI NG 1STRAMelsh&hdd ad HERWIne BROGERSY YSLEN : tem
and net hod for deteer.m' &Eﬁf{(ﬁggs ra.grhglatg(i2 t onNV% ‘@Hi n arﬁglz’ﬁlﬁg_égﬁéa%r

(74) of a tHEPHRFUSSHRE Yraygpdiaty satingichagberdy read gmerdusingi s
det er m ned paycessing.ng a generally unheated wafer vertically through the
heati ng chanber, and nmeasuring with a detector (36) the anmount of
radiation reflected fromthe wafer at each vertical wafer position. The
total nmeasuied rlddim¢thohadesrdih@te ayranelofitiainsne$ to 4 hduder aymprising thieasmeps
conponent qff the total radiation.
providing a radiation source for introducing radiation to the heating chamber,
wherein said detector generates an output signal proportional to the intensity of the total
radiation in the heating chamber, said total radiation including radiation emitted by the
wafer, and stray radiation including radiation generated by the radiation source and
introduced to the chamber and radiation from sources other than the radiation emitted by
the wafer and generated by the radiation source,
moving the wafer vertically in the heating chamber between a plurality of vertical
positions, and

compensating for the stray radiation portion of the total radiation during wafer
processing.





