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Both conventional types of furnaces are designed to heat
semiconductor wafers to desired temperatures to promote either diffusion of
- implanted dopants to a desired depth 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.

Conventional vertical-type thermal processing furnaces, such as tube
furnaces, are designed to support the processing tube within the furnace in the
vertical position. The thermal furnace also typically employs a wafer boat assembly
which is mounted to appropriate translation mechanisms for moving the wafer boat
into and out of the processing tube. A wafer-handling assembly is deployed adjacent
and parallel to the wafer-boat assembly to transfer the semiconductor wafers from
wafer cassettes to the wafer-boat assembly. The wafers are then raised into a quartz
or silicon heating tube. The tube is then slowly raised to the desired temperature and
maintained at that temperature for some pre-determined period of time. Afterwards,



or silicon heating tube. The tube is then slowy raised_to the desired
tenperature and naintained at that tenperature for sor?gsﬁﬁpée rakere0fBned
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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
temperature of the wafer during processing. One prior art method fof 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
radiation reflected from the wafer and the source intensity are measured, and the
magnitude of the AC components of the source are extracted. The wafer emissivity
is then calculated using a ripple equation. A drawback of this approach is that it
occurs completely within the heating or process chamber of the thermal processing
furnace, and hence it is difficult, if not impossible, to hemispherically and uniformly
illuminate the wafer therein. Consequently, it is difficult to accurately determine

wafer emissivity, especially in real-time, during processing.



furnace, and hence it is difficult, if not inpossible, to hem spherically
and uniformly illuminate the wafer therein. Consequenta7yseﬁt?mb%r%ﬂ0\3f i cul t
to accurately determine wafer em ssivity, especially in real-time, during
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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
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.

Summary of the Invention

The present invention provides 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 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



em ssivity of a wafer during processing in a heating chanber of a thernal
processing apparatus. The system and nethod provide aﬁﬁﬁ%%bqr&om
determining the reflectivity of the wafer outside of the heating chanber
of the thermal processing apparatus, and,then determning the intensity of
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According to another aspect, the system and method maintains the temperature
of the wafer inside the heating chamber during the in situ reflectivity measurement at
generally the same temperature of the wafer during the ex situ wafer reflectivity

measurement.

According to another aspect, the system generaily uniformly illuminates a
portion of the wafer with an integrating sphere with radiation from a radiation source,
collects the radiation reflected from the wéfer, measures the intensity of the radiation
reflected by the wafer and emitted by the radiation source, determines a selected
mathematical relationship between the measured intensity of the reflected radiation and
the radiation from the radiation source, and generates a calibration curve correlating the
reflectivity of the wafer with the mathematical relationship. The system then determines
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.
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According to another aspect, the system can determine the reflectivity of the
wafer as a function of the intensity of the reflected radiation measured within the

chamber independent of the position of the wafer within the heating chamber.

According to still another aspect, the system moves or sweeps the wafer through
the heating chamber, and optionally without substantially heating the wafer during the
wafer sweep, while concomitantly measuring the intensity of the radiation reflected from
the wafer within the chamber at one or more wafer positions. The system stores the
radiation intensity and associated wafer position during measurement. The system can
also measure the radiation intensity of the radiation reflected from the wafer within the
chamber at one or more wafer positions, and calculate the constant of proportionality K
to facilitate the determination of the reflectivity of the wafer during processing.



waf er sweep, while concomtantly neasuring the intensity of the radiation
reflected from the wafer within the chanber at one or zétﬁe@t‘f%%‘?%rzow
positions. The system stores the radiation intensity and associ ated wafer
position during neasurenent. The system can al so neasure the radiation
intensity of the radiation reflected frdmthe wafer within the -chanber at
one or nore wafer positions, and cal culate the constant of proportionality
K to facilitat eA"cCE‘éi”éFetPéiPPﬁhﬁ%ﬁ‘SPB% b syfiem pad methedpreyydesta iRt RICur i ng
pr ocessi ng.to ZlunSapk elnbeife?Ohch Gispised ndthigtht beangichenbas peCdatedtd® syst em and

met hod proyi radi ati sQurc to i.lLum nate.the wafer en _di sposed
wthin {ne eSTefuTRtRiaaton ARy alafe i PR RB0e 1 5 REPah BT on
fromthe wafaer moves Heerbtbrouighg Thhsysten ca ¢fftioaaltiecarslate thrant¢dsered vathler noves
ther et hr oughyia, frm@@m&@@xtﬁ%d-&mﬂ duy i&ﬁ&gsﬂoﬁ{ &&&g oMRA RS Ja5A _
radi ati on fromthe wafer V\nth raplll_atl or_1g ori1ginatin rom sources ot’her than
the waf er, angqgtereingths seount ef mdistian epittedfmmatheorrienhy subtragtingnthe he waf er by

subt ract i ngadibgon éradh@ingTron® Gt Rhdd han' Q10 W4T £68 158 Bedl nidadiedai d waf er
n. The, system can.then determ ne the

- fromthe total . neasured radiation.

t enper at ur éa‘gfln?rhzﬁ?ﬁasp’éﬁemcﬁﬂ?iﬁﬁ@ d%fﬁr’@b‘??stg? RREFASHFE Oh e wafer MBmEssi vi ty and
from the r adoassiogfrem the edfet embasivitg and fieim thAcadiatibinranitted &ooithewaggpect, the
system and nmethod deternmines the reflectivity of a workpiece during
processing in a heating chanber of a thermal processing apparatus, by
det er mi ni ng di r ektcoydingie anethiepaspesti thy spstemand wsthodi dstasmings dhedrefledtivitye
heating chaieioRbictd WurlnBhoRksiRE RCLRSHAY cﬁa?xﬂﬁe&@fé‘&xenﬂﬁ'ﬁargﬁésﬁhg ning the
reflectivity, of t)ﬂ%ﬁ wor Kpi ece ut£1l ng, praocessjng wthin the ating
chamber of FPREFIRPHERCRIYRESEPHl thafilertyitisof thy Werkpirshoriidegdhsror e
speci fi ¢ oljeeisclammbiensf thanRnhhlgiRoddstihg bppapaid, ahedetolyinRigdherdlevivily oM part

be evident from.he draw ngs and descri ptign ich follqw. ief .
beser i pt 1 o6 ROpRE ANt BE R LR ket Gk B Ot Qe eBtiesines anc
advant ages appamaiye. i nvention wll be apparent fromthe foll ow ng
description and apparent fromthe acconpanying draw ngs, in which |Iike
reference characters refer to the same parts, throughout the different
vi ews. The drawi ngs iPtheisgenaiabanst mars speasc abieets of thevayantien wathin pait bhough
not to -scajiRioushaivwiliedarie SidBanEoREe diivaMsBind desriptiss RAEM foflo! OCK
di agram of the em ssivity nmeasuring system according to the teachings of
t he present invention. -

Brief Description of the Drawings

The foregoing and other objects, features and advantages of the invention
will be apparent from the following description and apparent from the accompanying
drawings, in which like reference characters refer to the same parts throughout the
different views. The drawings illustrate principles of the invention and, although not to

scale, show relative dimensions.

Figure 1 is a schematic block diagram of the emissivity measuring system
according to the teachings of the present invention.

Figure 2 is a perspective view of the ex situ 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.



Figure 2 is a perspective view of the ex situ radi atio? zuremé%s
portion of the systemof Figure 1 according to the tea ﬁ% pr esent

invention. Figure 3 is a perspective view of the in situ radiation

measurenent portion of the system of Fi,gure 1 according to the teachings

of the present invention. 27 Septenber 3003 7 Figure 4 is a schematic
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[llustrated Enbodi nmen esent 1nvention<is a system
and met hod thegitray dight ¢nppongnt Oé theststal radjationaithimbehastingchambar oldhk systame e,

such as a- ggmtgggg\ﬂuctor or silicon wafer, during processing. The invention
provi des for rst determ ning the reflect|V|ty of the wafer outside of a
heati ng chanber of a thermal processing apparatus, and then determ ning the
reflectivity of the Mypke RcendIB ilngtrpreadaths ping sW:aIbl(Ei ﬁ)rﬂi’tecth@aﬁdlﬁtgon
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bel ow as aUSeWithdhrstear ofiiewr | inalpoe ﬁéthaé@itw@cpr@%ﬁsaﬁaﬁewgatam
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Description of Illustrated Embodiments

The present invention is directed towards a system and method for determining
emissivity and temperature of a work piece, such as a'semiconductor or silicon wafer,
during processing. The invention provides for first determining the reflectivity of the
wafer outside of a heating chamber of a thermal processing apparatus, and then
determining the reflectivity of the workpiece during processing within the heating
.chamber of the thermal processing apparatus. The present invention achieves accurate,
real time emissivity measurements in a high throughput thermal processing furnace.
This invention is thus broadly adapted for determining a particular parameter of a solid
object during heat processing. For purposes of clarity, the solid object will be described
below as a semiconductor wafer, and the desired parameters are reflectivity, emissivity
and temperature. Those of ordinary skill in the relevant art will be readily able to adapt

- the illustrated system for determining parameters other than those set forth above in light
of the teachings herein.



the illustrated systemfor determ ning paraneters other_than those set
forth above in light of the teachings herein. 27 Sept efiRaPteroees 2908, gure |
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reflected byt | um nat'i gn st age captured via
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and is dir eghegd] ﬁld&h@iﬁﬁcﬁ&t@fe éﬂgesﬂﬂﬁn@@ﬂﬁcﬁghﬁ s&ﬁc@w\é’lﬁﬁk%d fanéi ght signal

t tabl e l ou control stage 50.
The I Lant. suarEuey Gl i T iR B inebas S HER Palrion SonRa Rt B e
al ong an oprtqnslatenp*attlnwye\m dopuriet reedsoremtdis of bine odsibecparaméi®rsiaf atwafer
gener at es ag&&g%ﬂﬁﬁ%,@%pg%,e%%r 1al which is transferred to the control

st age 50. contro orns suitable operations and processes
on the received signals and on any stored data to determ ne the

hem spherical direct 'ﬂ%llumfrﬁﬁbﬁ?éﬂe&ieﬁ)by@ﬁe Wher %ﬁﬁrtht‘!‘mdﬁhﬂaﬂcﬁ%ta e 18 is
I 1lum nation stacge 18 fro the a@vs fecej veg %'rﬁp a’d)etectors 40 and
42. Wth furaPHEPT YiarRy BHta %O@tlpw% 2y 26, phehga pye r?lﬁm jessadtly.on st age
18 i s thenarddriadiéaed ©d, devcirddy ThuiderbloesIredivests tiredizhesghl iitba swadtes
handl er

12, elgéﬁi}:eﬁ %ignal which is coupled to a control stage 50. The light source 30 also
generates a reference beam that is transferred along an 6ptical pathway 28 to detector 40.
The detector 40 in turn generates an electrical output signal which is transferred to the
control stage 50. The control stage 50 performs suitable operations and processes on the
teceived signals and on any stored data to determine the hemispherical directional
reflectivity of the wafer within the illumination stage 18 from the signals received from
the detectors 40 and 42.

With further reference to Figure 1, the wafer in the illumination stage 18
is then transferred, via any suitable method such as by the wafer handler 12, to the
processing stage 22. The processing stage 22 is any suitable thermal processing furnace,
and in particular is a rapid thermal processing furnace suitable for achieving high wafer
throughput and rapid heating of the wafers consistent with the teachings of the present
invention. The processing stage 22 performs a variety of semiconductor fabrication
processes upon the wafer, such as annealing, diffusion, oxidation and chemical vapor
deposition techniques. During processing, the wafer is illuminated with light from light
source 31, which travels along radiation or optical pathway 32. The light reflected from



processi ng stage 22. The processing stage 22 is any su:?gaéa t her rsﬂé
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purposes of clarity he termref|lectivity is u
reflectivit {28k ﬂl“’é?%@ﬂ&ﬁb‘@tydﬁ ased heredn aihough tsleqiivaty an%reéﬁe@uammabl y. The
illustrat edlm@mtsﬂa:lbcsasagmt&@hﬁgreQMw is in feedback communication wth the
waf er handl er 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 protessiustgated agerozgtagnﬁ) fuather is A fiddBack t@mhiunivades to
control or i ¢ er f.or nanc The
control stagghg%é%?ﬁfseraﬁ ;quﬁr']%feg eagkgﬁﬂl%h{)ﬁ@n%rﬁ%%ﬁme(?r‘?%gismg pocEssor s,
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received s

fromthe detreé ‘i 0 ,and f as well as to process t i gnal s
to determ ndlusst E)ESRWFPP’F%IW%?VI ty and wafer tenperature. Wth
reference again to Figure 1, the detection stage 36 is adapted to neasure

the radi ation or radi X R cess stage 22.  The
detection stage 36 rgfé%?o\%rso %&pg%@pa@mﬂ) %rrg "%F%ﬂ* {aﬁ& @?éé%qq%esst age 22,
and out put spr@ceisgisadnd converters, such as analog to digital converters, to facilitate receipt of

analog and digital signals from the other system components, such as from the detectors

40 and 42, as well as to process the received signals to determine reflectivity, ermnissivity
and wafer temperature.

With reference again to Figure 1, the detection stage 36 is adapted to
measure the radiation or radiative flux within the processing stage 22. The detection
stage 36 receives optical signals from the processing stage 22, and outputs a signal
proportional to the received optical information. The control stage 50 employs the
signals received along pathway 34A and the signals received from the detection stage
36, as well as from the detectors 40 and 42, to determine the radiative flux emitted from
the wafer. Hence, this portion of the illustrated system 10 can be employed to determine
the amount of stray light or radiation (e.g., radiation from sources other than the wafer)
that 1s received by the detection stage 36 and/or the detectors 40 and 42.

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

illustrate the subsystems employed by the system 10 to first determine the wafer
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The system 10 of Figures 1 and 2 first performs an ex situ measurement
of the hemispherical directional reflectivity. Speciﬁcaliy, Figure 2 illustrates the
illumination system 18 for determining the reflectivity of the wafer outside of the
heating chamber of the thermal processing apparatus. For purposes-of clarity, we will
describe the ex situ reflectivity measurement as occurring outside of the heating chamber
of the thermal processing apparatus, although those of ordinary skill will readily
recognize that the thermal processing apparatus can be constructed to have any selected

~number of additional chambers, outside of the heating chamber, in which to perform the
reflectivity measurement. Practical constraints on such a system, of course, include
providing a furnace of overly complex design and size, which would inhibit the

placement of such a system in clean rooms of a semiconductor fabrication facility.

As shown 1n Figure 2, the light source 30 generates radiation which
passes through a modulator, such as an optical chopper 58, for modulating the light at a
selected frequency. The light source can be a stable tungsten halogen source. The
radiation that passes through the chopper 58 passes along any suitable optical pathway,
such as the fiber optic cable 24, to an integrating sphere 62. The integrating sphere 62
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introduced to the photodetector 42, to yield an electrical output signal 64, designated as
V.- The light intensity of the source as it passes through the chopper 58 is also
measured using a fiber optic cable 28 and is introduced to a sécond photodetector 40, to
produce a suitable electrical output signal 66, designated as V.. The electrical signals
V, and V_care voltage signals which correspond to different voltages in the system.
Specifically, the voltage V , is illustrative of the voltage waveform that corresponds to
the radiation reflected from the wafer backside. The voltage signal V_, corresponds to
the light generated and emitted by the light source 30. The chopper 58 is employed at
this stage to produce modulated or chopped light that assists in correcting for any dc
offsets or noise inherent in the photodetectors 40 and 42 or present in the system 10.
Those of ordinary skill will readily recognize that any suitable photodetectors 40 and 42
can be used, such as standard photodetectors, and are preferably silicon plotodiodes
manufactured by New Focus, Californai, USA. According to a preferred embodiment,
the photodetectors 40 and 42 have optical columns with predetermined filters that only
pass radiation in the same spectral band as the pyrometer, Figure 3. The output voltage
signals V, and V_; are introduced to an analog to digital (A/D) converter 68, which
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radiation which manifests as noise (e.g., the minimum voltage output signal) in the

detector output signal. The wafer voltage V., in accordance with the teachings of the
present invention is determined by averaging the difference of the maximum and
minimum components of the detector output signal over a s¢lected period.

The illustrated control stage 50 then determines a voltage output signal
ratio of the voltage signals 64 and 66 according to the following equation:
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Those of ordinary skill will readily recognize that the foregoing ratio can be determined
either in hardware or in software. Prior to measuring the wafer reflectivity ex situ, a
calibration curve correlating 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



m ni rum of the detector ouput. \Wen radiation is introduced to the
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7 temperatures. According to a preferred practice, the illustrated processing stage 22

incorporates a rapid thermal processing furnace sold under the trade names of Summit or
Reliance by Eaton Thermal Processing Systems Division, USA. The Summit design
system is particularly advantageous since it is a single wafer furnace that achieves high
repeatability and uniform result with relatively low maintenance requirements. The
thermal processing furnace develops a temperature gradient by using a ‘hot wall’ vertical
processing chamber for single wafer processing instead of multiple lamp banks. This
hot wall system is developed by employing a three zone resistance heater module at the
top of the furnace (not shown), and a cooling system in the bottom of the chamber (not
shown), thereby creating a temperature gradient from the top of the process chamber to
the bottom. With the temperature profile of the heating chamber or furnace fixed, the
desired temperature is achieved by simply adjusting the position of the wafer within the
process chamber. The system temperature ramp up/down rate is controlled by the
velocity with which the wafer is vertically moved through the temperature gradient
within the heating chamber. Those of ordinary skill will also recognize that one or more
heating or cooling stages can be provided, in addition to the furnace 22, to condition the

wafer after the ex situ reflectivity measurement.



outside of the heat chanber of the thermal processing furnace. This stage
affords for the easy determination of the wafer refl eé¥iSeptembani2803e of

t he chanber housing, prior to heat processing of the wafer. The system
records this information and then correlates this information with the
intensity of the radiation reflected frdfh the wafer when di sposed w thin
the heat chanber. This f']s. descr(’tbed in further detail below. W¢th reference
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preferred embodiment, the steady state condition of the heat source and the smaller
temperature difference between the source and the work piece contribute to achieving

uniform process results while concomitantly avoiding slip line generation.

With reference to Figure 3, the wafer W is disposed within the heat
chamber 74 of the thermal processing apparatus 22. A light pipe 78 is employed to
illuminate the backside of the wafer W with radiation generated by the radiation or light
source 31 and carried by the optical cable 32. More specifically, the light source 31 and
the modulator 58 are used to 1lluminate a fiber optic bundle 32 with radiation chopped at
a selected frequency f, which is preferably different than that of the light source 30.
Those of ordinary skill will recognize that a single light source can be used in place of
the two light sources 30 and 31 provided the radiation outputted therefrom is chopped at
different frequencies depending upon its use. The light pipe 78 directs the radiation into
the process chamber and upwardly towards the wafer backside. The total radiation or
radiative flux reflected from the backside of the wafer is collected using an optical
assembly that communicates with the process chamber 74 of the bell jar 70. The optical



jar is cooled by contact with a water cool ed transfer a%% nQt _shown).
A smooth tenperature gradient fromtop to bottom of t%g g‘?f@é%'zgﬂénber 74

is formed, with the top of the bell jar substantially approaching a bl ack
body radiator. The rapid tenperature r:fl?pi ng action is achieved by noving
a wafer vertically within the chanber fa any suitable wafer elevator and
by rapidly eIe r fromthe transfer chanbher to a position
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The 1llustrated light pipe is preferably bent at a selected portion 173, and has a
selected radius of curvature R. Those of ordinary skill will readily recognize that the
radius of curvature can be selected in relation to the diameter D of the light pipe so as to
minimize the amount of light loss at the bent portion of the light pipe. A typical
geoemtric relationship can include forming the radius to be approximately four times

greater than the diameter of the lught pipe, and can be mathematically represented as R =
4D.

In operation, the radiation rays 170 generated by the light source 31 travel
through the light pipe 78, past the bent portion 173, and to the distal end. A selected
portion 162 of the light rays 170 which impinge upon the flat or optically rough surface
163 are scattered upwardly through the light pipe. Another portion of the light rays 170
which are not scattered by the optically rough surface impinge upon the chamfered end
78A of the pipe 78, and are reflected upwardly through the light pipe.



assenbly includes a lens 82, such as a sapphire lens, disposed within the
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quartz lens 86 disposed at a bottom of the el evator tube 84. The tube and
| ens assenbly collects and focuses the 1 adiation reflected off of the

waf er Wand received by the fiber optic'table 34B. The elevator tube 84
and associ ated structyres serve to [mvg sweep, t he fer vertically

t hrough the process fpfakragiztion ol “fb‘f pricH s g ficAmpEEesTAHaleT er
when resi deaniitteddrbinithe tvhater pamta;s&rmlntamﬁem tfid bbly jadl whéxhit [iad e flea b St dn® theONt O

\t/mh'?hb?ﬁlésiaggom alﬁé]%d%evaqtmd‘]?ube the él%rr%%g%hgmg "ot h%rroua%ngg @?‘E\él rgﬁgelnlt ght

pi pe 78 i s fumakiedighd samee Bl riThe, illwmmdelable)MBndabifemaEdlfmer agetid geblel thatni nat e
the waf er Q%Eﬁksdfporl:bx%‘f‘tﬁé oz&a@nﬂ‘orﬁﬁtm kmanaﬁl %‘@abq Bk fgigtion of the

l'ight pipe (8 of In° accordance Wt eac 1ngs of the present
i nventi on. Pﬁﬁ@dﬂeﬁ‘ﬁf 99iapd thegremaingderof thﬁopf&iahmtfmﬂwét%p:eﬁme@r é6uphed to

onehenmd of Ebd%teg%f tgg@%d mec;:)@kdneeté’rz% Tbt@ra@lﬁi?@lhd@ﬂﬂ sglfnek Pcat l:(blgﬂfn Ehdoe has
a chanfere a e ccaQr :
o e p ity (e b Bhical i s e S £ o ey, dHdstot Soned
to the fibeahe pjzmnmter@éla‘sed&ﬁctbymahe;ulmsahb@sy?smm edhieved Tk adVlyeaddsglit pi pe 78
has a flat sy htdoRodh e BITEh 8] 008y DR QM AU ARG 02 L0 Torm

an optical I'y roug SUrface scat on rays
travel | i ng tEHPerate range- IH@‘H@V% RYEOTAPIErS\ K brmwnmuhqgi@pmdenfemmtha an upwardly

di rection. eﬁn@ﬁm éﬂma@.em%oh%tﬁelﬁéfe@wr E@%u QQE:EHﬁSlHné@@ack% F%dg%*f‘% pgﬁs e?h'en

Fi gure artlcu he ttom surface (]/@gﬁ cl ear |

flat surf ac‘@“’ftBTBPr%‘a‘“Eﬁ% {ﬁ‘ﬁé‘ ‘{Sthﬁ PYTOFReter S O BneferRiY. efaéesdﬁﬁﬁp‘a%ﬁab ndo
scatter |i glehterwanbidy Ocdrjimgintsahe Slieor \kzhfasisrmheldnémgkwc Bt @ﬁqhé afxhRf er ably
bent at a por n 173 curyature R
Those of “or e g0 PRI 3 AR SrofRiipditt Dol B !B R
curvature dmfpbeomaé@tletdfrpm thebdijaopaasw thtwgh itlzermeafer arfd lwhce mepihgeghoh pi pe
Sso as to qh@b%?oﬁﬁtérh%n@fmymvaﬁtfagé {sGhdt ﬂq%§§orﬁ is rgﬁlb@eef}h Jgﬂ%wa?& i9of the

| i ght pipe | cal %eoemrlcre ationship can 1 nc ormng the
radius to Hﬁ’a&%ﬂd&“r?ﬁ ing wayglengthges greater than the dianmeter of the
| ught pi pe, and can be -mat hematlcally represented as R4 D. In operation,

e radation Taye 1 ATMRLRL AT RB A 208bE S1ehghy 1 oueh e
portion 162nfifrmitien tringhihg lah)ylg cdi0 34B| aid genpiateg en upipnt tifhe vidyade vailtagpt i cal |y
U St 8 DG GG R TS G s 0
rough surf a@éi refigntesdey thp(gqurh d he hhgipdsteqiorcst{boutputs a voltage 31gnal proportional to

the total radiative flux from the wafer including emitted radiation, stray radiation, and

modulated radiation. The output signal is received by a lock-in-amplifier 98; which

filters any voltage signal that does not include the chopper frequency. The lock-in

amplifier 98 in turn outputs the signal AV, which is proportional to the intensity of the

modulated radiation reflected from the wafer. This voltage output signal is received by

the converter 68 of the control stage 50.

With further reference to Figure 3, a portion of the optical information
traveling along pathway 34B is transferred to the pyrometer 96, which in turn transforms
the information into a digital output photodiode current signal I,_,, which is then
communicated to the control stage 50 via any suitable communication pathway, such as
by an RS232 serial link. The system information corresponding to the elevator position
z 1s transferred along cable 34A directly to the converter 68. It is important to note that
the intensity and angular distribution of the radiation which impinges upon the wafer

backside changes or varies with the vertical wafer position within the process chamber



78A of the pipe 78, and are reflected upwardly through the |ight :
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information traveling aI ong pathway 34B is transferred to the pyroneter
96, which in turn tr %%fiﬁ&s%ted emissivity measuring system 10 determines the constant of
proportionality K, and hence the reflectivity of the wafef, by placing the wafer within the
process chamber 74. The wafer W is at generally the same low temperature as when
resident within the illumination system 18 when determining-the ex situ hemispherical
directional reflectivity. According to a preferred practice, the wafer is at room
temperature during the ex sifu measurement process, and is also at room temperature
when placed within the process chamber 74. Due to the finite thermal mass of the wafer,
it takes a finite amount of time for the thermal processing apparatus to heat the wafer.
The 1ilustrated system 10 then vertically moves or “sweeps” the wafer through the
process chamber in a rapid manner, while concomitantly measuring and recording AV,
I, and the vertical position Z, in real time, during the sweep. The system 10 then creates
a table of voltage values and vertical position. According to one practice, during the
sweep, the system 10 does not significantly heat the wafer, and hence the wafer is
generally disposed at the same temperature when resident within the illumination stage
18. According to one practice, the wafer is only nominally heated during the sweep, and
is 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



the information into a digital output photodi ode current signal |,., which
is then comunicated to the control stage 50 via any iYepgnaber 2003
comuni cati on pat hway, such as by an RS232 serial |ink. The system
information corresponding to the elevator position z is transferred al ong
cable 34A directly to the converter 68. &% is inportant to note that the
intensity and angul ar distribution of the radiation which inpinges upon the
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accurately determne reflectance and thus em ssivity of the wafer. Hence,
the system does not determ ne di rﬁctly the reflectivity of the wafer
within the chanber 74 frof(Ehe 4+n—%itu radi ati on neasurenent. Ratfsgr, the
illustrated system 10 det erm neK.helZ)heni spherical directional
reflectivity of the wafer at any tinme during the process by assum ng that
the in situ reflectivity Ris proportional to AV,,, according.-to -the
following @asdhe eonstant ef praportiopaljty ¥his detsrminstl, the ipstraied systned @issthen
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and is also at room tenperature when aced within the process chanber 74.

Due to the finite thermal mass of the wafer, it takes a finite anmount of
time for the thernal E(Tofgiii ngR@ppeXI;\t us to heat the wafer. ¢
W AVW'O (Z) w ( )

The underlying assumption is that the hemispherical directional reflectivity is linearly
proportional to AV, Since the constant of proportionality K'is determined during the
wafer sweep, it can be used throughout the process to determine wafer reflectivity. A
significant advantage of the present invention is that the system 10 allows for the
determination of hemispherical directional reflectivity within the chamber 74 without
satisfying the conditions of uniform hemispherical illumination for in situ reflectivity
measurements.

The illustrated system 50 can then determine the wafer temperature T,, by
processing in the control stage 50 taking the pyrometer output signal 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
skill will readily recognize that the method for determining wafer temperature from
pyrometer output signals and emissivity is known in the art.



The illustrated system 10 then vertically noves or "sweeps" the wafer
through the process chanber in a rapid manner, while E8iREHIAMRARZ003
measuring and recording AY,, IMand the vertical position Z, in real tine,
during the sweep. The system 10 then creates a table of voltage val ues and
vertical position. According to one prac‘t9| ce, during the sweep, the system
10 does not signjificantly heat the wafer, and hence the wafer is generally
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determmes the ex .sztu hemlsphencal d1rect1onal reflectivity of the wafer while disposed

at a first selected temperature.

With reference to Figure 5, the control stage 50 then transfers the wafer W from
the 1llumination stage 15 to the processing stage 22. The wafer is loaded ori a suitable
vertical support assembly, and is disposed within the pfocess chamber 74. The light
source 31, through the light pipe 78 and the fiber optic cable 32, illuminates the wafer W
as set forth in step 116. The radiation or radiative flux within the process chamber 74 is
then measured by the detection stage 36, and specifically by the pyrometer 96 and by the
photodetector 90. The signal generated by the photodetector is passed through a lock-in
amplifier 98 to generate the output signal AV,,. This is set forth in steps 118 and 120.
Concomitantly, the illustrated system 10 determines the position of the wafer W within
the process chamber 74, as set forth in step 122. Furthermore, the illustrated system 10
determines the radiative flux within the process chamber 74 with the pyrometer 96 as set
forth in step 124. The system 10 then sweeps the wafer W vertically through the process
chamber 74, step 126, while measuring the radiative flux and vertical position of the
wafer. The system then determines if the wafer sweep is complete, step 128, and if it is
not, the system 10 reverts to step 116 and starts the process anew. If the wafer sweep is
complete, then the control stage 50 generates the function K(z) to determine the constant
of proportionality K, 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



proportional to AV,,,. Since the constant of proportionalityK~is determ ned
during the wafer sweep, it can be used throughout ther}grﬁﬁf’g@gbetr@ géterm’ ne

wafer reflectivity. A significant advantage of the present invention is
that the system 10 allows for the determ nation of hem spheri cal
directional reflectivi ty within the charber 74 without satisfyi ng the
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first sel eclgf: {GARBNF i fuced into the process chamber 74, it is disposed at a selected Tow
temperature, such as at room temperaturé, and the inteﬁsity of the radiation emitted from
the wafer is deemed to be negligible. Therefore, the total radiation (I,,)collected by the
pyrometer is deemed to be the stray light component of the total radiation, and this is
measured and recorded by the system 10. Specifically, the total radiative flux within the
process chamber 74, and as measured by the pyrometer 96, consists of the radiative flux
emitted from the wafer plus the radiative flux emitted from other sources which is
incident upon and reflected from the wafer. Since the output signal or photodiode
current of the pyrometer 96 is linearly proportional to the radiative flux received
thereby, the radiative flux can be correlated to the output current signal of the pyrometer

according to the following equation:

Jirmr $1\|'+ISL (7)
where I, corresponds to the portion of the pyrometer output signal which relates to the
radiation emitted by the wafer, and Iy, corresponds to that portion of the pyrometer

output signal that corresponds to radiation emitted from sources other than the wafer,



Wth reference to Figure 5, the control stage 50 then transfers the wafer W
from the illumination stage 15 to the processing st ag@’Beptermerz@der is
| oaded on a suitable vertical support assenbly, and is disposed within the
process chanber 74. The light source 31, through the light pipe 78 and the
fiber optic cable 32, illum nates the wdler W as set forth in step 116.
The radi ation or radlatlve flux within the process- chanber 74- is then
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and the general reflectivity of the wafer backside. The present invention assumes that

the intensity of the incident radiation at a particular wafer position does not vary
significantly throughout the process. Since the thermal processing furnace employed by
the present invention functions much like a constant heating source, which is generally
required to determine the stray light component in accord with the present invention, the
thermal gradient created within the process chamber 74 satisfies this requirement.
During heat processing of the wafer within the processing stage 22, the magnitude of the
reflected radiation can be set forth as:

Iy = ]SL.a E(_T_) - (8)
R

o

where I, , is the intensity of the-stray radiation measured during the sweep. The
intensity okf the radiation emitted by the eafer can be determined in accordance with
Equations 7 and 8. The intensity of the radiation emitted by the wafer can now be
expressed by:



accuracy to neet the emssivity requirenents of nodern thermal processing
systems. A significant advantage of the present inven&f ®¢rteinigiz003 ¢
accurately and in real tine determnes the stray |ight conponent received
by the pyroneter, thereby enabling -the systemto accurately neasure wafer
em ssivity. As previously described in ZZonnection with Fi gures 1 to 3, the
wafer is placed wthin the thermal processing chanber 74 of the thernal
processi ng furnace. When the wafer is initially introduced into the
process chamber 74, it il i gpasedzpt aR(g¢l ected |ow (genperature, such as
at roomtenperature, and the intensity of the radiation emtted.from the
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time and coupdsn) ARIBSmber. This is set forth in steps 142 to 146.

The system 10 then determines whether the wafer.sweep is complete, and if it is
not, reverts to step 140 and again measures the radiative flux and the wafer position
within the chamber. If the wafer sweep is complete, the system corzélates the total
radiative flux received by the pyrometer with the wafer reflected light, since the silicon
wafer is assumed to have little or no radiative emittance at the selected low temperature.
The system then determines Iy, (z) and measures and records the wafer vertical
position z and the pyrometer output signal 1,,, as set forth in steps 152 and 154. From
the total radiative flux measurement and the forefoing values, the system 10 determines
the total emitted intensity of the radiation within the process chamber 74. This is
generally performed by the system during heat processing of the wafer. The system then
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
156 to 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
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thermal pr SOESkHiAY sthemedbas cemplricy exlsiywakheellpctesenvith mvsmtvader rflewtivitgns
much 1ike aneﬁibi&@mol@ﬁwiﬂgw SRV E Bnif M%lé@eﬂ@:ﬂ%ﬁ\ﬁwn}ﬁlor{ S‘f"cﬂ gl to

determ ne th stra nponent 1.n accor resen |nvent|on
tﬁe t her maf? %’ﬁ{“lbg‘r é‘afﬁﬂs ROV sieh farpdugh bé@éﬂteﬁm‘? enaissivity sfies. this
requi renme ntmeasﬁ]umg s}gtehemhtf sanﬁﬁ“@&ﬁe ?klﬁlséhfvltfr ﬁ@aégﬂértﬁént\ﬂeédydif rﬁd&%m?h?lﬁ?a? ﬁ' 22
tage 22, t he ecte | ati.on can. be se or

Ssﬁg SL, o yg%egﬁ%ﬁ ﬁ?ﬁ mﬁ%d y Ha’étf_cu% ’is§alfaﬁ1§ q%ﬁ?teﬁf%‘?[‘gﬁmé?s“?Wé‘C@{r?%&/ radi ati on
measur ed dUeQHIpEnients elp+/T(h@05 intensity okf the radiation enmitted by the
eafer can be determ ned in accordance with Equations 7 and 8. The

intensity of the_radiation emtted by the wafer can now be expressed by:
27 Septenber 20 CﬂeSfﬂmwf'@ﬁwn 5P pegvigesdprm sipje andd eleglant desigh fot ands f or

stray | i ghtcosrelating ttatrh@Buref t 0 tRA YR voiftEn ﬁle%ﬂﬁnger IGiIB U LR A
generated by sources other than the wafer. This is achieved by measuring the radiative
flux within the process chamber 74 with the illustrated system components.’

Figure 8 illustrates an alternate embodiment of the emissivity measurement
system 10 of the present invention which is independent of the position of the wafer
within the process chamber of a thermal processing appératus. Like numbers represents
like parts plus a superscript prime. The processing stage 160 forms a process chamber
162 that mounts a wafer W on a selected mounting apparatus.” Ifthe chamber walls are
heated at a constant temperature, then all of the foregoing emissivity and stray light
measurement techniques can be employed in connection with this embodiment. In
operation, radiation from a light source 31' is directed to the chamber 162 of the thermal
processing furnace through a suitable radiation introducing aperture 163 in order to
transmit radiation to a backside of the wafer W. The radiation reflected from the wafer
and/or radiation resident within the chamber 162 is captured by the fiber optic cable
34B' and is directed to either the photodetector 90' or the pyrometer 96". Since the
thermal processing apparatus is disposed in a horizontal configuration, the reflectivity
and temperature measurements performed on the wafer are independent of the vertical
position within the chamber 74'. Hence, in accord with the previous teachings, the wafer
is introduced into the chamber 74", the radiative flux is measured within the chamber
according to the foregoing techniques. If the chamber is not maintained at a constant

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



determines the emitted radiation intensity of the wafer _and thus the
reflectivity of the wafer. Once the radiation recei ved’Sertabei@082t i on
stage 36 is conpensated for in ternms of its stray light conponent, the
measured hem spherical directional reflectivity is correlated by the
control stage to wafer em ssivity accordi ng to Equation 1, which in turn
can be correl ated accordi ng to known techniques to wafer terrperature Wth
r ef er ence YRISEVYIFEaBrenens leshnigaes cry WsFERMRES it rHeeM Hethihe stray |i ght
conponent &ihddh@enradi ative flux within the process chanber 74 by
illumnating the wafer when resident within the thermal processing
apparatus, as set forth in step 140. The system 10 then transfers the
radi ative fl ux mstgmhﬁibahh&ivﬁﬂﬂagﬁ)eﬁthtsqaotsthm&eper&teeirdéafgn is Wt {tldoegmdiur n

gener ates an u n I r Lgn icative
of the re&d }118% %B ntlo ?toﬁ g 4ﬁeecgrdinﬁ1ofpa Q2 e?gdgga?m&lr' sﬁglq'%so %vg D& 8211tposq

control stefghbe Ey@f@{radlllustratﬁéng@de3%%9@@1@@@@&@&‘@@‘@1’ beatinge verti cal
position 06 the Wr?(fvew thin the chanber 74 and correlates this position

with the ra |at|ve ux neasured at that position by the pyroneter. Those
of ordinary skill will readily recognize that the amount of radiation

reflected fromthe V\N:&frdmgtd?&ahﬁthaﬁéiﬂtﬁdiﬁﬂ&& e b hstéi & f Fgukd gadmlp@Sl tion of

th f mb t, forth
D oo i 5e ST R Eh sl o Rl B Rl g obiRir A,
is not, rta\&mat memferttemelsaﬂatﬂmmeagallp‘rou:asaaglteamerdim‘csahllhtmevréaoﬂimmt,and t he

vaf er posif.q gl‘é'{e% %E&gfe%gﬁ%gﬂ{%ﬁ&?mégra%%em £ou§<‘!¥?§1@d héﬁSQfTBl’ﬁ{ o€, the

system correl a ota ux recel ved pyronet er with
the waf er fostgoses emissivighend siaydight ﬁ’éa%lil‘me%FFChWﬁP@rcaﬁé)emd ffbehave

little or ppe dg@@g ShbMBmERt: bieaReMedto tdiBprieIpafiobthe! o¥pd SMMEpRLHe.  The
systemt hen eterm nes 'SL,. (z) and neasures and records the wafer

vertical POEMSn z and the pyrometer output signal 1,0t, as set forth in
steps 152 and 154. From the total radiative flux nmeasurenent and the

forefoing val ues, t hﬁt‘ﬁ}eﬁ rgc]sge 31%1?{1%%] ;&0& Q@w}eg{lglattﬁms ﬁlte%%ec@ts%ps' ty of

the radiation vmthln TOCESE ¢ eneraliy perforned
by the sysfoth amﬁrc,ragldmgalnospm@degspargntdfomﬁ@mm:élrng dﬁﬁﬁe”lpélpst gmce hertain enpl oys

t hi f t t
thi's L0t o BRir00ma@boRGavis fo bh GhERM titnaR deiting i ohe BEABUFAEENT S

erature in real tinme during processing. This is

set forth MyeBYERdtis ms@ldp%tf@sgll mattey eqnéaingd in dh 2boyG dRICHgHODHPT W NIResent

i nvention it dobathpiryirdCR v Reby irlebaidd AqBustande slEmtcoapansst @nsé.or t he
stray |ight corrponent within the system 10 by assum ng 27 Septenber 2003 23

It is also to be understood that the following claims are to cover all
generic and specific features of the invention described herein, and all statements of the

scope of the invention which, as a matter of language, might be-said-to fall therebetween.

Having described the invention, what is claimed as new and desired to be

secured by Letters Patent is:



that the relative emttance of the wafer at the selected |ow tenperature is
negligi ble. Hence, the pyroneter output signal is equated with the stray

| i ght conmponent of the system The present system does not enploy a quartz
wi ndow, and thus does not provide conponents that are subject to unwanted
cheni cal deposition. Furthernore, the illustrated system4o¥dtemger 2003
require-the use of specially designed quartz or silicon tubes in order to
accurately asure wafer emssivity. Another significant advantage of the
present in nis that it enploys a correlation schene that correl ates
ex situ wafer reflectivity with in situ wafer reflectivity 1in order to
avoi d havi to J i.f 1 i IJ: 1.nation.of .the er

W thin the Shantor i iph e AR RIS Re o NI AT A i gty YRl

emi ssi vi ty duningprodessinginsd lesanihg aiansisd o & tesmblysroedtiag bypdrptusiBaiunhansnt
needs of nodemtheryal processing systens, and in particular, is capable
of satisfyi‘}‘?alpélrﬂngé-ﬂ%t?ffﬁ%fccuracy requi renents of about +1- 0.005. The
present inventi i : i i

correl ating theqr%é%ggﬁ%%mra\aﬁl at ivvtge%]fcﬁﬁ? Jvﬁﬁt%&?%ghgﬁgﬂngggﬁ%g&véﬁe t he
radi ati on themat proeessing appamatss ot her than the wafer. This is achieved by

measuring the radiative flux within . the process. chagnber, 74 with th
illustrated _sy_stc%m&’rﬂ%%ﬁ??mﬁ’ W@t@n??ff%@rfﬁf%g‘ea‘ﬁafﬁf Y”E‘Frh‘gif@sﬁ odi ment
of the em S\ﬁiﬂﬁhm{aH&ﬁﬁglél_&%&ofﬁ%%ﬁ&ﬂ@aﬂﬁro@és_sﬁ‘n%%pﬁér@ﬁ@,m invention which is
i ndependent of the position of the wafer wthin the process chanber of a

t her mal pr ocessi¢egrembing the igdectivityeof tamivefer deteninedeontside pf the thwamek pl us a

i ' i f a. hanber. 162
Chat rount PreesilFe arifaald SRR B RRaSH S e el bR PR i BL S Pl AR ped
wal | s , ar e witidatiectheatingcleitet andetéraiimetha reltivigi enthahaf@witiie tehag®ing

em ssivity and stray light neasurenent techni ques can be enployed in
connecti on th this enbodinent. In operation, radiation froma |ight

source 31' is didee4ieH (el an(‘pf% oA 6 hﬂﬁgl i
furnace through a Ul 'tralt%ﬁlg ra?islg‘glti on ?ntré%{:l ng %’pert Péo%%igﬁézﬁjg?glgr to
transmt r aditekiedrvafer mflbcbhtyidderninet] vdthia frerthaimal hecessitigaippanatusef | ect ed

fromthe wafer and/or radiation resident within the chanber 162 is
captured by the fiber optic cable 3413 and is directed to either the

phot odet ector 90fheQfiethBEoPNLIRIE WHer8f the sbi\sRddidMinihp Bl ledvag & &N
apparatus is disposed in a horizontal configuration, the refleCtivity and

t enper at ur evaigraiiFidnedthe hppting shamber thehibewad] erocgssing sanpepuremprists thhe

verti cal it £t hi r. 4 . nce, ip.accord with.the
orevi ous t SaR e bR RRAP el mal FERAFy PRSI 0 05
radi ative fprovesdisg withBithe Heating khamb&iefehaibenal processing apparatus.

3. The method of claim 1, wherein the step of determining the reflectivity of the
wafer outside of the thermal processing apparatus comprises the steps of

generally uniformly illuminating a portion of the wafer with radiation from a
radiation source, and

measuring the intensity of the radiation reflected from the portion of the wafer.

4, The method of claim 3, wherein the step of determining the reflectivity of the
wafer outside of the heating chamber of the thermal processing apparatus further
comprises the steps of

measuring the intensity of the radiation of the radiation source, and



according to the foregoing techniques. If the chanber is not maintained at
a constant teneprature, for exanple, cycle on and off heat |anps, then
only the foregoing 27 Septenber 2003 24 em ssivity measurenent techni ques
can be enployed in connection with this enmbodinent. A signifd&Gadiber 2003
advantage of this position independent design is that it does not require
the nonitoring and recordi ng of a sel ectg position, such as the vertical
position of the wafer. ag il)ustrat on"Figure 3, during fhe nmeasurenent
and wafer heati riifferpinipgie re ’@W@?ﬂ"eﬂ@é‘é‘rfg‘i’fﬂém dnspsyred paigfion enhodi nent
the syst em;gfen&iyitiBe Fafe Bndfhe riMYidd Sdrguch that top and bottom hot plates
can be provided'to define the chanber and to heat the wafer to the
suitable thermal processing tenperatures. In this enbodi nent, the hot

pl at es operat e dkheanethoddbelbint berein ulicestéypaf dengmining de, refiedivitg nd eheakifenf

the foregoing,emssjVit nd str i ght neasurenent techni gues can b
ol oyed. A GhiBE bl sREB bR Bl e qHEAEHS SRS COTPTIIET e SEDE Al
scope of the preg%ﬁatau%hﬁaf&mly%nﬁh&tiﬂgAbo&ihﬂafﬁr%ﬁﬁ&%ﬁ}b%iéﬂ%ﬁﬂd}w&nt' on

efficiently attains the objetCts set orth above, anong those nmade apparent
from t he prredieddmgpudessend ption. Since certain changes may be nmade in the

above constructipns w.t hout. d rting.fromthe s f the inventjon, it
O ot onded ¢ natdetrmiing ] oL iy PG BRGadam B mrt ke 1 1
t he acconpamfeinghddheimtdigiy bethethdEhidtdRitted by ihd Mafafiah kdigcand not in a

limting sense. It is also to be understood that the following clains are
to cover all generic and specific features of the invention described

herein, andg. all e i

mat t er of I%éngua]g{g,arh%nﬁgﬂps(i@gq ss’re}i%1 de-rég(ﬁ?eaﬁt?g ?ﬁ%ﬁeenbe% \Agtéﬂr?% vilvqntg Oggiec‘rg?fgred
t he i nvent iomsidedifathe heating @hamberaarthewompeisehahe steps 60 be secured by Letters
Patent is: 27 Septenher 2003 Clains 25 1. A thod.for the real -tine

det ermi nat i on ofECBFAERE @F&Q})f@wwgwwiﬁmgttg fe?éé?‘é‘flty qa”&ﬂ? W@f%pawaiaég@i ng in
a heating ghasagg of a thermal processing apparatus, said nethod

conprising thé steps of
determining the reflectivity of the wafer from said calibration curve.

7. The method of claim 1, wherein the step of determining the reflectivity of the wafer
outside of the heating chamber of the thermal processing apparatus comprises the steps of

generally uniformly and hemispherically illuminating a portion of the wafer with
radiation from a radiation source, and

measuring the radiation reflected from the portion of the wafer.

8. The method of claim 1, further cémprising the step of maintaining the
temperature of the wafer during the step of determining the reflectivity of the wafer inside
the heating chamber generally the same as the temperature of the wafer during the step of
determining the reflectivity of the wafer outside of the heating chamber of the thermal

processing apparatus.

9. The method of claim 1, wherein the step of determining the reflectivity of the
watfer outside of the heating chamber of the thermal processing apparatus comprises the

steps of



determining the reflectivity of the wafer outside of the heating chanber of
the thermal processing apparatus, determning an intensity of radiation
reflected fromthe wafer when disposed wthin the heating chanber of the
t hermal processing apparatus, correlating the reflectivity %P!?&”

determ ned outside of the thermal processing apparatus wt%% e |l¥1}$fg§g?ty
of the reflected radiation of the wafer gﬁtern‘i ned wthin the heating

chanmber to determne the reflectivity of “the wafer within the chanber, and
det ermi ni ng t he arigly unifgrmyly ilyeingkinga pertiop @f therwater witlpp Hjegsptidngessi ng,

fromthe I fer =t Vi efgrmned within the thernal

pr ocessi ng%%%gr‘glﬁlﬁ%d Pﬁﬁ?ér?%ﬁ@c?\ﬁos#&ggh#% 1, wherein the step of

det erm ni ng t he dgolitdtB@tthy tddyatioh réfietedfad theowhfetr.de of the heating chanber
of the thermal processing apparatus conprises the step of neasuring the
hem spherical directional reflectivity of the wafer prior to thermnal
processi ng Mkt hiThetthethtxbof ¢laign 8 Harthercoofprising thdstepsadf pr ocessi ng appar at us.
3. The method of clai.m 1, .wher.ein. the ste er.m ni the reflectjvity
of the varer odpCieBERbteiEn At BaRER sleclsgits Rl obdsiisiof edieelige
steps of gemamdkdy uniformy illumnating a portion of the wafer with

radiation froma radiation source, and measuring the intensity of the
radi ation refl eG@@éuﬂmg)ﬁhetlwénqaﬁrctfithﬁfadfaﬂphérmmde%?mﬂhe rEdiatioR s0weR, of ¢l ai m

3, wherein the s A [T, i eflectivity of the wafer outside
ot the heating dinuBingF SHrILT hitekiBehTion bl bl bepiRifmeitty
conpri ses tdfghsiclip&ed fadimiag ahd fg: tabtibm fronstht Yaddsticnseusfcadi ati on of the
radi ati on source, and 27 Septenber 2003 26 determning the reflectjvity of
the wafer from £sneraiaga crlduationguys ensrelatingdhs reflesiviph thewater 3t saie
radi ati on &t it] d of claim1l, wherein the step of determning
the refl ec?ﬁé\!/tlht yag%l rteleﬁa\lll\/aﬁ?i ’pﬂl out side of the heating chanber of the
t her mal pr ocessidetprappag ticusilativity iof de wifer Sompsidablibgdoecaivey uni formy
illumnating a portion of the wafer with radiation froma radiation source,
and determining a ratio of the intensity of radiation reflected fromthe
|00(r]I ti ?_n of fihe TRiBELSDSF dikigh O,\HRGSInYidGtep dTRlefcRtiftg BB réMchivRe oi¥ide ke
radi ati on source.

the heating chamber of the thermal processing apparatus further comprises the step of

modulating the radiation emitted by the radiation source.

12.  The method of claim 1, wherein the step of determining the intensity of reflected
radiation of the wafer within the heating chamber further comprises the steps of
illuminating the wafer when disposed within the heating chamber with a radiation
source, and 7
measuring the intensity of the radiation reflected from the wafer within the chamber
with a detector, said detector generating an output signal proportional to the intensity of the

reflected radiation.
13.  The method of claim 12, further comprising the step of generating a first output
signal proportional to the intensity of the radiation reflected from the wafer in response to

an output detection signal generated by a detector.

14.  The method of claim 13, further comprising the steps of



6. The nethod of claim5, wherein the step of determining the reflectivity
of the wafer outside of the heating chanber further conprises the steps of
generating a calibration curve correlating the reflectivity of the wafer
with said ratio, and determining the reflectivity of the vgf@pdniverneas d
calibration curve. 7. The nethod of claim1, wherein the step of
determning the reflectivity of the wafehg outside of the heating chamber
of the thermal progcessi a ratus,c I ses the steps of generally
uniforny and héh® ﬂgﬁgﬂg%¥aﬁ§“%wp|eHm‘?¢g‘??‘ﬁ?ﬁf%d§?}mntﬁoaﬁeo@dt he wafer with

radi ation from &jifepdlMd £R3t SRPEGENaPRTABRIS Hediticied BtheAfaa i ed
fromthe porti on1 of Fhe wafer. 8 ‘I@”ne r?et hod %f gl ai mel, furﬁ%iu%%%ﬁnﬁi si ng

t he step ofthempiodulatediradjatidce tenperature of the wafer during the step of
determining the reflectivity of the wafer inside the heating chanber
generally the sane as the tenperature of the wafer during the step of

det er m ni ng st he TiRfh@Béd ¥ di¥inD12, ifighst@bbrising Shedie0éf dobielaigatlicnefledipaier of
t he t her mal rocessing apparatus. 9. The nmethod of claim1l, wherein the
step of det¥ithg Yafeywithin the chanakaryyiththe intensity offieaneasured ireflectstd radiationeaf i ng
chanber of . r i ng apparatus conprises the steps of 27
Sept enber fhg%&%%%ggg %glg%]hi formy illumnating a portion of the wafer
with an integrating sphere with radiation froma radiation source, and

collecting the radiatjo flected fromthe fer. 10, The .nethod_of, claim
9, further 1éorrprﬁ7§irﬂ ehef ﬁﬂgbﬁl agwprlﬂggﬁweﬂwféifmrww thepeflscdiditat i on
refl ected Qyude f@@{d,,ﬁ[ﬂ- QUL shAghR by iheroneatd hanber, neasuring the
intensity ?ff theara I atnl on eérilnﬁ%teg l?%%m ta’%egn@a ]lglati on source, determning
a sel ected mat hggmatigal relationship between the neasured intensity of the
reflected radiation ant the radiation fromthe radiation source, generating
a cal i brat iygerERY theGOARNVAY bR thetviiFer BihiBGhd Ndatifg Sharhie, &S £Eonddhbofal d

mat hemati cal relationship, and determning the reflectivity of the wafer
from sai d gabpdrtiadalioy) andiAWVey is e infdneityref the dradifation sdiflecidd fivhethe wafaavichiat ep

of determning the reflectivity outside of
the chamber.

17.  The method of claim 16, further comprising the step of determining the constant
of proportionality K by

sweeping the wafer through the heating chambér of the thermal processing
apparatus, and

determining the constant of proportionality K from the radiation reflected from the
wafer during the sweep and the reflectivity of the wafer determined outside of the heating

chamber.

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

calculating the reflectivity of the wafer during processing from at least the constant
of proportionality K,

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

determining the real time wafer reflectivity from the measured reflected radiation

and the constant of proportionality.



t he heating chanber of the thermal processing apparatus further conprises
the step of nodulating the radiation emtted by the radiation source. 12.
The nethod of claim1, wherein the step of determ ning the intensity of
reflected radiation of the wafer within the heating chamber; §duidndr 2003
conprises the steps of illumnating the wafer when disposed within the
heating chanber with a radi ati on sourcey and neasuri ng the intensity of

the radiati nr | ect fer w he cha W, th et ector,
sai d det ect %@r‘%‘i {%Mwﬁlﬁﬁﬁlseﬁr% (9“%1?%"1%? Sity of
the refle%ﬁ&ﬂ%%ﬁ BrockBSndTBA AR ke O defermiind: B ng
the step of generating a f| s(t)c out%&; S|egna cgjropor?etnlnonaé t(gmtﬁ ﬁn?ﬂenm ty
of the raditht wefer fiofr the read-timeomafeheflecti vty duningpspesseg.t o  an out put
detection signal generated by a detector. 14. The nethod of claim 13,
further conprising the steps of 27 Septenber 2003 28 nodul ating the

radi ation emtt etheiethbEof Al Cfurl“tlﬁa@% Pnsﬁ?@hefdtépt &rdetwnﬁrhﬁg tHerrélle@ivitput
signal to renove frequencies ot her t han requency of the nodul ated

radi ati on. offhe wafer aiea Awaties ofdtheintersity of ﬂwetrh%w@bwﬁmngn myasured within the
correlatin f...th f ha th the
i nt ensi t;/ ngh&?xﬁer 15& %ﬁ‘?éen IO%%HFIP% tl% %ﬁg{alvg Frowtﬂupr%h %Fg% )chi n the

chanber. 16. The nmethod of claim 12 further conprising the step of

det er mi ni ng__t he reflect|V|ty of the wafer within the chamber by the

fol | owi ng f4dr nulTge methodfiglpiphbs, dutther sompesipg theetenswit y of the wafer within
the heating cha el tionality, and AVw is the
intensity of threH?(‘r;‘é gltl\?)arf&rtgﬁﬁg%?{g(}m? %n&'ga e \%\’/afer wi thin the chanber.

17. The met hod cﬁeashmgnh&ﬁimeﬁmnytdﬁﬁte radiapon siflegtet] ions the pvadér wighiethe ni ng t he

const ant ocﬁlﬁlglgo ortionali té@‘g sweeping the wafer through the heating
chamber of t1HE CREPT PPBC Hﬁél tiong tus, and determnining the constant
of proportional 's%hréftpé iR u‘it@]?s' t?ta'ngr&ssrogfalt%gﬁogﬁloilro? é@&fer%@&:g aﬂzﬁ“ ng

the sweep and the r ectivity o he waf er term ne out si
heat i ng measurement.

22, The method of claim 21, further comprising the step of measuring the intensity
of the reflected radiation of the wafer without substantially heating the wafer from
the temperature of the wafer when said reflectivity is determined outside of the thermal

processing apparatus.

23.  The method of claim 16, further comprising the steps of

moving the wafer through the heating chamber,

measuring the radiation intensity of the radiation reflected from the wafer within
the chamber at one or more wafer positions, and

calculating K to facilitate the determination of the reflectivity of the wafer during

processing in the heating chamber,

24.  The method of claim 1, further comprising the steps of
illuminating the wafer when disposed within the heating chamber with a radiation

source, and



chanber. 18. The nethod of claim 17, further conprising the step of
calculating the reflectivity of the wafer during processing fromat |east
the constant of proportionality K mneasuring the intensity of the
radiation reflected fromthe wafer during processing, and ged@idmtnngoshe
real tinme wafer reflectivity fromthe neasured refl ected radi ation and the
constant of proportionality. 27 Septenbe§02003 29 19. The nmethod of claim
18, wherein the step.of determ'.ni.nl% t he em rinre

sivity .qf th waf I
time during prodBeshing the iesal diation frowy the wafer siheny H’@’ei?"ﬂ’é“ge agber Mt of

the waf er fyomddiesigdatel pBviehskigidnectivity during processing. 20. The
met hod of claim 12, further conprising the step of determ ning the

reflectivity of the wafer as a function of the intensity of the reflected
radi ati on sured wi.thin.the er independent of the position of the
hafer i ni ¢ ettt e S el RRE comBRBE fsren ok iRs B PG
conpri si ng tbiaPradiatiph fidkn theRHfEOHRAIEDE brigiteeb® Rof@uiea biheBthah aEdg4fer.
measuring the intensity of the radiation reflected fromthe water within

the chanber at one or nore wafer positions, and storing the radiation

intensity a ' Lt waf [ said neasurenent.
22. The nethod ?%%%%ggﬁﬁﬁﬁ}ﬁﬁgﬁ&g%ﬁ%#@g%e %\lﬂes Og?ep of measuring the

intensity of thHiunéfatiagtiedvifacwhén dispastd Wikine deatidgtdhatibeSuil b antiatidnl Y
heating the wafer fromthe tenperature of the wafer when said reflectivity
i s determ €W Gut si de of the thermal processing apparatus. 23. The net hod

of claim 16, furﬁéﬁ%ﬁm{?ﬁfﬂ%&btﬂ]%ﬂu R Rl AR Qhter Wl‘é% Qg}htll?ﬂ'lgvﬁefaﬁfn%{:ﬁ%ﬂﬁ@h the

heati ng chanber, neas e radiation 1 ntensit radiation
refl ected fwithmat deteotaf gy thei tvhfen moves thbmttiveughatvitbowt substmtidlywhéaing the

positions, a alculating Kto . facilitate the determ.nation of the
Porl ect i vi OFAEH R Ao BmOPTHIF PG TATTCUBE HEORIoR HEIR aTe heRbabaRd 24
The method of cl@@lating i héRlrcd0MI fadiafen g Sk SRFerGith radiation originating

from sources other than the wafer.

27.  The method of claim 25, further comprising the step of determining radiation
emitted from the wafer by subtracting said radiation originating from sources other than

said wafer from said total measured radiation.

28.  The method of claim 25, further comprising the step of determining the temperature
of the wafer during processing from the wafer emissivity and from the radiation emitted

from the wafer.

29.  The method of claim 1, further comprising the step of determining the temperature

of the wafer from at least the emissivity of the wafer.

30. A method for the real-time determination of emissivity of a semiconductor wafer
during processing in a heating chamber of a thermal processing apparatus, said method
comprising the steps of

generally uniformly illuminating the wafer outside of said thermal processing

apparatus,



illumnating the wafer when di sposed within the heating chanber with a
radi ati on source, and 27 Septenber 2003 30 neasuring the total radiation
fromthe wafer when within the heating chanber with a detector as the

waf er moves therethrough. 25. The method of claim 24, furthersGaomedr2009
the step of correlating the neasured total radiation fromthe wafer with
radiation originating fromsources other shhan the wafer. 26. The nethod of

claim1l, further,conpr.isin he, ste of 7'l | um pnati.ng. the wafer when

i Sposed wit hi m dFETREAE Firge ROt s Brncrel Ko TUBPEE Wisour f ng ¢ he
total radiation dnemyMeum@b@ne W0 RM LR tldRahRfRLhdAher B_Pﬂﬁe%erﬁl‘éﬂ th a
detector as the wafer” noves therethrough without Substantially heating the
waf er fromnrpeessiogpepasatus.e of t he wafer when introduced to the heating
chanmber, and corjel ati.ng,,t he neasure otaly radi.ati on fr.om..he fer. with
radi ati on ori gi n‘{af= eirﬂ%nmg s rtentt c%rsra%f’ﬁ%r} re’iﬂﬁ%\tﬁgfrﬁgl T%ﬁfwélﬁ?r @%n%eé?%od of
cl ai m 25, fdhambelromérmchﬁﬂﬂgoédggngbmﬂﬁs,Qet ermning radiation emtted

fromthe wafer by subtracting said radiation originating from sources other
than said waf ercotelating shegrefleetivity s s ivaigr Hhwninatedautside of thedieatinghdamber
claim 25, f I [+S4 . of e . . t rat u of
Ch w2 SRR DR R o ORL S BBy RS B
radi ati on aoidefeadinefthowafehe:flsafivty dutthg prbeessiagod of claim 1, further

conprising the ep of determ nin et erature of the wafer from at

| egg t | ts Ihege i ss isfimplvgé% ﬁ}?éw%{éiwgof%& WA&#”E@ F’F@Hg% [dufipg prasggsing frgm the
det er m nat i\ eﬂ@éq&ii.w ty of a sem conductor wafer during processing in
a heating chamber o t hermal processing apparatus, said nethod
conprising the steps of generally uniformy illumnating the wafer outside
of said thesml processi.n appar at us,. 27 Sept enber 03 31 . deternjning
the et | ectivi ty TP ST RID8 BHEHoITAF Jel oy - Ak RAFuKIC O AT Ty
i 11 um nat i nfrinB@rovabsiig it 4 Riating BRaRR bF B thSMANRBECsShg bPSark e AR system

comprising

reflectivity determination means for determining the reflectivity of the wafer
outside of the heating chamber of the thermal processing apparatus,

intensity determination means for determining an intensity of radiation reflected
from the wafer when disposed within the heating chamber of the thermal processing
apparatus,

correlation means for correlating the reflectivity of the wafer determined outside of
the thermal processing apparatus 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, and

emissivity determination means for determining the emissivity of the wafer in real
time, during processing, from the correlated wafer reflectivity determined within the

thermal processing apparatus.

32.  The system of claim 31, wherein said reflectivity determination means comprises
measurement means for measuring the hemispherical directional reflectivity of the wafer
prior to thermal processing within the heating chamber of the thermal processing

apparatus.



processi ng apparatus, determining the intensity of radiation reflected from
the wafer wthin the heating chanber of the thermal processing apparatus,
correlating the reflectivity of the wafer illum nated outside of the
heating chanber with the intensity of the reflected radiaty {mbdi©onf er
determined in the heating chanber to determ ne the wafer ref ggtr{lv%?ty

during processing, and determ ning the emghssivity of the wafer in real tine
during processi fromthe . wafer reflecﬁvity., 31. A systemfor .

det ermi ni ngrn r B SYBtEmP tci?é;f,\gﬁ whprpin spipretlgctidty 9P GRS FOMPRISEP ng
processing in a hgahiibessharie RRR il [ nzap e
system conprising re?l?%ctl Vi tgelg%%lgr%ﬁnatl olthrrggﬁ@%fag% et gf;tﬁ%ﬁlﬁﬁeéﬁﬁﬂje
refl ecti vi trgdiefiont fremsaidemdiation siwdee, efd t he heati ng chanber of the thernal
processi ng apparatus, intensity determ nat.ion ne for determ njng
intensity of radPeHSHeR F%R‘?tféﬂme?ﬁuﬁﬁ'g iRy © %Fﬁdré‘?tg’ﬁgé?{’t‘?)d Q‘P\‘i‘ligff he
heati ng chajpbgin fthé hardcher mal processing apparatus, correlation neans for
correlating the reflectivity of the wafer determ ned outside of the
thermal processing apparatus with the intensity of the reflected radiation

of the waf det.erm.ned withipa the heating chanber to determ ne the
reflecti vi '?j):/d' " of l}?esy%?leof%ﬁghwgﬁf m %ﬁ%ﬁglgft,mgpn%teém%agﬁo{}ﬁ?“ﬂg?IBPIFﬁeﬁat i on
means for det er notifce thdabi@eRBhtshéats fr Béastihfy WRfiRkendity JfeRe radlatibR of fHeér | NY
processing, fromthe correlated wafer reflectivity determ ned within the
thermal pr dedidéemipusispartit us. 32. The system of claim 31, wherein said
reflectivity det ] i on. j . s .for asuring
the her sphor i car ar et Tl peip AU 1S I BARER e HERNNLN §FEr ol

pr ocessi ng wafemhfirom tshié neaiiied gadidtiondatensity dfithe tvafsr amd terradiessd age@ppar at us.
27 Septenber 2003 32 33. The systemof claim 31, wherein said reflectivity
determ nation neans conprises a radiation source for generally uniformy
illumnating a poftdy@BmQr cldig MahBEreiM dall refiBdial &%&ﬁ%‘bﬁﬁé&uﬁ@&h@ﬁ&e&’“.
source, and neasurefrent neans for neasuring the“intensity of the radiation
refl ected from tarediation source for generally uniformly illuminating a portion of the wafer, and

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.

36.  The system of claim 35, wherein said reflectivity determination means comprises
means for generating a calibration curve correlating the reflectivity of the wafer
with said ratio determined by said ratio determination means, and
second reflectivity determination means for determining the reflectivity of the

wafer from said calibration curve,

37.  The system of claim 31, wherein said reflectivity determination means comprises

a radiation stage for generally uniformly and hemispherically illuminating a portion
of the wafer with radiation, and

measurement means for measuring the radiation reflected from the portion of the

wafer.

38.  The system of claim 31, wherein said reflectivity determination means comprises



portion of the wafer. 34. The systemof claim 33, wherein said reflectivity
determ nati on neans conprises source neasurenent neans for neasuring the
intensity of the radiation of the radiation source, and second

reflectivity determ nation neans for determning the reflecyagg tomid: 2bos
waf er from said neasured radiation intensity of the wafer an tphe rao?ﬁ ation

source. 35. The system of claim 31, V\her%i_,,n said reflectivity determ nation
means conprises a radiation source for géenerally uniformy illumnating a
portion of the wafer, and ratio determ nation nmeans for determning a

ratio of the i .”tael'aﬁfta{iéf Qhed iglgiuﬁiﬂ aHﬁEibﬁ%&LEge ﬁqrogyﬁbélflgnﬁﬁhﬁéa%n%ﬂhl}le waf er
and the intensity o t%e %alatl nemtte y th radi at1 on source. 36.
The syst eminfegrtiag splebe forigenarally wmifatmlyillvathatingtapotadeofithe atafarwitteans

conpri ses apns for generating.a calibration curve correlating the
reflectivi _trﬁrﬁa'fmft %eélewg?‘gl?y Sa\}ﬁl ’Ea%mg&flao?rﬁf’ia&ddet ermned by said ratio
det erm nati on NMRRNSetioAHeans EADIEGINRRE adidtion FEALRIA g iR waans for
determning the reflectivity of the wafer fromsaid calibration curve. 37.

The system of claim 31, wherein said reflectivity determ nati on neans
conpri ses radi-gtion st for, geperally.uniformy and hem spherically
illum nati 233 ap etsy%ﬁmog??atuﬂgi%\gg@;r Wr{lﬁnsﬂ%i ation, and measurenent neans
for measuring th@rstaeingity #Raduedrh@ft hednd @ Mdabeindahé idéhsal of iR M&hGsn 38.
The system of claim 31, wherein said reflectivity determ nati on neans

conpri ses Zoflesiedt sibewafgos 33 a radiati on stage including a radiation

source in optic @m érﬂ'- i | } j r. generally
uniformy ill um%r?g I ng abl or e?%ﬁé@%%{l?{rﬂegn%\%?%%gém&[%qg?a i g[t?(()){r"lﬁlgenerat ed by
sai d radi atradiaticoemitied fimndthe ehdistiin @warcggans for col l ecting the radiation
reflected fromthe wafer. 39. The systemof claim 38, further conprising
first intensity RS ap AR Hag AP Mesemating reiREoRSHRPRIVESR e mepgred
radi ation pRhdifIrekk RletE® raidtfhyand Yadiatibh BOM éhg AR BIRA! Means for
measuring the intensity of the radiation emtted fromthe radiation
source, generation means for generating a calibration curve correlating the

reflectivity of the wafer with said mathematical relationship, and

means for determining the reflectivity of the wafer from said calibration curve.

40.  The system of claim 38, wherein said reflectivity determination means further

comprises means for modulating the radiation emitted by the radiation source.

41.  The system of claim 31, wherein said intensity determination means comprises

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

a detector in communication with said radiation source for measuring the intensity
of the radiation reflected from the wafer within the chamber, said detector generating an

output signal proportional to the intensity of the reflected radiation.

42.  The system of claim 41, further comprising means for generating a first output
signal proportional to the intensity of the radiation reflected from the wafer in response to

said output signal of said detector.



means for determ ning a selected mathematical relationship between the
nmeasured intensity of the reflected radiation and the radiation fromthe
radi ati on source, generation neans for generating a calibration curve
correlating the reflectivity of the wafer with said mat hengt §&amber 2003
rel ationship, and neans for determning the reflectivity of the wafer from
said calibration curve. 40. The system ofyyclaim 3 8, wherein said

reflectivit de':ﬁnsi nt%ti qn, e further .conprises neans for nodul ating
the radiation en 1raaBy R ARm gy AMep OMPRNRE ™ 41, The system of claim 31,

wherei n said i nt£msiilitod Sr@hdiuldink ke FERMSH SATRI 15H8Ge ralididsisBhice hndQur ce
for illumnating the wafer when disposed within the heating chanber, and a

det ect or i rfilées&onfilicsingitomiitgt ewputaignal tariemrove frequancies othsr thendeaifrequgnehef
intensity tﬁén}oﬁﬁla{eﬁ%cﬁﬁﬂié}{‘ reflected fromthe wafer within the chanber,
sai d detector generating an output signal proportional to the intensity of
the reflected radiation. 42. The systemof claim4l, further conprising

means for geperating a first output signal proportional to the intensity
of the radi&ti ontHechriem el iamdth RHther aqprising saEekFioadneans fergomrelating the

signal of saigd.¢lg Z‘,;ﬁgg,% : : f [qm 42,
further conpri gi ng a m)gajl%ator tg?@ﬁn%na%?gfl}lﬁge%rﬁ%sgi ?zti}tﬁ%lrg%a%g}r?‘lﬁtr?%%%ly t he
radi ati on sradratien ofithe veaferf withierthd dranfbet.t eri ng the first output signal to
remove frequencies other than the frequency of the nodul ated radiation.
44. The system of claim4l, further conprising correlation neans for
correl ati ngist he THeakk@mldreldid Af whbRiV@iEreridbiiiy iRt AR an ML tBmiil
intensity of the r_?qgsured refl e_ét ed radclﬁgti on wt%@lm?er v?nn%l\%‘fl Emﬁlilgs
chanber . 45he milectiitt efithe vafer aiithinithe chirebariagcarding to 8fd folowingtfprmula:
determ nation nmeans determnes the reflectivity of the wafer within the
chanber accordi R=tkAV¥He follow ng fornmula: R = KzVw where Ris the
reflectivity of the wafer, wwthin the heating chanber, K is a constant of
proporti oné’?’/}i‘eﬁ/}{%ﬁﬁr t’ivgyf’Eglei‘?#%rn@ﬂPlﬁ}%gthaﬁégP%ﬂ%ﬁri]GHSﬁ‘é‘?ﬂs@@i@ﬁ from
the wafer Wrbiirfondiig 68 ANREE the4iﬁten§§eoisﬂ{§ kaiih rﬁﬂl&'téa fon tﬂéjﬁ/%ﬁ?(withjn
conpri si ng determ nati on neans for termning the constant o

proporti ongh¢ chanher.sai d det ermi nati on nmeans i ncl udes neans for sweeping

46.  The system of claim 45, 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.

47. The system of claim 46, 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.



the wafer through the heating chanber of the thermal processing apparatus,
wherein said constant of proportionality Kis determned fromthe

radi ation reflected fromthe wafer during the sweep and the reflectivity
of the wafer determ ned outside of the heating chanber from&aidnber 2003
reflectivity determ nation neans. 47. The system of claim 46, turther
conprising neans for determning the reflgcti vity of the wafer during
processing fromat |east the constant 013 proportionality K, intensity
measur enent neans for neasuring the intensity of the radiation reflected
fromthe foer i r i refl r i natiqn
nmeans for \Nglgf er g‘lﬂir’?i Sﬂge@h@%?%gll%wgﬁ%%gaﬂgg@ﬁg% %j\[ﬁbﬁ% 121% hde&érr?gltg{segr ed
refl ect ed rthelemissivity afi thetviefercihommtthonteabfimp veybarreflenizity by sai@ fecbap refldodrity? 003
35 48. The dsc%/stem.of claim47, wherein said emssivity determ nati on neans
det er mi nes YeIFRNSHPR Means Jurgie RIAEESHBEer from the real -ti me waf er
reflectivity of said second reflectivity determ nation neans during
processing. 49. The system of claim41, further conprising nmeans for noving
t he waf er t4% oughhetsystemaxiciany 4 fnther coraprasing menory nodul e for storing the

radi ation intensit nd_associ at ositi of. the wafer. 50. The system
of claim 45, fur‘?‘ﬁ%’?%%rc}ﬁf)wgﬁ}?gwﬁgraﬁgo%bfﬁ)%ﬁl%cﬁﬂféb%?“gr t hr ough t he
heating chanber s madoRBabdulé &r stingithetddifiok iktendigGnt atkRtddRsition of the
determ nation of. the reflectivity of the wafer during processing in the

heating chaWfek:. 51. The systemof claim31, further conprising a radiation
source for illumnating the wafer when di sposed within the heating
chanber, and a detector for detecting the total radiation fromthe wafer

when wi t hi 50t he Theagbtemopfehambis; fisthet bempidigg noves theret hrough. 52. The
system of claim51, further conprising means for correl ating the neasured
total radiation Ms3mferHaoviag e wafenthronghdbs bevting chambari 89 £ r om sour ces

other than the myafefor éﬁula-{iﬂﬁslé?éygﬁraama% thie|RiefRdtiod Bf B SEn&LA0RY bHinAY

t enperature determ nation nmea
wafer during processing in the heating chamber.

51.  The system of claim 31, further comprising

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

a detector for detecting the total radiation from the wafer when within the

heating chamber as the wafer moves therethrough.

52. The system of claim 51, further comprising means for correlating the measured
total radiation from the wafer with radiation originating from sources other than the

wafer.

53.  The system of claim 52, further comprising temperature determination means for
determining the temperature of the wafer during processing from at least one of the

wafer emissivity and from the radiation emitted from the wafer.

54. A system for the real-time determination of emissivity of a semiconductor wafer
during processing in a heating chamber of a thermal processing apparatus, said system

comprising



determ ning the tenperature of the wafer during processing fromat | east
one of the wafer emssivity and fromthe radiation emtted fromthe wafer
54. A systemfor the real-tinme determ nation of em ssivity of a

sem conductor wafer during processing in a heating chanber2o$epterithie 083
processi ng apparatus, said system conprising 27 Septenber 2003 36 a

radi ation stage including a radiation sogygce for generally uniformy
illumnating the wafer outside of the heating chanber of the thermnal
processi ng apparatus, neans for determning the reflectivity of the
generally uniformy illumnated wafer, neans for generally illum nating
the wafer within the heating chanber of the thermal processing apparatus,
nmeans for det er rfifafiaon plags weludingtaragietion souses o geesr mﬂ)rmrl:oalupmatm er

Cor rel at i ng Hate Bt leRT R ncllind Muddf pEhe RURRFAZEBIRRANE, Th™ T
heating chanbermesint fortdeerinitien tetryflafivith of thefdeaauid unidshndy ilbn@htel hefaaf er
determ ned in the heating ﬁha} er to determne.the wafer reflectivity
during processi ABCANAHY GYBEASY f g\?‘“ﬁ%"ﬂr@r# Miafey Wikin ghe heating ehamdrer phikewatf er i n

real tinme dy&hpe R,ggsgg%sd[p Sankromthe wafer reflectivity. 55. A systemfor
Perm nat na%‘fE

the real-tine determn “emissivity of a semi conductor wafer during
processi ng i n a theas forgletdnairbeg thefintantityerfradiatioroefsaed froaptha mafarsyittsmite

gencr al 1y ORreSk Aol PR HePPAG O RenRaPER 80 of do of the heating chamber
of the thermal Rhi&&E S dot-RARAIRH ectVith 0f HANINBOIRERCRASE Hisilio brf SR HeALH NY
the reflectivity of the generally uniformly illumnated wafer, a second

radi ati on sogmbe with thelintensityanfithgyrefinetedrdéationi of thewafee déteminedjinghehtrtingof

t he thernmal i [atss detector for deternining the intensity
of radiati g%%@%rﬁé?g%%n&g Wﬁ%‘&&é&&?"%?ﬁm‘}%l’f?ﬁéﬂﬁ%’aﬁﬁ ng chanber of the

t her mal pr ocessimgnegRakefinmming@@rmifsdvitycsitheater Mgrealeme ahlige piotkdsingof t he
wafer illum nated outside of the heating chanber with the intensity of the

reflected rE HhewHeelledyiar er determ ned in the heating chanber to
determ ne the wafer reflectivity during processing, and

55. A system for the real-time determination of emissivity of a semiconductor wafer
during processing in a heating chamber of a thermal processing apparatus, said system
comprising

a radiation stage including a radiation source for generally uniformly illuminating
the wafer outside of the heating chamber of the thermal processing apparatus,

a programmed processor for determining the reflectivity of the generally uniformly
illuminated wafer,

a second radiation source for illuminating the wafer within the heating chamber of
the thermal processing apparatus,

a detector for determining the intensity of radiation reflected from the wafer within
the heating chamber of the thermal processing apparatus,

means for correlating the reflectivity of the wafer illuminated outside of the heating
chamber with the intensity of the reflected radiation of the wafer determined in the heating
chamber to determine the wafer reflectivity during processing, and

means for determining the emissivity of the wafer in real time during processing

from the wafer reflectivity.



means for determning the emssivity of the wafer in real tinme during
processing fromthe wafer reflectivity. SYSTEM AND METHOD FOR THE REAL
TI ME DETERM NATION OF THE IN SITU EM SSIVITY OF A WORKRt S6eiidt NG 03
PROCESSI NG ABSTRACT OF THE DI SCLOSURE A system (10) and net hod for
determning the reflectivity of a workpiece (W during processing in a
heat rng chanber (74) of a thermal processing apparatus (22). The system
first determnes directly the reflectivité of the workpi ece outside of the
heati ng chariber (74) of the thermal proc dsi ng apparatus, and then

determ nes the t e during processing within t he
heati ng chanber rs?%lr%ﬁ %&gﬂg Ftoreﬁe“jv\%éég %EH‘%"?NW PoayiEwy SITU
correlating the ex situ wafer ect|V| epl(?]?':eﬁgﬁ"@ of the
radiation reflected fromthe \A@fﬁm\mdﬂ‘tbmm@&&ﬁﬁgd& chanber Figure 1

A system (10) and method for determining the reflectivity of a workpiece (W)
during processing in a heating chamber (74) of a thermal prbcessing apparatus (22). The
system first determines directly the reflectivity of the workpiece outside of the heating
chamber (74) of the thermal processing apparatus, and then determines the reflectivity of
the workpiece during processing within the heating chamber (74) of the thermal
processing apparatus (22) by correlating the ex situ wafer feﬂcctivity with the intensity
of the radiation reflected from the wafer within the heating chamber.’

Figure 1



