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result, these processes are well understood, especially with regard to the impact of

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

20  because of their relatively small footprint.

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

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

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

' vertical position. The thermal furnace also typically emplof(_“sr a wafer boat assembly
which is mounted to appropriate translation mechanisms for moving the wafer boat
into and out of the processing tube. A wafer-handling assembly is deployed
adjacent and parallel to the wafer-boat assembly to transfer the semiconductor

- 35 wafers from wafer cassettes to the wafer-boat assembly. The wafers are then raised
" into a quartz or silicon heating tube, The tube is then slowly raised to the desired
| tcmperaturé and maintained at that temperature for some pre-determined period of
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t enper at UpgRiNd BasYBYskRKEEE. & A& thermal  processing system 10' Ther nal
processi ng systens Or furnaces have been w dely known and used for

performa variety of sem conductor fabrication processes,
US 5,678,989 discloses a method and apparatus for treating a wafer in a vertical-type

thermal processing system which involves preheating the wafer at a middle stop position and

then heat treating the wafer at an upper stop position, higher than the middle stop position.

Another problem with conventional thermal processing systems is that the heating or
processing regimen to which the water is subjected does not closely match a standard pre-
established heating profile due to system constraints. For example, prior systems employ
multiple pyrometers to measure temperature at various furnace locations, and then use the
multiple signals generated by the pyrometers to control operation of multiple heating units,
such as lamps. The system cycles the lamps on and off according to the system’s heating
requirements. This heating control axfangement introduces unwanted noise in the system and
generally makes it difficult to process a wafer in accordance with the pre-established heating

profile.

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

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

Summary of the Invention

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

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

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

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

many



i ncludi ng anneal i ng, diffusion, oxidation, and chem cal vapor deposition.
As a result, these processes are well understood, especially with regard
to the |rrpact of 15 process variables on the quality and uniyher doys of
resulting products. Thermal processing furnaces typically enploy either a
hori zontal -type furnace or a vertical- type furnace. For sone applications,
vertical -type furnaces are preferredjhecause they create |ess particles
during use t hus decreasing the incidence of contam nation and workpi ece
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designed to support the processing tube within the furnace in the vertical
position. The thermal furnace also typically enploys a wafer boat assenbly
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that it plempestucgnstile.ai nts on the t| rre at-tenperature to which a wafer can
be subjected. Conventional vertical furnaces of these and other types are
shown and described in U S Patent No. 5,217,501 of Fuse et at and in U S
Pat ent No. 5, 3Bmb&ibertd alstédkd:lu@kthe e¢p c&"lprovidﬁhia,nﬁﬁ&acﬁ&ﬁarrtﬁe&tﬂr@mﬁieafmet hod and
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t hen heatEmbmnem@mMomﬁmrtat an upper stop posi tion, higher than the
m ddl e stop position. Another problemw th conventional thermal processing
systens is that the heating or processing reginen to which the water is
subj ected does not closely match a standard pre- established heating
profile due to systemconstraints. For exanple, prior systens enpl oy




mul tiple pyroneters to neasure tenperature at various furnace |ocations,
and then use the nultiple signals generated by the pyronet ess.t® 26ent r ol
operdtio ﬁf | tiple heating units, such as |anps. Th cles the
| anps on%(ﬁ according to the system s heating req%ﬁ%ﬁ{%&xﬁl

heati ng control arrange_rrent i ntroduces unwanted noise in the system and
generally nmakes it difficult to process3a wafer in accordance with the
pre-established heating profile. There thus exists a need in the art for a

thermal progessing,sys LRSsdhat &95&5@5@ Bt thGRDY {:&lcéssﬁ@ffafm&emdagué n
accordance Wwth a tenperature or heatin 8 g (C;’élﬂ? . Summary of the Invention
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control sigpglude &?é&%bte%@a@émpé?aﬁmwpa@mr@w@rmefmhﬁd@&n the ameukpi ece
and, t he parg)gﬁt er of the workpiece, and an el evator subsystemin

communi cat i RHTAHE- control facility for regulating a position and a
speed of the workpiece through the process chanber in response to the
control yssignal to hegfholkReEERethbhacuetkpigsergeneral |y according to the -
|ntendedI tenperature profile. Enbodinents g%t e pr esent i.nv on achi eve
t he foregoi AYeHERAS @eﬂﬁ%Wa?ﬂhWPH@&ceffaﬂ QP TaISTiG K ‘i’r)%[th‘i:e ina
thernmal progespicg deuimbiey thAcanpating of cheewdxiigicnwnThe Bnpehieire grmdsent

i nvention, t t enper at ure of
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i ntended tenperature profile and the neasured terrperature of the -
wor kpi ecm, regul ati ngln&nibﬁcﬁhfeht@Bftaélﬂlvaltﬁﬁ,eﬁﬂwﬁﬂcpkdi’ﬁetemp&’r&pﬂeése t hrough the
furnace to rocess A he intended
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al l oW a usey a} ?te%n4pcratt§rg ﬁltenng the output signal, and based on the wafer emissivity and the-
25 ou_tput signal, determining the wafer temperature. A control facility is provided for
controlling movement of the wafer within the thermal processing. furnace in response to
the mcasmed wafer temperature. The control facility performs this function by
_determining the difference between the measured-tcmperaturc and the temperature
profile to form an error signal, and-moving the-wafer within the furnace with an elevator
30 subsystem. *The control facility can also optionally perform the steps of scaling the error
 value, sampling the température profile at one or mere points, determining the boundary
: conditions of the elevator subsystem, and moving the wafer ata selected speed within

i
:

- the chambcr

35 Embodiments of the present invention also provide a system for processing a workpiece.
The system includes a thermal processing furnace having:a process chamber,_ a feedback
~ subsystem coupled to the thermal processing furnace for detecting a parameter of the



WO 02/ 27059 PCT/ GB01/ 03806 -3- determ ne one or nore selected set points of

the thermal processing furnace, which are then used to consthpgl, 4068

i ntended tenperature profile. Enbodinents of the invention enploy the 5 ;

step of Wb%gﬁgohe wor kpi ece through the furnace based upon the furnace set
Int

points, the ¥nded tenperature profile and the measur eBCVERPEPRPUr e of

t he wor kpi ece. Enbodi nents al so include the steps of providing a wafer
processi ng reci pe, generating from said-rgeci pe the intended tenperature
profile, and controlling novenent of the workpiece in the furnace to heat

workprece i s ORPRE Bhe aishied iEF Brkreclablt afrrie edlig Bestusg e
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20 In enmbodi nents of the invention, the Kpi ece tenperature |

det er i ned V\FPHMEGWQQ%%?S WERB e Path HEAISE the Ry OSHIIMBERATRT 3§ 2t he waf er
t enper at ur e. furcipwraditeginteodahempenté prefild he tenperature is nmeasured by
determining the emssivity of the wafer, generating an output signal with
a pyroneter indicative _of the wafer tenperature, filtering the output
signal, ad based on tHE s¥fFBrapaPe Bichide ¢ uspiinieracoor ginvidieg a apder |

det ern} lni ng proeesving &bilieenmem@mﬁMsaxeqﬁaeemnﬁinph%qhdei i;errilﬁrdmey‘-kﬂpdﬂfomr _
control ling ppv t r e {her rocessing. furnace in
Fesponse 1o Enaurd b S LRGB! THL G Lt b R R ks o e T or o
thi's functi o$fPERUNGIEE éxpRdsr MMERIGE Drolde dnEsponse fels redige. measur ed
tenperature and the tenperature profile to forman error signal, and

movi ng t waf er withif .th an. el evator 30 subsystem ' The
control Pl;ci lity \(,:Aaérfgg{ﬁ?c}a?)% |%eﬁlrggl%ﬁ&eﬁ§’r$%?orrﬁtrto L@Clg{yegﬁger%}Fs tﬁ%‘é‘%ﬁﬁﬂgﬂ?ﬁ% error
val ue, sanpl ©PARPVE Hie W@#B@%thm%hphm%maee hesed npom therfomacepsst peists, tet er mi ni ng

t he Ibouszllr Yinteﬁ@d@ld@aftﬁ &Bﬁlr't roﬁnﬁmﬁib@ya{eesrgr%m _h@fffom]g \»{Hﬁyﬁie&.thet waf er at .
a sel ected speed.-W 1N e anper. odl S . € presen
i'nvention al ‘ggcogdrmcﬁ/tpd)éwg 2T gl?ﬁ pegsued g%%?f‘?fﬁe Q?La%wﬁ%%‘é Is ‘Psf‘?fgug%t em

i ncl udes a ttingrieg wpeotdessdlpgotettionace havi ng a process chanber, a feedback
subsyst emgocoupl ed to the thermal processing furnace for detecting a

paraneter of the . . ' . '
- According to further embodiments, the feedback subsystem includes a

‘pyrometer for measuring the temperature of the workpiece, an emissivity measurement.

stage for measuring the emissivity of the wafer, and a filtering stage for filtering one of

the measured temperature and emissivity, wherein the feedback subsystem. gcne_rates‘ a -
25 signal corresponding to the filtered temperature of the workpiece. L

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



the processing chanber, a control facility for generating a,, b5 Si gnal
based upgn _an_intended tenperature profile of the workpi %ﬁﬁi
par anet e PHTRE wor kpi ece, and an el evator subsystem in conmunication with
the control facility for regulating a speed and position of the workpiece
t hrough the process chanber in response-10 5 the control signal to heat
process the workpi ece generally according to the intended tenperature
profile. The control facility is adapted to control the el evator subsystem
to nmove the workpi ece along an intended path through the processing
chanber as a function of the intended tenperature profile. 10. The system
can al so include a user interface for providing a wafer processing recipe
that includes, a tenperatyre._ranp-up rate, a tenperature ranp-down rate,
and/ or a sogﬂmmlﬁﬁem can al so enploy a trajectory
generatois for generating the intended tenperature profile in response to.
the reci pe. 15 Acconté fagegbiag i dtive feaemizadi abatisges bhemiaibentd offileecintentign
generates the control signal . to.noye the workpi ece thrqugh the furnace
based upon PHEDE %HPH‘&B%‘(S‘% theyfpllopvdng %%@pqqma@ﬁd‘gaﬂ?’btr%@lgieu?cgolﬁ%}’fy?‘f‘%, and
t he measur edratvégecinathictelilof refdrencachkpitesecicr ictbe sanmparttsohonghprdet i ce, the
nmeasured te re.o 36y i ' j heuvahert
t her mal pr,oggrﬁ |Eegi.e %‘o&%‘%?’g‘r I ngtmg&% u %ﬁgféﬁn%ﬂﬁg%%@@hg fe‘édiblgclg
subsyst e i pradenshios 135y R GBSO or neasuring the tenperature of the
wor kpi ece, an emi ssivity neasurenent stage for neasuring the em ssivity of
the wafer, and a fil tgrd for. £ i f. JTRASHE
tenperature and em ssl?l\rﬁggs g%ﬁgﬁ%ﬁmﬁg?ﬁy+ftea§g%%gﬁfggﬁgglﬁssg§et?nﬁgener atgg a 25
si gnal cor r esiwhsliskan fos corEoliing meveECHt P afastrup degnak IfecRSRERE
Accor di ng t gedobhiideemBothaetina@miicpreseitanaysérem can al so include a plurality
of therymcouples for measuring. the tenperature of the furnace at one or
nmore | ocations. A furnace nodeling stage generates an output signal
correspondi ng to the HE.3ds 2 seheoutie $logh diagerp srparsariéngihe cReiod AERSSYpl es
in response0;&6%&%%&5@%{6@@@@@@ by the thernocouples, which is
representative of the thermal properties of the furnace. An optional wafer
t enperature nodeling stage for generating one or nore signals indicative
of one or nore par anmeFt.$ i s dehiledsahhmatiadiagnitsidlnstiatipg ahrisigpdPErcas it e
val ues) gj tfggﬁgpgf@goqﬁoiﬁcﬁﬁ§gppﬁg it o a workpi ece position signal
generated by the elevator 35.° subsystem and the output signal of the
furnace thermal nodeling stage. 24 March 2005 :

FIG. 4 is a schematic flow chart diagram illustrating the method for

. heating a wafer to achieve a desired wafer temperature by the system of FIG. 1 in accord

with embodiments of the present invention.

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

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

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

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

‘wafer types and emissivities.

35 e . FIG.8Aisa graphical representation of the use of the feedback
linearization Equétion-MB when tracking a desired trajectory employing a gain of 2.
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WO 02/ 27059 PCT/ GBOL/ 03806 -5 Brief Description of the Drawings 5 The

foregoing and other features and advantages of enbodi nents of p\ihg, doayenti on
will be apparent fromthe follow ng description and apparent fromthe
acconpanyi ng drawi ngs, in which |ike reference characters refer to the
same partsVPH¥EWFhout the different views. The drawi ngs PCIGBOt/eases
principles of the invention and, although not to 10 ' scale, show relative
dimensions. FIG 1 is a perspective view of a wafer processing system :
enploying a control systemfor controlling novenent of a wafer in thernal

“processing furnace according to enbodi ments of the present invention. 15

FIG 2 is a schematic Hfo8R iz gtpphivel mpreesgation g thehechipereatorsomwabrdagpect s
of the wafergpfocessing systemof FIG 1. FIG 3 is a detailed schematic
diagramillustrating the signal processing 20 features of the control
facility of FIG 1. FIG 4 is a schematic flow chart diagramillustrating
the method for heati AJGP. wad svhetratia cdpisvmagordeshe ethtnoh fi@nainefper eifer € by
the system Ofprdcksing bysteth Fea®baimends bthe RERHINBINS oftiatinB6n PERSSRY addWyeNt i ON.
FIG 5 is a graphically representation-of a tanp rate and correspondi ng
tenperature 3? ,%iarﬁ?‘%l oyed by the wafer processing system of enbodinments -
of the present invention. FIG 6 is a graphical-representation of the

FIG 7 is awg‘g_gﬁhical representation of tf nper a uregtpr Y

di fferent e YAl edfiaselegiet pagessinggscipy with g% Wafeppigeessinicsuitem
r epr esentldt i ofendhodinteets ufthe pfesédnnvb@@dback |inearizati on Equation 14B. when
tracking a desired trajectoryenploying a gain of 2. 24 March 2005 WO

02/ 27059 PCT/ GB01/03806 -6 FIG 813 is a graphical representation of the. .
tracking errors accor dilfig!t ¥ ajghemas: ?P@lgﬁ iflustratigutfdhatrrddreprapentat i on
of the contrehemiRsRiinDh sdidReddfiedn wREOLREAif oS L08H PlocRiRRMBRALSLOf the

i nvention vvhef\ln operating in a saturated and an ]
the waier processing system of embodiments of the present invention.
15

-

FIG. 12A is a schematic graphical illustration of the wafer processing

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

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

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

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

25 invention.

s

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

the wafer processing system of embodiments of the present invention.

30 Description of Hlustrated Embodiments

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



unsaturated nmode. FIG 10 is a schematic graphical illustration of the
results of processing a silicon wafer according to a sel ecbgdRLO66$SI NQ

reci pe WI fer processing system 10 of enbodi ments-0kpéi8scgr €seNt
i nvention. If)%}g‘ﬁb% is a schematic graphical illustration ](ﬁ):f Rel tracki ng

error present when processing a selected silicon wafer according to a
sel ected processing recipe with the wat@r processing system of enbodi nents
of the present invention. 15 FIG 12A is a schematic graphical illustration
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predicts Wwa re during procéssing an t he waf er
positi on based on the act ual rreasured tenperature. 5 FIG 1. illustrates a
waf er processing SyStEﬁéél@cbﬁ ta6eC 8 €hnviel sirraiindR A di thRBtzond rdshieive patisent

R A e e
renove a resistance-heated elements or RF heated black body cavity susceptors as the primary

20 heat source. This particular type of heat source is simple to implement, well
characterized and widely accepted as a reliable technique for stable and uniform control
of the furnace temperature. According to one embddimcnt, the heating clements forms
part of a heater module that is a verticaiiy‘ oriented, three zone resistive heating unit.
The heating elements can be composed of low mass, high temperature metallic wires.

25 The insulation surrounding the hear_ing element can be composed of ceramic fibers of
high insulation value and low thermal mass. All are designed for fast responses to
temperature changes The module can also include an air cooling system to help cool
the processing chamber 20. The process tube 18 diameter and thus the size of the
vertical furnace can be easily scaled to accommodate wafers of varying sizes.

30 .
| The illustrated thermal processing system 14 can be any suitable thermal
processing furnace that is adapted for the thermal processing of silicon wafers at
selected temperatures. According to a preferred practice, the illustrated thermal
processing system 14 incorporates a rapid thermal processing furnace sold under the’

35 trade names of Summit or Reliance by Eaton Thermal Processing Systems Di\?i_sion,
USA. The Summit design system is partiétilarly advantageous since it is a single wafer
furnace that achieves high repeatability and uniform results with relatively low



wafer from a thermal processing system 14, in accord with known
techniques. The illustrated thermal processing system 14 i 12éMemiehs2085 mai n
outer housing 16 that encloses 10 a vertical furnace having a cylindrical
process tubg,{(,l@mt“{%gt has a cl osed end 18A and an opposed ogen end 18B. The
cylindri cal defines a heating or process chanber GCBA3B¥ocess
tube 18 can be used as a constant or continuous heat source. As used
herein, the word "continuous" is intended-go0 include continuous both in
tenperature and heating surface area. The process tube 18 can be formed of

any high tenpera mat er i al as_al um n car bi de, and
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cool i ng systene.§. nqﬁkas_d&ﬂ:Wg}) generated by the thermocouples can be sampled to ensure that the '

desired temperature gradient is maintained. The temperature measurements from the

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

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



5 at the bottom 18B of the chanber, thereby creating a tenperature gradient
fromthe top of the process chanber to the bottom A snoothsthepneiasure
gradi ent f 3 to bottomof the process chanber 74 is, th the
top of the‘bggﬁv ar substantially approaching a bl ack bodé/ﬁg;gg?(g’tg%xr Wth
the tenperature proflle of the heating chanber or furnace fixed, the
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The control facility 30 can.be used to regulate the tenperature of the
process tube 18 accordin ‘g\cfho t he exi gencies of the processing techni que.

For WD 02/27059 -9 24 Wabhdurbgaferepete 8011 ohsdbiseatadpiaier PRRESRE HEfo one
practice, a lempRiKad dfRdSRRSMsysSCt fasdascDR] ine&uripy bAdrSi d&termining the

temperature of the wafer within the thermal processing system 14, and in particular,

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

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

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

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

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



can be used to sense the chanber tenperature and can be coupled to the
control facility 30 for providing a signal that can be cor Rehiréc00d waf er
tenperature. The heating unit preferably forns an isothernmal heating zone
within the a{roces& ng chanber 20, as is 5 known in the art. The illustrated -
waf er handl MP28Y8% em 12 can include any suitable wafer tPERIEPeNI3806
assenblies for |oading and unl oading a wafer on the el evator subsystem 24.
An exanpl e of one type of wafer handling_systemis described in US. patent
No. 10 5, 820, 366, the contents of which are herein incorporated by
reference. The el evator subsystem 24 can include a quartz wafer hol der 36
that sits on a wafer elevator tube 26 that slidably engages a guide rod

28. A suitable servo nmh&rﬂlﬁsmated&bﬁm)faﬁﬁﬁrﬁ)ﬁbaﬁ@ﬂﬁhﬁdmabfécta ul%u de rod or
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25 FIG. 2 is a schematic block diagram ﬂlus&iﬁng the integration and
operation of the wafer processing system 10 of FIG. 1. The illustrated wafer processing
system 10 employs the control facility 30 for recéiving and processing selected data
signals generated by the system. In-particular, the control facility 30 receives a

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

30 . that forms part of the wafer processing system 10. The trajéctory generator 74 generates
an intended temperature profile or trajectory, also referred to as a desired temperature,
which can also be supplied from the user interface 32. The trajectory generator 74
generates the intended temperature profile based on a user defined wafer processing
recipe, which can include certain selected wafer processing paraméters,- such as ramp-up

35 time, ramp-down time, and soak or hold time/temperature. Those of ordinary skill will
readily recognize that other certain selected parameters can also form part of the recipe -



The illustrated control facility 30 can be any suitabl e conputing
apparatus, such as a conputer or data processor, having sui 2abaech20eF age

and procesgi\g, ghenents. The control facility 30 preferapbﬂy‘,(;%g?:,gtﬁ5 a
suitabl e tenperature control 5 programthat controls operation of the wafer

processi ng system 10 to heat a wafer according to an intended wafer
tenperature profile or trajectory. The editrol program preferably enploys
t he data provided by the feedback subsystem 34 and the intended
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the actual raw emissivity of the wafer during processmg. The output signals 50 and 52

25  generated by the stage 48 are introduced to the feedback subsystem 34,

The illustrated feedback subsystem 34 is described in further detail _
below. The feedback subsystem 34 can employ a pyrometer 54 that communicates with
(e.g.,-provides input to) a temperature correction and filtering stage 62. The feedback

30 subsystem 34 can also include an emissivity measurement stage 56 that is disposed in
 communication with the temperature correction and filtering stage 62. The actual
temperature signal 50 generated by the wafer thermal properties stage 48 is sensed by
the pyrometer 54, which generates an output signal 58 that can be subsequently
correlated to the temperature of the wafer. The output emissivity signal 52 generated by
35 the stage 48 is input to the emissivity measurement stage 56. The emissivity
-measurement stagé processes the-signal 52 and generates an output signal 60
representative of the actual measured emissivity of the wafer. The output signals 58 and



-11 which is input to the wafer processing system 10 through the user

interface 32. The thernocouples 36A-36E neasure the tenperalufLnesil e of
the process tube 18. In the illustrated system 10, the control facility 30
regul ates the t enperature gradient formed al ong the process tube 18, and '
enpl oys th%%@%coupl es to ensure that the proper terrpe’f:g‘[%ﬂyoﬁl’%dl ent
is attained. The thernocouples generate a signal 42 which is inputted to
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25  together with the wafer physical properties, determines the resulting actual wafer
temperature and emissivity during processing. Those of Srdinary skill will readily
- recognize that the illustrated stages 46 and 48 are depicted as separate stages for
purposes of simplicity and clarity. The stages 46 and 48 can be easily integrated into the
control facility 30, and need not be implemented as separate stages. In an alternate '
30 embodiment, the sr.zi’ges 46 and 48 can be implemented in appTopiiate software that is
 stored in any suitable storage medium disposed within the wafer processing system 10,
such as in the control facility 30. ‘ -

A significant advantége of embodiments of the present invention is that the control facility
35 30 processes the filtered femperature signai 64 to determine how to position the wafer
- within the process tube 18. Specifically, the control facility 30 processes the estimated
tempcré.ture signal 64 to generate un appropriate elevator speed to determine the wafer
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tenperature correction and filtering stage 62 for perform ng4dftch 2005
appropri at &Oeogjzzss&vi ty conpensation while concomtantly fipkirersengsany noi se
i nt roduced™%%*’Re raw si gnhal s generated by the pyroneter 54 or other
system conponents. Those of ordinary skill wll readily recognize that

ot her functions can be perforned by the‘33filtering stage 62, such as any
appropriate scaling or biasing of the signal as determ ned appropriate by
the system 1Qpe.diagud memhaskesubeystennd Angbaeizaitiest aranpgt g erbodingart o
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waf er thermal properties stage. 48, byl RERCASSRE pabpeng:s wiakh 48 he
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readily 1 ecogpioasehBthe st hiisThbephislzages: aéeepamnéﬂvaomdéb«%vsdedGas ;
separate stages for, purposes S] Ci n L1V Twlages 46 an
48 can be easMeUrtiegPE ‘EEF?fﬁﬁ%wﬁﬁg&“hﬁ‘nt%%%ﬁ%c%g%!lﬁ%%}%gbﬁgrllﬁisn ed not be
i npl enent ex asus@pGALBIratate yaluk assariagh vahihe eutRY FRbaF Fom the YHES st ages

46 and 48 can_be iLJé@bz?tﬂ?xgé-s%gnaji@s@cPEJneﬂfé At Gros of duMiEmse THeadkror signalt’8ried i n any
sui tabl e stor nmedi um di sposed wthin the ce

SUch as. i i  heneween s FRUPBITHS 36, VLG HEcir BURDAana ISR L
of the presentry RBRE Lk SGhattdngits tohpimbmrithoafeabedting perfaangPyfhoLesEEsd t he
filtered temperature sl angli.fd o GrdGhefhnRoRoNelRdyshs banudchiupaaioe
| 25 particular scaling factor employed by the scaling stage 80. For example, the recipfs can
be determined by the end user in accordance with particular processing parameters, such
as the ramp rates and the rotlover portions of the temperature trajectory. According to |
‘one practice, when processing a relatively pure silicon wafer, the scaling stage 30
- employs a scale factor of 1.2. Those of ordinary skill will readily recognize that the
30 scaling stage 80 can also provide a menu of choices from which the user can select -a
particular scale factor according to the particular wafer processing recipe. The .scalu}g
© stage 80 generates an output signal 82 that'is introduced to a summer 86. A uajectory
sampler 88 samples the intended temperature profile at a particular time and generate.s a
signal that is also introduced to the summer 86. In response, the summer 86 generates
35 an output signal 90 that corresponds to the sum of the values of the two input signa.}s.
Similarly, the scaling stage 80 generates output signal 84 that is introduced to a sumn-ler
100. A second trajectory sampler 102 samples the intended temperature profile at a ttme




wi thin the process tube 18. Specifically, the control facility 30 processes
the estimated tenperature signal 64 to generate :in approphidifcioeyat or
speed to deternm ne the wafer WO 02/ 27059 -13 24 March 2005 PCTI GBO /03806

speed withiyg,t hanber 20 during processing. Another si j
advant age 0‘?06{4%8°i ments of the present invention is thatgfqi ’%ﬁ@%?%ol

facility 30 controls or regulates the position arid speed of the wafer
within the process chanber 20 based on onéter nore signal inputs, such as
descri bed above. Hence, the control facility 30 need not control operation
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recipe. The. Sﬁ;l%tlrart]e% summer 124 subtracts the value associated with signal 121 from signal 119 to

—

23 generate summer output signaj 130.

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

134, which can employ any particular scaling factor. As illustrated, and merely by way
of illustration and is not to be interpreted in a limiting sense, the scaling stage 134

30 employs a scaling factor of 0.5. The illustrated scaling stage™134 scales the summer
output signal 128 to attain a signal indicative of a desired vertical position. This signal
is introduced to summer 138, which also receives a vertical axis signal 139, The vertical
axis signal 139 is subtracted from the output signal 135 to.attain an oufput vertical |

. position signal 141. This output signal 141 is introduced to a gain stage 140 for

35 dpplying an amplifying gain to the signal 141. The illustrated gain stage. 140 generates

output signal 142 which is introduced to a summer 146. . :

S



stage 80 generates an output signal 82 that is introduced to a surmer‘ 86. A
trajectory sanpler 88 sanples the intended tenperature pr0f2l4|1\£11‘(§{'20§5
particul ar, nd generates a signal that is also |ntrgqt{9§g t he
sumer 86. (}lﬁﬂ’relggponse t he sunmer 86 generates 35 an outhu Si gna1S 90 t hat
corresponds to the sumof the values of the two input signals. Simlarly,

the scaling stage 80 generates output sitnmal 84 that is introduced to a
surmer 100. A second trajectory sanpler 102 sanples the intended

tenperature profile aipg thh!ls%tea‘%uﬁ@fe? hz@&@éacmeQafugmiaE@Tw@%ﬁ@a@pG
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associ ated w Fom Si g genér ate summrer out put
si gnal 130. Emdeﬂﬁahstmb@acewsm@ﬂ@ut signal 128 is introduced to a
scaling stage 134, which can errpl oy any parti cul ar scal ing factor. As
illustrated, and merel

interpreted in a lim tﬁlf’g‘)ﬁg@tﬁfé%d Scfllﬁgac%%ra? qgﬁggggen%ga 0 tuttsi)gntﬁffhat is |

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

30 is then introduced to the elevator subsystem 24.

In operation, the wafer processing system 10 moves the position of the
wafer within the process chamber 20 in response to the measured temperature of the
wafer during processing. The wafer is moved in order to achieve 2 selected _temperaturc

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



30 enploys a scaling factor of 0.5. The illustrated scaling stage 134

scal es the sumer output signal 128 to attain a signal indi2dMarche208F a
desired vertical position. This signal is introduced to sunmer 138, which
al so receives a vertical axis signal 139. The vertical axis signal 139 is
subtract ed PYHHH%B2 output signal 135 to. attain an out put PEEBIIES06
position signal 141. This output signal 141 is introduced to a gain stage
140 for 35 applying an anplifying gain tojghe signal 141. The illustrated
gain stage. 140 generates output signal 142 which is introduced to a
summer 146. 24 Narch 200? X\S 02] 27 %g PCT/ GB01/ 03806 -15 The il ] ustrated
summer 124 subTPSRREE phiglegiaf heragens, ?q?eélpé?ﬁéﬁcem@“”ﬂ%*ﬁ%ﬁdﬁal 119
to generate amtwdigedto tiegnatol ¥a6lity BOganduomdurnac thertmas bgj@&iuai&ﬁoei 46 (e.g.

i ntroduced toyg %Wﬁ&ée‘éﬁnéﬁfsﬂﬁr{gi‘% oﬁ&érrﬁlﬁgldﬁgh&gﬁl «L:Pf%st. lh\&%of {)stepqgoval ue

of the output %S ri‘'vative stage ene fes an al
which is int rga‘h%’ §m ysenthen detgrmipes aselegied i’ﬁ’éef PFPF@%%&M@I@ agd inputsterecipn be

identical to tdie scai thgouphalgenstSthterfhbe3?2 (stdpuis) a%ﬁ@@bﬂy@né‘rﬁt%ﬁ% 136

generates an d e of vative of

the desired V\/g%htap‘i poagsleg?%h eﬁ%rmetc?mfh Sté})i ?hfyl d‘lcateéqse deis’ﬁ?i%ﬁlﬁ%ré‘amf 0oa
summer 146, wH$RS shemrederthe wales; 5h¢awmmpmanlr@ peofde gehides dlecRidgamppeate,1 46
generates a sampddwrotteDbid salfahpelddeohtifie. i s i ntroduced to anot her
boundary determ nation 10 subsystem 150 for determ ning the upper and | ower -
wafer velocity limts. As illustrated, the boundary determ nati on stage

120 and t h¥ boundary suﬂ@;ﬁsﬁmf&%&%%w i gen dhtermiskethatrov agudsyefirem 124

does not becogd @w&&s@sﬁ@ﬁ g@&lré/ﬁnt%&g?@igﬁa@@b%h@ﬁquGaﬁ',YWhiB?&jé* Ly

oper abl e rang tion. stage 120 deferm nes part |cuI ar .
posi tions thag' g?egg%éﬁt Mﬁ‘? G Steh RS gidhe, isTmerszfyye and E

det erm nat i onﬁrlllsﬂsltt.bb@fythc mafel §0thd ptegesyichasbert{stepl P HBrand mdrrbasior sy evwadnesd
speeds that apgsd Gt inédHefind ¥ta ) IR B sutb ter (1R Qﬁeﬁtgyﬁagﬁagn The

illustrat e?s boundar%ﬂdet er on subsystem 1 ener tes an
signal that® i EPFREL Bteéedsfe%qswé %FB@P%@%@% %f"PIPP‘?Es‘PWéE@@l
scal e factor 64isalgpa 111:561:111&&1 ertht casrol faeilidy 30. aﬁ@es&ddametcbﬁrcﬂlfmﬂ&yao chibalk®

nmove and scal g3

presel ect ed amd%{&e,%e&??[ﬁg gtrr at %ggpgﬁ 2 o?ﬁé a %ﬁgf# 5‘9 ‘soconverts
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than a selected amount, then the system adjusts the posmon of the wafer in the process
- 25 chamber 20 by actuating the elevator subsystem 24 (step 172). As illustrated in FIG. 2,
the control facility 30 generates a an elevator speed signal 70 that actuates the elevator
to move the wafer at a selected speed to a selected position. The position the wafer is _
placed corresponds to the position sufficient to heat the wafer to or close to the desired
temperature. | o
30 | -

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

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



noved within the process chanber to achieve the tenperature defined by the
intended tenperature profile 68. The counting stage 154 gengngi-&s200yt put
~signal " 70, wbl 93029 that 30 is then introduced to the el evglopslbsyst em 24.
I n operati on T2 waf er processing system 10 noves the positi on of the
wafer within the process chanber 20 in response to the neasured tenperature
of the wafer during processing. The wafdi-is noved in order to achieve a
sel ected tenperature 35 profile. Wth reference to FIG 4, the system 10
act uat es the ;heathier Iiedsmma& RLRIARS méwmpﬁﬁshnabg%&césbehm&mﬁ@hw@e in
order to achieve a. s ed tenperatyre gradi ent t her nocoupl es

36a- 36e ar e @f THELEY %‘E‘HS FEREFEUYESREYES t ube 18 in order to neasure the 24
March 2005 WO 02/27059 PCT/ GBOLl/ 03806 -16 tenperature at sel ected

l'ocations. The ther fRCOMRI Sarik sa@uﬁereuﬁmsfagn?h@offem@admﬁﬁ@oftherynrsa@luced to
the control facility 30, an ur nace hermal properties stage 46

(o g LR (ReRR op AU ma IS g R ALEN 45t ot EhAiNoEFRS: SHBRIFRLO i |
properties tliesgbéd bdbep 160): The system user then determ nes a sel ected
waf er processing recipe and inputs the recipe 5 to the systemthrough the
user interface 32 (steg@l62) The trajectory generator 74 generates a

sel ected tenperature piofaliveitishelpiul mArstamalyzs s wipsynd His gagpl @@~
tenperature daatsioagd leahemBudin doigrionaf B cylihtiteal esqpainats)ties yoediinkgsiéiat | udes

a selecte soak tenperature or tine. 10
The waf erg% %ggtscgf‘)%%ﬁg@s?ug%oﬁ? ewadcetlggwgn the raw actual wafer
tenperature and em ssivity, represented by signals 50 and 52, FIG 2, which
are input to the feedback subsyEtem (3497 Thd 3 ¢edb@ck subsystem measyr es
the tenperature and enissivilyapf T pafjér 30"t g jprocess chanber fijstep
168) and corrects for any unwanted n |se with*the filtering stage 62. The
f eedback subsystemthen generates a signal 15 representative of the

f ihl tered neaswtéeeaiw&vamrasmﬂaalef@&mml etryl BEthwaf- ﬁg—echeﬂmﬂat peeseity ﬂ:&llocaﬂM i.s

t hen introduce rol faci L.ty c rQ

facility g% Cﬁﬂrdflﬂase SYStF%lc |thc i 5 e{r)g e theq%?’eﬁ sglg%ﬁ%lrﬁpue&g}ﬁ

si gnal s from I Feutihetrtho topupiies Of‘FhfeW E)ntFlﬂmﬂW@@mclsPV%h%Wthber of

‘sel ected systgpufcungs hx@%%ven@f}%‘ Lttl:m b I=Sic 179, refjRE@FIN. nﬂ:\evﬁgﬁiobﬁﬁte: he f
varil.atl on rom

rreasuredten%ra ure is. ? 1\é]vlthln one selected 2 \ri.at i _

t he desired H‘b‘{?ﬂé 0(’}@ 9T atb?PQ g8 at ure profile (step 170). If
it is, then the systemdeterm nes the wafer em ssivity and tenperature, and
again verg@i es or checks whether the wafer tenperature is properly ‘
correlated with e desired wafer tenperature. |If the wafer tenperature is
different thang desio® temqqature by nore than a sel ected anount,

then the systema Adiyist s t h&>position of the wafer in the process 25 chanber

20 by actuatingafhe eI vat subs stem 24 (step 172). As illustrated in
FIG -2, - K= (eo‘T o:,,q,,)f ‘ (1a)
‘ 4 '
—K-E—)Z =0 -
ar r=0 ’ ’
oT n
Kt =E,0T -a.,q,
I 4 M I”Rw 7

25



the control facility 30 generates a an el evator speed signal 70 that
actuates the elevator to nmove the wafer at a sel ected speedshp,a B85ected
position. The position the wafer is placed corresponds to the position
sufficient to heat the wafer to or close to the desired tenperature. 30
The contr &0 943¥ity 30 al so performs a nunber of other PGHEBOYABOGS
illustrated in FIG 3. For exanple, the control facility determnes the
amount of error in the system, scal esjghe error by a selected anount, and
then determ nes the desired wafer position. The control facility 30 al so
determ nes t accept abl e oper ati.onal, bounds or. 35 r e of the wafer
processing s %ﬁaﬂgé’éam%ﬁ “Ya}?dﬁg?clrpmﬁﬁf Aiee ‘5?‘%6%“% tl@’j“n%llbs"“ﬂtr%’b
control faC|alndteylr63IBetatoscbnmerﬂwetnpsuﬂfm batoor svafac and Geedgedf thhevadhy | nt o

sui t abl e vaf el .02 AL 8% u hlalbubBiGhhs 2A0REEL GHRILO3B06 speed and/ or
position data for novi ng t e wafer within the process chanber to achieve

or track the desired tenperature profile. The control program enpl oyed by
the contrdl *fleﬁz«‘f‘anFt,y(QO)ﬂoﬂ- enbodi nents of the present 5 invention for

det er m ni ng m)verrent of the wafer Wwithin the process chanber 20 gy, :
descri bed bel ow Aially, el pful to first anal yze and under St and

t he general twof ,,, m&f Zhéhg(&)nducti on equations. In cylindrical !
-coordi nates, the tvvo d| mensi onal 10" heat conduction equations for the
wafer is gi v;;n_ gz Ix az )+l d (rxT) ar (1) where we have assuned
axi-synmmetry |n”*t f%:é“’ oﬁ rectl on, and Z represents the local = 15 coordinate
system of%t he waf er i 0 defines the | ower surface of the wd®®r, and
[ hw is at the L‘LC sur(frazgzez)pfz he wafer). For silicon, the specific heat
and thermal coRddcot Vit are’ g ven by C= C(7) and x = x(7) respect i vely
The appropriate boundary conditions for Equation (1) are given by 20 aT _

IV -E L' -ai 4& gzyﬁfvgﬂdmw ey AT (z)abgb) (2c) -

l
H

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



Z z~ . _0 -xaTLO ar _xaT EcT'l-a~4, Dr r-a raw (la) 25 24 March 2005 WO
02/ 27059 -18 PCT/ GBOL/ 03806 where E and a are the emmnusi vi t 24 Much 2005
absorptlw e wafer, and the subscripts t, b, and to
denot e theW%ﬁmé’fﬁBf ace, bottom surface, and the edge of t%g%"n%”iel@asgﬁ
respectively:. The various heat source terns are defined as follows:
(=Ebi6F., r,z (a+ 5 q H/ \ Eb/6J dFd('o’(?e)(r,z ,2y. )TS4 (z2') z :

gb- Ebi CFw-b(r,z) Tb + (2a) 10 (2b) Ebi 6o dF, d(side) (r, z', z)Tr4 (2) rKni

- ge=Ebi (7. 10 df edq%g&rsﬂe%l[@rmﬁam&ﬁ%ﬂl(o@ thd Yafe? eickiRELandFalong(ifs, radips are of

represents the vi e bet n, I he. wafer Iocatl on
(r) and hei ght (z) tcﬁé‘b plvxg‘f‘E ‘?‘nglﬁéya ce%sl;n%glggr reo{i@rrpéra% ure T.
Simlarly, Fr (r, czt)espepdseg@hols O He. thmaml‘mth@ deqaﬂ%%@c tesrpetue he
chanber, and d F. dls@'fﬁb%n@ﬁ)mé ﬁumémca?:)sahehé htab@, Bé'a@a\i\ﬁrfzt@% elsodt@ 029 drgksat
hei ght z' qn the. Tfhpf é@_{l éeHJB 1& é no esthe bell jar
t enperat uré al ong é'e‘im’iﬁﬁ’ ]?lﬂﬁe R f’efhsp‘fl ' ff@ﬂ‘?? " the chanber).

bserve that the |ntegrals |n Equations (2) are over z'. Furthernore, the

boundary condition at tfi @e@eétfbegufe&%hkfaﬁe&@tsgw aaxntﬂ)aoa@ ew,

factor from the edge o the er to the gai that the
vari abl e z i shqigeEk i smply, srelempried [ h6r<op gfﬁllégﬁf%gsc’fﬁ%gﬁrtc@dl%f ﬁB‘?‘FF? ‘he

bott om of t heacehdifges one practice, the control fac1hty can employ perturbation techmques as
10 - discussed below.

Perturbation Analysis

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

T(r,Z2.0 =T (r,0)+T,(r,Z.1) _ 3
2 _ :
where T»/T, ~ 82 <<1,and & = hJRW. Here, 6 is the usual perturbation parameter. The
leading order perturbation equation now becomes:
. 25

aT 9 aT.) 14 aT

Fra KTy~ [+ ——irx(M=— | ~ (4)
1 > I

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

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

LS TR



25 The boundary conditions given by Equation(la) and the heat source terns
gi ven by Equations(2a-2c) are typical in a systemwhere a b@dManth Z0DXxed
tenperature (the bell jar) is heating a snaller object (the wafer in thi's
case) by radiation. Furthernore, Equation (1) is as set forth above until-
we consi der YhEHHP1 owi ng: 30 a) The wafer tenperature durPEHGBIWBESS| ng
covets a very large tenperature range, (e.g. between about 30 and about
1100 C), over which the non-linear. boundagy conditions vary

substantially. b) The wafer thickness to diameter ratio is very small,

meki ng the inplenentatign .of nunerical techni ques such as finite el enent

or finite difference ver§aHgp (s noy intogeat ?95?%. ¢ wtenhighmessin opsis5tonD

02/ 27059 PCT/ GB@EW hadBEed 00 dimeTsiond el equtative: vari ati ons across the wafer

t hi ckness and along its radius are of the order of about I C. At typical
processing tenperature of 1000 C, this corresponds to about 0.1 % Thus,
to resolve the detaélaf of the tenperature distribution, the nunerical
schene has §0 } atg )[ﬁb'op %or less. 5 This requires . '
prohi bitive nurrptgg;ggcﬁrt rreghL%Oi nt s&i br’%banal yzed. As a result, the brute
force nethod of directly so(l viing: Egyat i ogr(\l) does not work if sinpl

i mpl enented by the cont rBEsYf Mt TBF)(T(BT‘; e system 10. Hence, accoé&li ng '
to one practice, the control facility can enploy perturbation techniques,

as 10 ' discussed bel ow. Perturbation Analysis To proceed, we take . -
advantage of the small thickness (h".) to dianeter 15 (2Rw) ratio of the
waf er. Specifigall we introduce the followi ng perturhation _expansion for
the tenperatu rvgge\f%% Bfe .Se‘sl'fqrflezc,’ftye E"F“d‘(‘rﬁ cpyditonsrgiven byFquatioq(ks), T2/ T

- 52 "1, aAd $Hxs theJMKheatldenducti®n equatidrefondwearafger t ur bati on parameter. . The ')
| eadi ng order perturbation equation now becones: 25 PC(T) aT _ a c(T) aTz+"~

1aa/(rx(T) aT ) Tr age bﬁ%gorfinfﬁackgEqilaﬁou (4) we can solve for T, and
furthermore obtain the temperature difference across the thickness of the wafer

. . This temperature difference is important in thermal stress and
. [AT:Y;'[%M "'T?‘If-o] P P

15 warping calculations, and is given by:

h .
AT+E:—[(E,, —&)oT* +aq, ~,q, ] | - ®

- 20
| We next show below that the value of 7 that can be used in Equatiozi.(ﬁ) B }
is that of the wafer average (in radius) temperature. ' ' '

—~



(4) Note that, for ease of notation we have dropped the O-subscript on 30
tenperature (i.e. T= TO(r,t)). 24 March 2005 WD 02/ 27059 - 2@4PEF¢hGBO1/ 03806

Equation (4) is now integrated across the wafer thickness j o]
obtai n the YRLTE&Y one dinensional radial equation: -fie, fﬁ"%ﬁ‘gﬁg”t’% z)+ 5

h pC(T) at ab46(r,z)+,r - rx(T) ar ) (5) Wiere we have used sone of the
boundary conditions given by Equation(l a3l-Equation 10 (5) is the 1-D
heat conduction equation for the wafer. Next, by resorting back to Equation
(4) we can SOf}ye%_b%zngon%PWaiJWﬁfdme obtain the tenperature difference
across the thickness o € warer _ rnportant in thermal stress and

I T-Tzlr_b,, -Tzl This tenperature difference is r o~ 15 war pi ng

cal cul ations, and is gilverleby fuAliecAidpliy-FEauptidhdsa bgdin-vebghe 29 aritéde dfshaext

show bel ow th . ] b Wl,'-,p% - irs that of
t he waf er ave@hergm??érf\%r a |lug?u% Eer{rlg%rsgtﬁﬂ?’e?h%%ﬂg/ar C gggi;%é%u%@f%%gg

age
PCT/ GBOllOéSOB’a-gf‘?E@PW@I%-D Equation for Wafer Tenperature In order to
further sinplify Equation (5), again we take advantage of the inherent:
thermal uniformty in the system The follow ng expansion is used for the 5

waf er terrperatTl(lrr,te)::I_‘,l'((t)r_&,“Et(r)’t): T(t) +T, (r, t) (7) 10 . wth e
10 . with

= —%- j:" T(r,H)rdr | (72)

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

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

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

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

The 1-D Radial Equation

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



T(f)_ 2 JRT(r

,t)rdr (7a) Rwo 15 and T, representing the tenperature

variation in the radial direction (T,1T <<1). Using this exaabm¢of0bn
Equation (5) followed by an integration over the wafer radius results in
the desired 0-D equation for the average tenperature: 20 h",pC -dt T

=- (E, +Eb) O MR®/2%7) +aadb(Z) where the over-bars on the heCI/GBUMES t er N5

I ndi cate aver
Equation (8)
waf er is gove
wel | as the
Equati on The

aging over radius, thac is, 25 2 (R RZ Jo qg(r,t~dr (8) (9
nerely statesthat the rate abstenperature change for the
rned by the heat input fromthe top and bottontsurfaces, as

30 radi.a her mal .praopert] of .t he fer. The 1-D Radi al
oy &P 17 ket Pl ARTBeRe BEELIsTBRIGE o) e HgLer IeTmpeFas AgbRaI ned
thp

after 35 sompredegréng: Ailcravan ilped leat transfer Meehanésnsl thatidsteanink Heattehd ahange

conduction eq

governs T1. That

tenperature d
that deternfn
| oose heat no
sur roundi ng.

yefTien that 24 March 2005 WD 02/ 27059 PCT/ GBO1/ 03806 - 22

i?{ it gfggcri bes the radjial dependence of the wafer
i ng “eBPBY BSUE (FrPerABie logpeheah Mok 1aRilY asthgwalsr terdcivani sms
e t he egalibragf widhangeroufiding. Tl : a) Regi ons of high tenperature

g o w th
g T aRiddlohiRsn VRS Pﬁ@%ﬁrﬁ&&&g?}?g&artt%th%%a}f r'ﬂgéggl{es%%gﬁ\{ﬂé:? er can

b) Non-uniformview factors € be

cause tenperature “AUHREPFRFHES ¥Rt he wafer. c¢) Any edge heating (or

cooling) of t
I nward throug
resul ting equ
functions

sol vi ng Equat

15

20

25

30

e waflely edgshaitivg (or Ryolimypobrael Mﬁd’r)’aswibziﬂ%bodﬁﬁirkr cBhAp&gat e
h con@gﬁﬁ)}o%ggatggﬁ;va}&m}&h ortant to enp asi ze -that the
of TIo1s 1 gw?%h T

ation I near soneé of the coefficients being
F, where f is calculated independently and a priori by

ion (8). Thainkgortaiito BRYRasiRANGAE iBring equation for T, is linear
with some of the coefficients being functions of T, where T is calculated
independently and a priori by solving Equation (8). That is, we have reduced the
problem of solving the 2-D heat conduction equation for the wafer into solving a 0-D
equation for T, a linear heat conduction equation for T}, a linear heat conduction -
equation for T, and an analytic relation for AT

Without this proceduré, computationally obtaining the solution of the
general Equation (1) is extremely difficult, since as we describe below, the radial
temperature variations are sub 0.1% in nature. Available numerical techniques, or
existing radiation heat transfer sofiware, are not robust enough to readily produce results
with such accuracy. We do not encounter any such problems in soiving the equation for -
Ty, since the primary var_i;ble there is the pertﬁrbed temperature and not the total wafer
tcmperature. That is, 2 0.1% numerical inaccuracy in the solution of the equation for T\
results in an equivaicnt level of uncertainty in Ty(7, 9. Hog\qwevcr, a0, 1% inaccuracy in
solving Equation (1) results in a 100% uncertainty in the value of T1(r,7). To solve the
radial temperature distribution, to within 0.1%, the solution of Equation (1) has to be
accurate to within 0.001%. | |

gt

With reference to FIGS 1-3, to begin proccssing, the wafer is placed on a
quartz wafer holder 38 which sits on a quartz elevator tube 28. The wafer temperature is

 then changed by moving the wafer up or down in the process chamber 20. That is,

35

wafer temperature trajectory is governed by the position trajectory in the belljar, as well
as by its radiative properties. Wafer temperatures up to 1200 °C and ramp rates of up to
220 °C /sec can be achieved in the wafer processing system 10. During processing, the .



probl em of solving the 2-D heat conduction equation for the wafer into

- solving a 0-D 15 equation for T , a linear heat conduction egygfipmosor Ti,
a linear heat conduction equati on for Ti, and an anal ytic rel atl on for AT
Wt hout t hO 9%%38R8dure, conputational |y obtaining the sol SET&GHBOHPSPG,e
general Equation (1) is extrenely difficult, since as we describe bel ow,
the radial 20 tenperature variations are—&‘;u-b 0.1%in nature. Avail able
nunerical techni ques or exi sti ng radi ation heat transfer software, are
not robust enou d|| do not
encount er an& 1 ﬁ&m S Ccnt f A %‘g%‘l‘?@rﬁ 1?1?1%&5?&11‘91:1% %ﬁﬁ glﬁﬁﬂé F%Sbaé\eé
primry vari amir@nqtryeﬂyetems Tﬁh@qﬁ@-ﬂ?‘ﬂl tqﬂ@?ﬁﬂf&ﬂ%@én Herd %GP“JP%‘OP&I@W waf er

t enper at U][ e. 55'8%61 dlg?omlﬁn Qroddd 10 Wi dnEral fabﬂ[i@ﬁlwfo&ﬁkérmihettheelﬁedtbﬁpcﬁmoﬁfchat he
equation for Ti

ui val ent . l.evel of uncer.t t
TS e asiited @ plodebn b RS ot uBh; rhfdSi, M RE Ll 1 &
100% uncer f ai tatnperamie tegeciaty we pfilegqnerated byrde sajestorit g@er atorditarcardmpér at ur e

di stribution, seie@teﬁ‘réc en:aQ bd %8 f&llQerS@sbhh' t8e c@gedﬁﬂgéétﬁfbl felad uﬁﬁé‘pc&iﬁe@e
accurate to wthi . 001% !go Wth refer§ ‘gfa\tﬁa(

processi ng, ttﬁ@Pﬁﬁ‘?’éer’ } SO0 e SRS 2y d i SH%’%I%%‘P @gl %I &ts on
a quartz el evspedfied sak t@heradfive ford pericderipiercatud & ramp dpmratclgemge%e B}ﬂlm)w ng

the wafer up Qhe0QuWhJ a&dt Iﬁcﬂb%@ﬁ%f% rat%% tra Jhdrylas defiv@faBbvd €MPer at ur e
traj ect ory is eg_over ne

posit.on «% |n1he ellbsa; as wel |
as by its Padt FFQ/%CCBW@PF?%@P“W?E? aP‘é??fﬁa tpt 56 & BAHE*Panp
rates of up tiaR&. 22rGxingle, mamﬂmrmmﬁvém¢mwhbﬁm@dma$ne&%dsm@e system

10. During pr r§t££'%n Eh@%er%per%@fe%g&&‘? 1793 13534 tepg%(%éf%ﬁogld- 23

tenperature a he den er o S measure u5| ng an em s%twt
conpensat ed  PyF BErdopngyist die riisstone hEUs S deaiveive r%ee?agfﬂfla@"r Hén" used

in-conjunction with a control algorithmstored in the control facility 30 °

to determ'lge the el evat'ﬂ{eg%ﬁd&éﬁ@rm@n@%‘f&eb&xﬁ&% ?fﬁQfén%o%M%eE)Q§md95| red
tenperaturé trajectory. As shown in FIG 5, tenperature trajectory or

profile genermtvedlowaltbfe%tf@}é?‘é%t ory gener at or 74 according to a selected
recipe can be as fol | oy Trgkcishaticdddiothe Mitbek 0 ra@ u@(lzlanahfaiekisﬁr

specified tenperature, erature at a er |
speci fi ed), nP"E’& 2gPre yé?ngé%f?&ﬂéﬁes (Eabi? T PERPeTS %Qn al?%? aslégerl od of -
time, and d) ranp down ttThe tgmp@'amrea@@rfummhoommnslb§1QYhﬂéa@é@Pf ag et
portion ofyyt hﬁlE&Mﬁr%&p&ﬁtﬁi&ﬁi‘sQﬁﬁeﬁgn@@&'ﬂg@o)a@ﬂ& vafued Qarfi@iéd red

according to e i nput recipe, and has a waveformthat is simlar to that

shown in FI GMBOYSr exanple, the ranp rate graph 174 can be defi ined as a
series of discrete ram 'H’tmttasperambetrt'r&r&;ddl;yenpgioant@smrajae@@@d}sﬁt&?@ is has a
start rate, s fjenperature, and then ranp down rate. The trajectory 174

is the derivative of the ranp rate graph 176.
d) The control facility 30 is robust agamst variations in wafer radiative

25  properties.
The wafer processing system 10 is robust against motion saturation of the
“elevator at the top of process tube 18. In certain cases the requested ramp rate may be
excessive, and hence the wafer can be placed at the maximum allowable travel height.
30 Insuch cases, as the soak (steady state) temperature is reached the elevator rapidly
 moves from the saturation position. Using large gains in tl;g"system to correct for this

can resuit in unwanted temperature over and undershoots.

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



15 The generic requirenments of the control facility 30 of enbodi ments of
the present invention can be as follows: a) Trajectory trackiMegchd®p$ ng
tenperature ranp-up can be if desired wthin approximtely 5% of the
specified rate. Other percentages can also be used. b) The tenperature
over/ under si002/2783%ai ns below 1.5 C (for a 1000 20 C soak PCTEBONG3806
tenperature this corresponds to 0.15% . Oher values can also be enployed.
c) The tenperature error rapidly approacheg zero as steady state is
reached. d) The control facility 30 is robust against variations in wafer
radi ati ve 25 properties. The wafer processing system 10 is robust agai nst
notion saturation of thé TOr&pwsewse ohtherwieridops nit affesicthe tsmpgrsanrg istripption
ce][ tain ca; es ofithe procpsesibedsr Thi3 aEMkrpoRMIJHE usQéS@é}:fi@dﬁé’ &mh@ﬂﬂn31'g§mﬁe {va‘ﬁr
waf er can be p I travel. hei ght. .In_suc
cases, as the ésngg%q? g%hgté%?n% é%i%‘g%%ﬁ%?tﬁ‘%’ FO ar%‘é%’l@g‘af%%"tg?%’/%or

rapi dly novesPPFShiUPH Eempsratiira iy Hmt peasired bring teithermogpupdesriAn36E, and ise

sy; t emht o cér r@]?rt tréafdd dshiiGows ABatlsGGdd Iofthé‘wbﬁ&i“.ﬁ'f‘ﬁi@ﬁ’sl &vam}&ﬁﬂé&g{i&e%&%c@sﬂ )
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t he waf er does ffect the tenperature distribution of the process tube
18. This ad8unption al | &\ ousgdod appoaimtion, tondtiply nefidctisnodanbhéonondies  and

that of the ! nekdilnfy @E IARE Minfeird@C this HiHSundiUind? Bl MBLks{ HDAGRARYE

point, the process tupe tenmperature is first measured using .
t her mocoupl es %lécﬂpi%%}géa‘ﬁlacﬁa’@%ﬁéﬁﬂﬁ“é‘&t‘éfdlbagtanicnown heat source to the -~
wafer. This is well justified since the thermal mass of the process tube
is orders of magnitude Ik t : r. r. | ow
tenperature _drifts on t%‘gé‘%’?éaé’etggﬁ%°h’gghé’?§°%%ﬁs fé%%%taelao@gr_ r@%&’ﬁ*’%ﬁ

cl osed | oop-t Rl 2hd pentaipyall of the telsvaph phigs. prd isithejgioresedin developing de t op

t her nocoupl es . codtiél-aBokithri dnpipméaed bgdedoaR taEHAt i on, nultiple reflections .
can be ignored in determning the wafer tenperature. This is justified

since the process tube is nmade of silicon-carbide which has a | ow
reflectivity of about 0 Ths general heat conduction equation of Equation (1) assumes axi-

symmetry in the @-direction, where 7 represents the local coordinate system ofthe

20  wafer (i.e. 7 =0 defines the lower surface of the wafer, and 7 = k., is at the top surface
of the wafer). For silicon, the specific heat and thermal conductivity are given by
C=C(T) and x =k (7), respectively. The appropriate boundary conditions for
Equation (1) are set forth in Equation (1a).

25 o  As described above, it is shown how thc'ggneral two dimensional heat
- conduction equation for the wafer can be integrated (averaged) over its volume to obtain
an equation for the average wafer temperature. Since the wafer temperature in the wafer
processing system 10 is highly uniform across the thickness and in the radial direction, .
- the average and center temperatures are nearly the same. We can thus devise a single

e -

30  equation for the wafer temperature:

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

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



In general, the above sinplifications create a' nodel which is relatively
15 sinple and contains all of the relevant physics, and is th gjlpj(ﬁfused

i n devel opj the control algorithminplenented by the c ity.
The gener aw%ﬁ)é@{“”%onducti on equation of Equation (1) assu?ré'ychvﬁg@{/mmtry.

in the O-direction, where z represents the |ocal coordinate systemof the
20 wafer (i.e. I~ = 0 defines the | ower-g8rface of the wafer, and z = hwis
at the top surface of the wafer). For silicon, the specific heat and

thermal conducti Vi r iven.hy .C =.C{T ic = . i _
The appropri g éécbg%l dglrgeng%o#igﬁl%%vﬁtg apgrggs%a%gi%g\sfof% fglrxéeuogét% Fggfrﬂtéhd@%y
Equati on (| a)p io®prexinesrioséd. disye &hiqh theysrespranaPRRdmRe eRas@pra(this wo

di mensi onal kigRhds &OMEUE4tinG fhaR edsalch oM tHeOkafehauriaé)e The ABaldCuict t@ gk ated
(aver aged) 'overﬂ'ht_s volune to obtain an equation for the average wafer

t enper aturﬁ. S5FACE the wafer tenperature in the wafer processing system 10
is highly uniformacross the thickness and in the radial direction, the

aver age and fef e .gﬁpgg(amﬁes-b hday Ly th (zs,amp‘?'(g/ya can thus deyipe a
single 30 eq&gti on I;f’or t he waf erjajtggrrper atu%se: §:hpC( 'Ié) dl - (Ft+Eb)aT4+at gt (z)
+abgb(z) (10) where T is the wafer average tenperature, h is the wafer

t hi ckness, pa%'quj .;'g%ﬁgg_ﬂg)yb‘* a@g%%gg &Ddé%%&r(??%)?p%%“ c heat. Al g0

Edenot es tot em sSivity and ast f or rptivity. Furthernore, the
subscripts t and b denote the top and bottom surfaces of the wafer, t WO
02/ 27059 1@5 B4 War(ehrepfRents REVIEBNIEIOD BaBGEen espeaitn, wed gived heiglerigy @l the

(
emi ssivity ang, T FRVIASVAE-14 eﬁt JolaTeR f]*{”&hhﬁt?g, of  LSTRRLRhNE vikp 1O
depends on t ﬁ@?ﬁ; ’eﬁ%dé%%ﬁ 'eghﬁla SR B a8 5—252%% J R B L r e
terms are givgl a.pﬂéitzkg%( & ERIERMLE AT AT S dbfiorclette Beifh A p&ransd TY4(2")
Ottt i Pt bR asbbeh s oo 03 O BHRE: gn
(), to the eho@ived. Obeerbelhhi the intbralhin Bqutione (Jaend by @e yer Siamillt | v,
Fo.o..., (2) {fge%og%ga@? t &&oazéi)s, %«i\gge{p@ﬁ&eﬁ ad Reldige 00 B0 WiolN\ (ShARRGE: Whi ch

is at T, , he view factor to a ring at height z' on
the side wall of the belijar, T,(z) denotes the belljar tenperature along
the z-direction, Hy/ i Fite6he ihiraaf odchwxamphndfertemperdnthprofilealogth®. 95 is

the belljar belljar [Ty(z)], together with the quantities O, = A..g, and Op = Aygp. The unit watts is
20 shown in the figure and is attained by multiplying both sides of Equations (22 and 2b)
by the surface area of the wafer A.,. The belljar temperanure T{z) is constructed by
fitting a smooth curve to the data obtained from the thermocouples 36 A-36E of FIG. 1.
Below the process tube 18 is a water-cooled stainless steel ring that remains at
approximately 100 °C. Observe the temperature discontinuiﬁy at the belljar/cooling-ring -
25 interface. ‘
7 Equation (10) sets forth in a similar manner that the rate of temperature
‘change for the wafer is governed by the heat input through the top and bottom surfaces,
as well as the heat loss by radiation. Both heat transfer terms are governed by the
30 radiative propertieé of the wafer (top and bottom surface emissivity and absorptivity)
which vary substantially dépending on the type of the film that has been deposited on
the wafer. Typically, the emissivity (and absorptivity) of the wafer surface can vary
from 0.2 to 0.9. This is a substantial variation. Teo further quantify how these variations
can cause uncertainties in the accuraéy of the temperature control algorithm of embodiﬁenﬁ of the
35 invention we consider two types of wafers with different top surface emisstvities. '
' Specifically; we define the type 1 wafer with &= 0.4, & =0.68, and type 2 wafer as pure



15 em ssivity. Observe that the integrals in Equations (2a and 2b) are over
z', and the control variable z denotes wafer position as n@gadMaad®005 om t he
bottom of the chanber. In FIG 6 we illustrate one exanple of a terrperature
profile along the belljar [T,(z)], together with the quantities Q A'qt
and Oy = AW %®%%nit watts is 20 shown in the figure andPGKGathsuﬁed by

mul tiplying both sides .of Equations (2a and 2b) by the surface area of the
wafer A. The belijar tenperature T,(z) is.ggpnstructed by fitting a snmooth

curve to the data obt ained fromthe thernocoupl es 36A-36E of FIG 1. Below

the process tup wat d stainl ess steel rin t remmins at
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cases we assune egf%iﬁl\%ﬁ%%%vﬁnﬁ%oﬁl indhe ngefsmfft’m}’tf&?ﬁ fied approxi nation,
since the wafer in the wafer proceSS| ng system10 is in near thernal

equi libriumwth the SUIHe%tﬂH umﬁ{{r?rtﬁerefa&r thish BRUdrE inbYoanWRrdiagd €Ct

the tenper gtur endence o assunption is a good
appr oxi nat ﬁ% Iémﬁagp a%ﬁ“%‘{ﬁbﬁ?‘bi/‘?ﬁ @W&P&Yﬂ?”@ %8%‘1‘5‘6@63@5%36‘1‘1 i's
t he t enper at urtbe vetige dizéctionndceelestion Find onzhé tnotes thaatisees teewatef sssembly, and
tenperature a%ﬁuﬁﬁﬁ%ét@f‘v&&c zﬂﬁtft’ﬁatttoth@ ch¥R @S«Tagtme ﬁﬁ&%&ﬁ 4 followin

illustrated, aﬁépw? open reci pe |Is, use p05|
trajectory in $H&e F?‘aartm“?ﬁ &F?Pé‘&@nﬁlégl%&}‘ﬂ%méan be the sane as V\/nat is
presented in FIG 6.) O interest is the difference in the rate of change,
as well as the steady state 10 tenpe re value (T,,.), of the wafer.
tenperatur 8 Theseaesul t flelamgariy e %&%t he ippQrd aaeg,of devel(®ing
the control al gbrithm enpl oyed by t he |€bntr ol facility 30 to be robust to
this type of variation in the wafer surface properties. Referring again to

Equation (1), mhherwadRoldlERE sfstah 96,3,k 1R thef 3Rk ihihd BUSKe acceleration, can be
B ' about 1000 mm/s” and vy, at about 400 mm/s is the maximum limit on the elevator £
speed. The quantities Zm, and Zme: denote the lower and upper travel limits of the s
25 elevator, rcspectivély. In the event that any of the above“inequalities is present (e.g. a =
@max OT Z = Zmax) the elevator subsystem 24 can be placed in a saturated mode, and
. therefore may no longer be under system control. During normal operation, the motor
velocity limitation is never reached. The acceleration Iitnit, however, can easilybe
exceeded if certain “smoothness” critetia for the temperandf® trajectory are not met. As -
30  we discuss below, an important function of the control facility 30 is to assure that the
requeéted temperature trajectory does not saturate the elevator. Hence, the temperature
trajectory has to be sufficiently smooth. Also, i order to avoid the situation i which z -
= z,m,;, a furnace set point, such as the belljar temperature profile, has to be sufﬁciently
Ingh That is, the heating power delivered to the wafer has to be large enough in the
35  1egion < Zugx to achieve the requested ramp rate. '



15 limtations on a requested value of z, including physical Iimts on the
travel distance in the vertical direction, acceleration |imy\gd.dgsnotor
that drives the wafer assenmbly, and maxi mum notor vel oCiply/ddeWbdses That is,
the contr&°®¥4/13bl e nust sati sfy the followwng differential equation and
t he acconpanying inequalities: z 20 d z =a; la) < amax; dt2 dz dt < vmex;
Zmin < Z < Zmax (13) In the wafer proces&¥ing system 10, a. ,is the maxi num °
al | owabl e accel eration, can be about 1000 nm s2 and v. at about 400 nm's
ijs t he rrﬁxi Inrum i nriéI @ﬁb&gﬂwﬁg&lwi@ftilsalbler_nm%gmezrfda@ozlqaaailmjotom&oaimam@md_ z, X aL
enote the |l ower and upper travel limts t he el evator, r ectively.
In the eventpr‘isﬁ%&m‘ﬁﬁﬁ}o‘g‘g tugther degrribed H]%la‘daﬁ“teif’g’sm}eger bli"peugg%&‘c £ %I.lt%i ?%:%I:ty a. or
z = zmaz) t Hethelen@taure stafesysy enp@iilcgmeted by dbedajestory gsaewion/edSwede, and
therefore may; Horl ecﬂﬁﬁahs%avﬂ%& bRYS D SRROIRiryDWE Pl yRORARY FRBBILRL i on,
the nmotor _ velocit Imtation Is nigtyer reached. !ﬁheégccel eflgatl on limt,
however, &arlinegfgalign lsghniques & Aligiy SR HRigCog; i waley CPPEIARET ¢ he
t enper atri | athnsidiedt situatian & which et o 2k al3@assemd isscadthibairpegondnta arpor t ant
function of -Lhe, GORL Lok C#coac%'aﬁﬁ% dn ﬁ%‘sui'fﬁcets? P%?ﬁ?:ig Eask NRL adflR ¢ £ 88YESE 84,

] no he e h

t enperature Yra)ec ory does saturate evator. Hence, 't )

t enper at ur e andEaE 6ctior Werhsha epnyel sup e R RETAR0R fDGRR be Argssed A %PB‘@?‘ to
avoid the situation in which z z~, a furnace set point, such as the belljar
tenperature profile, has tg be RWTiiciently high. That is, the he‘]a} i\ng
pover dellPvet@fo)rv?afe e Has TO jbe | arge enough in the 35 regiof z<

Z, 00, to achi eve the requested ranp rate. 24 March 2005 WD 02/27059

PCT/ G801/ 03806 -27 The control al gorithminplenmented by the control
facility 30 wfviitpdui mer Sreal PRESMpELERR: | nvention is further described
bel ow. One paraneter input to the control facility is the tenperature
trajectory or prfofilte~genefated by the trajectory generator 74. Si t he
waf er positi éﬁfﬁgﬁ%ﬁ}d back to the control facility, we appl{lﬁg)
standard feedback 5 ['fneard zation techniques to obtain sufficient .
trajectorly tracking of the wafer tenperature. Consider the situation in
whi ch e= aangnakb 39t asBesRcHied t&bpc(radnmmjmmwﬂm?ﬂm@oseéidopm waf erb;M th
no coating on it's surfaces). i : . i —I R g, + gb),
100" 19 Dbl MRS S SRS i o Bk,
expressed asformhlpkigusforces the wafer temperature to iTack the trajectory through the following

relation:
20 :
- A 4 4
fol LI =T - - | (15)
Tee T T;
where T ET, =T ,and 77 =hpC /(2807}3) is the radiation thermal time constant for the
wafer. Expanding T (about T}) in the last term on the righ;tu_had side of Equation (153), we
25 find: : .
F=-L | (16) -
T ' g
where e
30

1, . N

{
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15 C 2 +Tt -T T (T(14a) 4 h + sct t | Tcc JlI tical term p mal
mat hema 2eq(z) = or witten in a nore for Tt +Tt -T T(14b) 22 Mardhl200§ |

Tcc where T,(t) is the specified tenperature trajectory, and T.o is the -

closed loop tine constant (gain) that is adjusted to obtain the desired
tracki ng peWoPHEPWe. This fornulation forces the wafer tropeBat/asse to
track the trajectory through the followwing relation: 20 T 1 (Tr4-T4)

_28 -

Thus, for an exact model, T{) approaches T\(t) exponentially with a time
constant of 7. Note, however, that when model inaccuracies are present the use of
Equation (14b) to drive the elevator subsystem 24 may be affected by steady state
errors. InFIG. 8A, we present a graph of a typical Ti(), the required control variable z

5 as obtained from Equation (14b), and the resulting 7{z). At approximately 580 °C,
closed loop control begins with a requested ramnp rate of 70 °C/s and 7, = 1000 °C. In
this example, an error of 10% is introduced in the belljar thermal profile in the solution
of Equation (14b). The gain used here is 2 (e.g., .= 0.5 5). As illustrated, the
trajectory of FIG. 8A includes a steady state error. Moreover, the system 10 exhibits

10" good tracking of the ramp rate in accord with system requirements. In FIG. 8B, the
tracking erfor for various values of the gain is illustrated. In principle, as %.— 0, all
transient and steady state errors will vanish. However, the smallest practical value of 7,
that can be used in this system is ~0:3 s. The reason for this is the limited sampling
frequency and the magnitude of the noise that is part of the current temperature

15 measurement system. .

In order to further understand the correlation between the steady state

error and 7., consider simplifying the function g(z) such that g(z)=q, z/H (i.e. linear z-

dependence for the heat flux), Here, H is the full travel length of the elevator and g, is a
20 constant representing the particular furnace settings. Furthermore, we assume that the

wafer under consideration is silicon with known properties. Hence, the only error

introduced by using Equations (14a and 14b) are in the heat flux. Thatis, when'using

Equaiion (10) to solve for 7(t) we use g(z)=g,z/H, while in solving for z from Equation

. (14b) we assume an error in the heat flux due to model and measurement uncertainties,

25 such that g(z)= g, Z/H (g, is the model approximation to go). In steady state, from

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

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

cc

e



zcc TT T(3 (15) where T =Tt - T, and TT = hpC 1(2et>Ti 3) is the radiation
thermal tinme constant for the wafer. Expanding T (about Tr 24iMardhl200$ ast
termon theughPhsehad side of Equation (15), we 25 find: p3Q/afaehseé16) 1 1
1 (17) 'r rcc TT 24 March 2005 WO 02/27059 PCT/ GB01/03806 28 Thus,
for an exact nodel, T(t) approaches T, (t) exponentially with a tine
constant of r. Note, however, that Wnen Todel inaccuracies are present the
use of Equation (14b) to drive the el evator subs stem 24 may be affected
by steady staveere &g steady fate(sogly) terpperpitesésmn F Mewrﬁﬁﬂ%ﬁe@mw (1),
t he required ¥wHe eplatigeyrvabBrE z 5 as obt ai ned from Equat| on (14b), and the
resul ting T(t) At approxi matel y 580 C, closed loop control begins with a
requested ra of 70},5455 and = 1000 C. In this exanple, an error
of 10%is int ‘O'd ced v éTslrr thermal profile in the solution (28}
Equat i on (14b he gain uséd here is 2 (e.g., z" =0.5s). As illustrated,
the trajeé tory of FIG 8A includes a steady state error. Moreover, the
system 10 exhinshe @ommon ease thereal isinggrlivtauehie Tnavphavat e in accord with system
requirements. In FIG 8B, the tracking error for various val ues of the
gain is iIIusngSatEd In pring,plgg) as r,,-* 0, all transient and st ga}ly
state errors W41 s h mal | est practical value of a

that can be useﬂd‘ in Jt?el‘q %i/tp&e |2§0§‘5®’?08§ . The reason for this is the
limted sanpling frequency and the magnitude of the noise that is part of
the currenp tenperat ur erpldisMRAGEITEARRI SYShOW: hbw thy deddytseatd tefdpb@ture

under st and t hg..eRds Rl R Ha00f BEHAREA A& BEARAF 3hRESor iR FEORmod) Z@Q
consider sinplifying the functi'on g(z) such that” gq(z)=q0 z1H e. ﬂlnear

z- dependencearfdof.. tQlsetve shat i g Jimitehase 705 thelgerof vantishep-alpethe F@Fﬂﬂf#t@ﬁl t he
el evator and HLflitivereee 20is abmgtisrandrgpr ggeuatabmg ltlhafeﬁmdtthmﬂ}afxsfabpwaSé °C

settings. Furthernor a urret a waf er _under. er.af i on. i
silicon with %ﬂﬁ?ﬁﬁ Bpée Igee ﬂé‘fﬂnxpr%‘?%ers ofig n't' 38@@ ’hynhjgng
Equat i ons 514arafc= IMQJ/I@K and e‘tﬁrﬁaﬁ&aausefdl U gerBinat Equationsizl iuigigegd Equati on
(10) to 50l ve,fainct lhmife H3sdheNaaPRIsBINi 1 € in solving for z from

Equati on

Further, the trajectory illustrated in FIGS. 5 and 8A is “rounded” as the
soak temperature is reached. As discussed above, this is done to avoid the saturation
20 problem with the elevator acceleration (i.e. the smoothness requirement for the
trajectory has to be satisfied). The following anaiysis quantifies the trajectory
smoothness requirements that is needed to avoid this type of saturation. Specifically,
consider the following temperature trajectory function after the rollover is initiared:

p 25 T,(t) =Ty — (1/4)R7g exp(—4t/7) | , (22)
Note that time has be-en shifted such that at #=0, rollover begins. Also,
Equation (22) smoothly connects to the linear temperature ramp function (with a ramp
rate of R) for t<0. The goal of the control facility 30 is to track this function. If one
30  assumes that the control algorithm is accomplishing this task, the system determines at
what point the motor acceleration limit is reached. That'is,“t}rl:: system determines the
smallest value of Ty that allows the system to meet the criteria Z < @p,, . The system

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

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



(14b) we assune an error in the heat flux due to nodel and nmeasurenent
uncertainties, 25 such that q(z)= qo z/H (4, is the nodel appNgxtiEigson to
g0). In steady state, from Equation (10) we find: 4 30 From Equati on (14b),
on the other hand, we find: 4o0z/H=0Ts+( hpC ~T,,-T) 2~cc (19) 24 March
2005 WO 02WO7M38SPCT/ GBOI / 03806 -29 where T,, is the sterdycstianss(Soak)
tenperature (see FIG 5). By elimnating z fromthe above equations we
find: 54 LO4A hpC (T (20) T - T _ JS _§g_q02eaTcc In the common case
where T is nearly equal to T we have: T5S-T = 1-(golg0)(21) Tss 4(q0 / qO)
+ (hpC | -2edT szcc ) 10 This is the desired result that shows how the

steady state tenperature _deviates fromthat of the trajectory as a
function of any error iR Riieansiea) 7 bes trep replareyl withng, i aceysd sithdhet hat in t he
limt where Ths&uﬁl,pUbrhEhaEﬂléObnthtﬂlalgsﬁﬂﬁn leabhibh@a@fmldﬁt aadkingal Alsd, IoBaetrvé/\here

9% & Apout e il fodich el BROMb ekl ) B iyl he 00T

= 2200 kg/ mB, Hmondheisftpangpide @cLﬂlidmtemu@g agm hend sid66f Bqetios€d) aten

general , Equatheaton{i2ih} qutities. J®PReeping only the dominant terms, using Equation (22), and
replacing 7 by the maximum allowable motor acceleration a,.,;, we now solve for the
limniting value of Ty as a function of @, to obtain the following closed relation:

1/2
: BoCR

10 =4 i
TR L(aq [E . ] 29

This algebraic manipulation eliminates time from this relation by
maximizing tr with respect to time. For a rollover time less than what is predicted by
the above equation, the elevator subsystem 24 falls into an acceleration-limited

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

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

°C/s, dq/ dz is about 2x10° W/m®, and Gpax 18 s€t O 1 m/s*. Using these values together

20  with the appropriate physical properties for silicon we find Tz is about 1.2 5. This value -~
agrees well with both simulations and experimental data. That is, for G, set to a value
below 1 m/s? we observe overstioot in wafer temperature, when the requested value of
the rollover time is 1.2 s. According to one practice, the system 10 employs the value of -
Tr=1.5 5. Equation (24) is an important correlation that is now used to upgrade the

25  elevator subsystem 24 in order to substantially reduce Tr for “spike-anneal” applications
where minimizing the rollover time is essential. |

Further, in the present wafer processing system 10, large gains (small %)
_ can cause undesired overshoots in cases where the maximufirelévator travel height has -
30 beenreached. InFIG. 9 is a schematic graphical illustration of ramp rate versus soak
temperature in the system 10 of embodiments of the present -invention. The dotted line in the graph
separates two possible and different operating regimes of the systemn. In situations |
where the requested trajectory lies entirely to the left of the dashed curve, suchas
illustrated:by-traje‘ctory 1, the system 10 is under full control. However, in cases where
35 | the requested ramp rate is too high for the sjlstem (e.g- trajectory 2), at a certain point in
time the elevator travels to a maximum z-position and is held there until the soak



agreenent with the graphs shown in FIG 8B. Further, the trajectory
illustrated in FIGS. 5 and 8A is "rounded" as the soak tenmadMudrer200ps
reached. As_djscussed above, this is done to avoid the sa '

probl em w t%o?ﬁ?éw ¥l evat or accel eration (i.e. the snoot hneg’grrfééi&%?sﬁ%ent for
the trajectory has to be satisfied). The follow ng anal ysis quantifies the
trajectory snoothness requirenents that-Bk-needed to avoid this type of
saturation. Specifically, consider the followi ng tenperature trajectory

function aftep mtpti%n&eoiﬁa re'aéhe'dn'[%u'éﬁksuc %—f’%d%é E;)sl%]a]?go {s]r(o‘l%ﬂeﬁﬁ&% 4t/ 2R)

(22) Note that tine een shif rol begi ns.
Al so, Equati ownfrgbandg%wﬁrﬁ/mebﬁwé@% ﬂ}ﬂéOﬂ#@ t1ajeqoRY- E‘Eﬁ*&éﬂ&’?@féceﬁ%as
function (witihealevatironieaioat of saRratfcnr oﬂteféhooiﬁhesmame(gﬁmtmmgﬁomsrn@levéﬂc| lity

30 is to ”aclaow%tglyfl&@ggéﬂy s Mot B3SHARE LBt TS FansLl ghoor Lhm

is acconplish ermnes a nmot or
accel erati én Wil Cﬁoﬁf@eﬁ’éaéémmﬁhfafmpsfatetlﬁéo%wf&ﬁlmﬂm ﬁé@ fona givemal | est

val ue of tip, fdaé Ss'@-!pbﬁWSnct hﬁersuﬁhﬁmatmmnsee@fdlﬁe:eﬁtrwéteﬂygesahé s?d’f@di majhe
system attaln tQ‘L,S lg ﬁ}gr ifg% %atlon g) tW. ccefl h respect
to time to obf% kﬁ‘ 38T &7 FSEN 8 % g8t ﬁopﬁ?(( az az2 24
Mar ch 2005 v@emgz@sghm:mﬁ@m eggsen theg@afensuwfar®. éguigsaribad balowathe been
repl aced W t hpekt appkd&cﬁ?&ﬁfcﬁ el s thb @se 36w HRInks 08g 6Lﬂi€i‘tw1{hhﬁe SOidOde 1ad gori thm

;;pﬁf?;te:/gﬁg SUf"sfﬁé %Mg%hlﬁ’:]qgﬂ%ih85?%?‘§%&?5§m8€ﬁgf Ef%/glﬁy%bhe second

5 termon the left hand side and the last termon the right hand si de of

Equation (19) are the HQnionaR sRRhicki %ed%gzﬂge&eh&qaanyysd Aganant

terms;, using Equation {RﬁZ and repl aC| he nmaxi mim al e not or
accel eration $PHURGEOY S&EeIF‘?JPfefeﬁ’éed quYﬁ 1 94 r\F%PPfémd‘fmortcRO%t caonltfﬂhct i on
of a. to obtaiwteheSpbeifitaly, pgalt Itins elessahatilanof 40islvpgRadgd f@ohibifively large

_4[e(ag/ a Qsa% 10 hedBlse Bk S a[ﬂ{:,}?%)ﬁ&{u}% éy;cg‘tﬁ’éj% Ee&rﬁ@heeétéaqg@ﬁ[ee&ro&?rﬁlvf rom

this relatio maxi m zin ec aro er time
| ess than wha¥ estepwe@r@@é@i BYt betzgE0. als@v@réqm%ﬁhe@ﬁéﬂewwaféﬁeamystem

2|4 fall s intotaperans vafic i efribdlmd &ﬁdu&:ésss@tw ﬂgbrﬁlﬂmnﬂﬂeomﬁﬂllﬁr gén b24)
also states t

f f
oo stares)! Eg%aﬂané&a*?’i%mabsf%%ﬁ?% A b Fin BB fcw Forl over ti e

where superscnpts (n-1) and (n) are used to denote quant1t1es evaluated at times  and ¢ -
4t, respectively. Here, At is one over the sampling frequency of the filtered temperature
data. Note that for simplicity of the present analysis 7. Is set to infinity. In the

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

Azn—i f(T n—1 T n-} ) | (26) |

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

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

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



can be zero. Furthernore, observe how increasing the vertical
thermal . gradients on the belljar (aq/az) reduces the |imt2hiylaxhi2de5 of -tR
for applications where Ris about 70 C/'s, ag/az is about 2x106 Wn8B, and
a,,. is set to 1 ms2. Using these values together 20 with the appropriate
physi cal pr®Peeefes for silicon we find rRis about 1.2 s.pCinGBoiwadose
agrees well with both sinulations and experinental data. That is, for a,,,
set to a value below 1 nm’s2 we observe owygrshoot in wafer tenperature,
when the requested value of the rollover tinme is 1.2 s., According to one
practice, theé\{s%stem 10 enpl Qg/s the value of 'tR=1.5 s. Equation (24) is
an i nport ant b SPadardh A yiiseS reedio sharsia YRAnYp GERETIOr of themgnispla) :
subsyst em 24 iAgain; shsumé @ =SqpbEf, and éxplahd/alt @imtdes dviRluhed at Sfk kep arnn &ghations
applications ( %ggjg'zgg fgg the rollover tine is essential. Further, in
0

the present waféer p essing system 10, large gains (small -i& ) can cause,
undesired overshoots in cases where the nmaxi muM el evator travel height has
30 been reag,he};ln _IPO.—EI+ Aary isAp_‘_schenati c graphical illustration of ranp

rate versus soak 'tenperat ure”inTt he system 10 of enbodi nents of the .
present invention. The dotted line in the graph separates two possible and
different operating regines of the system.In situations i where the ]
request ed t r ajledli piagtical sgaeensithesanpliog fheueney is lake ehanghiautietiatcdrwesl. such as

illTustrated. ko kedin€6t @& Yrder of A87HS beMRAQddS ThRdRE! Lithl isGRRAMY! . However, .
in cases where 35 the requested ranp rate is too high for tthe system (e.g.

trajectory 2), at_a certain point in time the elevator travels to a

maxi mum z-ppsijfizoh@ﬁd.jt%) held there until the soak 24 March 2005 Wyg
02/ 27059 PCT/ Q0403806 -31 tenperature is nearly reached: During this
period the system 10 is no |onger under control and ranp rates nmay not

track that of the trajectgr For this t of 3 nar.i o, .as the el evator
cones out of é‘%‘ﬁ?rﬁtqe s ﬁv=§}§ﬂ86‘idsfﬁ'é§‘gﬁ/&lg tié‘e‘@‘épﬂ“*‘i@%ﬁ“&ﬁ?%@?@e even

moder atel y | ange @akis of &ddly tb AzSer 9B Mitiih veudrrafletdly GASES: (oRQSEeRal
ordinary skill, 5 will recognize t wer i ,ng 'th{:at ra rate |sé:rls1?ot an

at |
attractive optFEicalg: Hdme r‘maoﬁ?"\l';l‘éﬁ‘)a Videeoos $RIERNRhERT r unni ng a
nunber of U f feeampie, ifgdirerofily pesd 2 pienpyscdmndule heavinphineed & the bmxdel iwhi ch

wafers foll ow&sﬁﬁje@ggyéﬁsgt@;%@p%gé iﬁlﬂet':és%lg?éé wl@?gg*?%%ﬁn t he

ER
coating that exists on the wafer “surface). scr.1 be ow,- the”™ best
approach to sﬁ?ﬁo@ﬁgggleicgmfﬂéa% g by Wﬁ%ﬁ@@f‘l“é@%‘t trer- T0i il c$%etb8ddi t i on
of the 10 ' prepdsed: ataptmlsitonerd dahhe fpsgoing dahr, specitllphs thk gaini(lA) ief t he
control facili . %?g I i tok, ility
30 can be useé& ciyer?g éﬁé_cl);r‘l_\;jﬁg%c |édr;1’9-J v?nn%eggt%#elg g%%egn“@ng&rﬁggtgg%{rgdﬁg%%g%ﬁ gllyg%%gr to
obtain a ntf e rpaiRis¥ithinabqusil °System Specifically, recall that unless the
value of z" is very large (prohibitively large 15 due to the noise and
sanpling frequency of thg SystCMrlhen3tg Builod'Gah b nekfid e time
‘ derivatives of the temperature. During operation, the va]ﬁe of the wafer temperature is
given by the pyrometer 54, where both white (un-correlated) and correlated noise are

25 opresent.

Finally, the control facility 30 when employing Equations (25) and (26)
is adaptive in nature, since the control algorithm employed thereby corrects for the -
predicted value of z based on differences between the predicted (7)) from the .
- 30 temperature profile and the actual (T) of temperature and associated time derivaﬁives.
However, this algorithm differs from conventional techniques where the value of key
| parameters in a model are constantly updated based on the difference between model
- predictions and measurements. The approach presented herein simultaneously corrects
for all parainetcr unceﬂajnﬁes in the model, and is therefore more robust and ,easiér fo
35 implement. ' | |



waf er tenperature wll not be zero. In order to achieve the correct val ue
of steady state tenperature, which is critical to the succe&dMapth 200e
algorithm _the control |aw given by Equation (14b) can b d in the
fol l owi ng YHE2fecrete format: 20 z" = f (Ttn ,Ttn) + Azggﬁk%g‘g'?ﬁﬁhere
superscripts (n-1) and (n) are used to denote quantities evaluated at tines
t and t - At, respectively. Here, At is-&3e over the sanpling frequency of
the filtered tenperature data. Note that for sinplicity of the present
analysis rr, is set to infinity.. In the 25 description that follows the
system can erqunayl Algotithen Giailéaentdtive quantitydz is added to the value of z,
mainly in order to zero-out the steady state error, and is given by: -

4Zn-1=7"-1-f(Tn-i Tn-1), (26 t r =0, TT
=.T,r, T(n) = T(n-1), ?ﬁ%""z‘%‘ﬁf 2[5%3‘%%{% I,)Iw%quat@iegél&%%?ﬁ}%égggﬂgv?ag‘;l;equal
T,,: Z"-ZnS 1gh¢cessing syeem0fsesTidig pofatiqm Y =t roprpses thppiromejer pydingidiég Az t he
system 10 ensuf®matifads théalsbeRe ¥ty BqubTons1 4B4nMer D tar 80 5x)Ms@P4s2 7059
PCT/ GBOL1/ 03506,,- 32 Next, standard analysis is used to show the dynam c
behavi or of tREntrol al gorithm Again, assume q = goz/H, and expand all
guantities evaluated at tinme step it in Equations (25) and (26) as
follows: 5 F' =Ft 1+(|§—ln—l\'§_‘|1'-.n.—1 132 dt )" 1 In all practical situations the

sanpling freqyen ]"{;s}_La.Lge_Peang +oueh that At/zr"l. Thus, ternms @by he

order of At/ Tr cam be nedlected. The final result is given by: 10 T =1 (T4
-Tt4 TT (28), where, as before, =Tt -T and TT = hpC/ (2ecTc3) . Equations
(27) and s 8) indicate _that the effect of adding the Az termis to obtain

better traj ecVsES Ut NN (on the thermal tine scal e), and nore
inmportantly to achieve the correct steady state value. For 15 exanple, if
gains of 0, 1 amdl_2nate @fp-byed! land the heat input used in the nodsd) is
assumed to be offset by~ 10% (] fist Jas in the case presented in FIG SA), the
tracking response of the control facility can be expressed by Equation

(25). In i s.case,..the .st tateé err ten toze r goi ng

gai ns, spxi’gi iﬁ?‘ﬁa’ﬁ?ﬂ%&aﬁ%“% ﬁa? %ﬁeger)m ?éles uls%i::?seog’g g%.d tgt}rzf’t %lgorr %rt%?%\%gelg{htg he-

gai n i s | ar gediffichiues maearisb'rvélen taUig tn gbtei psmaeti tigpgtigrigative of the pyrometer .
data. The quantity f'p is given by the following equation: '

~

dTf 5 1+ hpc )
hpC —E-= 260t ] +ela, (2)+ g ()] hpC ———£= o

I m
20
where the last term on the right hand side is the usual forcing term used to get a better
agreement between the model and the measurement. Also, all the material properties
used in Equation (31) are that of pure silicon. Typical values used for 7, are about

0.2-03 5.

25
In order to investigate the effectiveness of the “model-gain” term
involving %, consider another set of simulation results, such as a wafer with top
emissivity of 0.9. The tracking error for various values of gain (1/7.) varies as the
~ model-gain is varied. According to the algorithm, 7, influefices the tracking error, and
30 in order to comply with standard operational conditions of the wafer processing system
10, the model-gain can be higher than six. Those of ordinary skill will recognize that
using substantially higher values of 7, can create instabilities in the system due to the
sampling frequency and the noise associated with the pyrometer 54.



20 remains within about 1 C. One |rrportant factor in using Equatlon (28) is
the need to have time derivatives of the tenperature. Duri ngMpér2a0i on,
the value of the wafer tenperature is given by the pyroneter 54, wher e -
both white gun-correl at &) and correlated noise are 25 present. Finally,
2795y 30 when enpl oyi ng Equations (25) and PeBiBoiAss@dapti ve
In nature, since the control algorithmenployed thereby corrects for the
predi cted value of z based on differences daetween the predicted (T,) from

t he control

the 30 tenperature profile and the act ual

time derivatives. Howe his: OI’L iffers onventi onal
t echni ques where the va?i‘l:ﬁleg (5$ Lél'ﬂ&f SCOPH'OIatr ﬁ‘gﬂy 0 cpngapsfredoask | y
updat ed based lgwammowogp@memle albedapeemcap@ldbty thyr abldines tforogeedanictory tracking

measur enents.
al | paraneter
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| npl enent at Pon The control al gorithm enpl oyed by the control facility 30 of
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temperature ramp rate accurately follows the requested values. Hence, the control
facility 30 accurately controls the processing of the wafer. In FIG. 11, the tracking error
for both the silicon wafer as well as a wafer with a low top-emissivity is shown. The
tracking error drops rapidly after the closed loop control begins. Then, the error value
peaks at approximately 3-4 °C until the rollover in the temperature trajectory begins,
after which it decreases to within about = 1 °C. The steady state error is zero.

In general, the tracking error is consistent with the predictions from the
examples and simulations described above. The reason for the high value of the
tracking error at the start of the closed loop control is the mismatch between the actual
pyrometer time derivative and the requested value of the ramp rate (70 °C/s). That is,
the system 10 accurately and adaptively moves the position of the wafer W to achieve
the requested ramp rate, during which the tracking error increases. This phenomenon
can be reduced by “blending in” the requested temperature trajectory. This is done by
starting the temperature profile or trajectory at the same rate as that of the pyrometer, -
and then rapidly transition to the required rate. -

Those of ordinary skill will recognize that the tracking error does not fail

below the 1 °C level as predicted by the foregoing equations and models during the
. linear temperature ramp region, since the low sampling fre{iiéncy together with the

noise present in the pyrometer 54 prevents this from occurring. Both of these issues are
resolved by upgrading the temperature measurement system to perform samphncr ata

_ higher rate, with less noise.

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

(T) of tenperature and associ ated

% that arise

o



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

agr eement WMOHREESN t he nodel and the neasurenent. Al so, aFFT{GRVAEP%Eri al
properties wused in Equation (31) are that of pure silicon. Typical values
used for Tmare about 0.2-0.3 s. In ordr-to investigate the effectiveness
of the "hodel-gain" term involving ;" consider another set of simulation

resul ts, suGh,@sud anedesle mzhhaﬂd% s €S ST ﬁlynae&f: s&nﬁ%s id B Earsegll@dagmgnr or
for various valuyes of. galn llT%varlesad[s n"EI %%alnls ri
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contai ns feet M'REart zati on tog e g t hat
all ows for gtggh@r eyasshoptso rireresadik pwgentf(%laﬁl@ B2Rylegyly Wdiﬁ%ﬁ tharobsﬁ‘rmﬁzsép

steady stat eheéduobiaciiRpadd hatat thesydtbing Olagaid@nBishypaidistharibquat i ons
(29)-(31)with the follow ng gains: 1/a,=1-2 s"1, and 1/r,"? 5 s"'. 5 By

way of ngrrpI e, the control facility 30 can be errpl oyed to ensure accurate
tracking of the tenperalditimabienainplesdors siligpiwader a1 showreinskisSeopt at i on s

ShO\gInt Og a| ol Qie?é a1 6RO éﬁ%@{ersvﬂré thelshige 8848 c&;& @_e}%e%/é@iﬂmg ?@mr\ﬁ&iﬁné ed

in S s, an

rate is -50 %%’m @“ﬁ%@ﬂ?ﬁﬁ‘%mw’ﬁ"aﬁr‘gh lspbﬂ) Stkﬁl@ “Jovn e of 28 1% {Tp and

., = 0.2 s. aAd tisholiovertine inaf2esecontdene fgurcs aganpmldxmt@ haghimﬁetcewg/ foI | ows

the requgst e@aééé?clfryﬁ%ckiﬁg?&ﬁ’anm@rsﬁ&i%fﬁks thh@¢iebi ty 30 accurately controls
he

t he processin 11, the tracking error for both the
silicon wafer as well as a wafer with a low top-em ssivity is shown. The
tracking error dr’m&sc stgribiy sdit @il tehegnideahsidrationpraopnties hnddifferat gafihen,

E Qe g: ;?Lr ‘e’aﬁg Y ecf S:ﬁgeg s%& vﬁﬂﬂ%%&o’m{aﬁhyaéue‘éwﬁg Yilat trhdind QRAANGSs. The t hE
w 111ust1j"ated wa.fer proccssmg system 10 exhibits reliable trajectory tracking and minimal

20 over/undershoots (< 2 °C) under a variety of different operating conditions and using
wafers with varying surface characteristics. Furthermore, an important correlation has
been presented-that relates the elevator mechanical limitations to temperature
avershoots. This correlation is used to draw-out the temperature trajectory (or redesign
the motor) in order to optimize the system’s performance while avoiding overshoots.

25

. o S A SR Since certain
changes may be made in the above constructions without departing from the scope of the
. - invention, it is intended that all matter contained in the above description or shown in
30 the accompanying drawings be interpreted as illustrative and not in a limiting sense.



after which it decreases to within about 1 C. The steady state error is
zero. In general, the tracking error is consistent wth thepmnegiicidogns
fromthe exanples and sinulations described above. The reason for the high
value of the 20 tracking error at the start of the closed |oop control is
the m smatch between the actual pyroneter tinme derivative and the
requested val ue of the ranp rate (70 Cs). That is, the system 10
accurately and adaptively noves the pa&ition of the wafer Wto achieve the
requested ranp rate, during which the tracking error increases. This
phenonenon can be reduced by "blending in" the requested tenperature
trajectory. This is done by 25 starting the tenperature profile or
trajectory at the sane rate as that of the pyroneter, and then rapidly
transition tocLhABMg equired rate. Those of ordinary skill will recognize
that the tracking error does not fall belowthe 1 Clevel as predicted by
the foregoi ng equations and nodels during the 30 linear tenperature ranp
regi on, sincelthe A avh&PoPirbdRsinaSRHOREYInhAGShAProckkhpfllie noi se present
in the pyroneter 54 prevents this fromoccurring. Both of these issues are
resol ved by uff§Pdee H’gﬂnt“i‘fgldf’@%é?“atﬁrﬁ Profijeesaid rethad rompgsinedha steps Mer f or m
sanpling at a hi gh@durih@ihe tempbrbtirel 0B & WORDRED in B8R thddmAthfacesdin t he

per f or mance O&F%he systemfor a wafer with a very low top emssivity is
shown: The tr ﬁ?i and the furnace settings are the same as in FIG 10.
Observe how, at a bafRA hstnihd ihteRiedidhbaghumleheofild @ kHReasutAenBleRipd Or travels to
the 24 March 2005 WO 02/2§Q59 PCT/ GB01/ 03806 -35 naxi mum al | owabl e Limt
and stays t he?fdhe WorpigegT gapesitipgandiaspeediothe wedriseedhiggh e gh  enough to
achi eve the rpeliesh aeht pr3BaRs thdWBrkpidddGe®Fal P ab@fdiglto HHMt@@vat or notion falls
into a_ saturation node, During the saturation period the ranp rate is no

| onger 19r acki (FBPEHEre PRSfuest ed 70 C/s, and furthernore the tracking error

i ncreases substantially. This is 5 clearly illustrated in FIG 12B, where
the tracking error_is plotted as function of tinme, As the elevator cones
out of saturafi onTpﬁﬁ‘e‘Bﬁ’ hietarp Ldprihsy comppsing e sEpeipsiiie Bero, with a

maxi mum over sigaded@mprafare 6fild bEdwEReR e bd RhsralliSkheDigher gains (1/)
results in higher aovershoots. The results presented in FIG 12B clearly

i ndi cate the PBEFEERETR LD thymmal presstighBMaee f aci lity and hence the system 10
agai nstisthis type of scenario. 10 Additional exanples for a silicon wafer
are shown in FIGS,_ 13A a 13B. Here, all the paraneters are the sane as

t he cases pregent gaemﬁmﬁf{]‘%!amib?ﬁc’f}m\ﬁQ’ﬁherfq’@rb"%gﬁﬁ%ﬂ{ of the ranp-up rate

which is 90 Gleterfifindné @Hiorél@Woted &t foid of RO &S procedd filrtRe,la@d | over tine is

2.2 seconds. TJhe figures, again, indicate highly effective,
en emplo ung the set pgo?hts to determine a target te(‘r:]npel%ture of the workpiece.

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

temperature profile and the measured temperature of the workpiece.

5. The method of any preceding claim, further comprising the steps of
25 | providing a workpiece processing recipe,
generating from said recipe the intended temperature profile, and
controlling movement of the workpiece in the furnace to heat the-

workpiece generally according to the temperature profile.



15 trajectory tracking with an overshoot of less than 1 C. Those of
ordinary skill will recognize that various ranp rates and difihgreMpgai n
paranmeters can be used while concomtantly achieving simlar tracking
capabilities. The illustrated wafer processing system 10 exhibits reliable
trajectory tracking and m nimal 20 over/undershoots (<_ 2 C) under a
variety of different.operating conditions and using wafers with varying
surface characteristics. Furthernore, -an inportant correl ati on has been
presented that relates the el evator nechanical limtations to tenperature
overshoots. This correlation is used to drawout the tenperature trajectory
(or redesign the notor) in order to optimze the systenlis performance

whi | e avoi di ng overshoots. 25 | Since certain changes nmay be made in the
above construgtio | ' : .oknvention, it
is intended tﬁat a B\Mr‘?g{a ?gﬁdag[g%?‘gééﬁég%m{: %‘%@@B’?@gﬁﬁéﬁeﬁ{"@ ?sc?l?‘l or shown in
30 t he acconpdaeypiengf slectingatisasbeneiofia tsmperattiee danapsup thteademperdtre and not in a
limting sens 2 M5 1. A nmethod for processing a

wor kpi ece in ?’?ﬁ@%‘%ﬁ%@sﬁsgﬁ Urnace accor di ng to an i ntended
tenperature profile, said nethod conprising the steps of 5 neasuring the

t enperature of; th J ] I J: urnace, and based
upon the5 interzdede{h\é%g?eggﬁcﬁaéﬁlgfo |ﬁrt§$]§¢1r§a%ﬂ1§s%g§%ﬁérvge]€gngt%nperature of the
wor kpi ece, r egeidtiaely srgooth fevsition ptweandt leastspe ethoempdureomippipaete t hr ough t he

furnace to he he rkpi ner al.l Lpng,to the intended
10 tenper at urgﬁdp@% |l?t§.§lp%? V\%d%tuﬁl%gmg%%ﬂ%d%%%%%ﬁ&rﬁ gor%kcorrpri sing the

step of provi ¢impgramre. | nt ended tenperature profile of the workpiece to be
general ly achieved during processing in the thermal processing furnace. 15
3. The method of claiml or claim2, further conprising the step of
det er mi®i ng oBe orThewrthod ef gy prckdigiclapyiwhtsinglic stehof mbaswringl pr ocessi ng
furnace, and ihng the set points to determ ne a target
tenperature ofcgr{%ees\/\or%&%%”ége. 20 4. The nmethod of claim3, further

conpri si ng the st eisteofinmpihe pyistiviey oftlerioipge abchr ough t he furnace based upon

the furnace set pQlaSy,lhe baLAIPH. LERRE! AhSRURlLL LA the measur ed

t enperature of the workpiece. e ne ny-prec ng claim further
conpri si ng t heftse epkpiede.
15
9. The method of any preceding claim, wherein the step of measuring the
temperature comprises the step of providing an emissivity compensated pyrometry
system to measure a parameter of the workpiece. |
20 10.  The method of any preceding claim, wherein the step of moving the
workpiece comprises the step of providing an elevator for moving the workpiece
through a process charnber.
11.  The method of claim 10, further comprising the step of moving the
25 elevator in response to the measured temperature of the workpiece.

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

equation:

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



25 providing a workpiece processing recipe, generating fromsaid recipe the
intended tenperature profile, and controlling novenent of bAgLWRHEH ece in
the furnace to heat the workpiece generally according to the tenperature
profile. 24 March 2005 37 6. The method of claim5, wherein the step of
providing the recipe conprises the step of selecting at | east one of a
tenperature ranp-up rate, a tenperat l.nl;]{% ranp-down rate, and a soak
tenperature. 5 7. The nmethod of clai further conprising the step of
providing a relatively snooth transition between at | east one of the
tenperature ranp-up rate and the soak tenperature, and the tenperature
ranp-down rate and the soak tenperature. 10 8. The nethod of any preceding
claim wherein the step of neasuring conprises the steps of determning

the enissivity of v&h@ﬁm%ﬁ&@'v@ﬂ@rec@d@@raﬁ&&ﬁ&rdﬂﬂ@m1§th@w&lﬂu§e%l vity of the
wor kpi ece, determning the tenperature  of the workpiece. 15 9. The net hod

of any pr ecedthigings giisthe Werkpiesedensie, %éﬁ“’@ﬁpeﬁ’@agiﬁtufﬁﬁmtf il t enper at ur e

conprises the ﬁkﬁatﬁfrnﬁr@\ém%%nﬁ@w&ml&%legistmet&arm@aﬁﬁyadhaoyr ometry system
to neasure a paraneter of the workpiece The met hod of ‘any preceding

claim wherei Oﬁoﬁéaﬁf@&%WM%WWQ'H‘W@“%WW@@%OIHBYFW %s the step of

provi digg an gl Pﬁéeoa&d&BEm@QNdofEﬂvHIﬁﬂiéﬁBBtlﬁﬂiﬁfc%ofthm&uﬂ&ea process chamber.
11. The method of claim 10, furthér conprising the step of noving the 25

el evator in response to the neasured tenperature of the workpiece. 12. The

met hod of cl aijgn l,Th%ﬁﬁsa&ah?@e&hﬁgcmn WR&SH He MbadARPlidptehet he step of
determning the tenperature of the wor kpi ece accordln to the follow ng

equation: 30 H?J!F(fff?s*hfftepofrro‘ﬁldléﬁfe?dbaqk%‘bﬁyf‘%‘? oF SeRFOBAmeasuting \ar ch 2005 38

wherein T is yRenWehiR Gof wivigiage temperature, h is the workpiece
thickness, p is the workpiece density, C(T) is the specific heat, c, is the

t ot al 1@mssty of the top surface of the workpiece, Ep is the total
eni ssivity of 1§N€ The method of claim 13, further comprising the steps of

determining the emissivity of the workpiece,
generating an output signal with a pyrometer indicative of the workpiece
temperature, '
15 filtering the output signal, and
based on the workpiece emissivity and the output signal, determining the

workpiece temperature.

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

thermal processing furnace in response to the measured workpiece temperature.

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

processing farmace with an elevator subsystem.

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



bottom | ayer of the workpiece, a, is the absorbtivity of the top |ayer of
the 5 workpiece and ab is the absorbtivity of the bottom | aygq,0f, 4008

wor kpi ece. 13. The nmethod of any preceding claim wherein the nmeasuring
step further conprises the step of providing a feedback subsystem for
sensing and neasuring the tenperature of the workpiece. 10 14. The net hod
of claim13, further.conprising the steps of determning the emssivity of
t he wor kpi ece, generating an output sBgnal with a pyroneter indicative of

t he workpi ece tenperature, 15 filtering the output signal, and based on

t he workpi ece em ssivity and the output signal, determning the workpiece
tenperature. 15. The nethod of any preceding claim further conprising the
steps of 20 providing a control facility for controlling novenent of the
wor kpi ece Wi t Rign t P8 j i response to the

measur ed wor kglh'eceﬂﬁénr%@rﬁaotur el.%’lg. %o%ﬂ:g%?‘%@%&%bﬂ;ny precedi ng claim
further conprisi ngsamphngsheipiendsfl temperetarerprafilasy ondor npief foitw ansle  bet ween t he
measured t emper at Ugeifithe 3 & UoRAR Lol EERELAN LS GBLAR t erper atur e
profile to forman error ~signal, an based on e error signal, noving the
wor kpi ece Wi t fbsed pinthe sdnepledgbintspr ocessi ng furnace with an el evator '
subsyst 17. The nmethod of claim 16, further conprising the step of
scaling the error 30 signal by a pre-determ ned value. 24 March 2005 39
18. The net hod%of ThHeameathod 3f cliimrifHerthec comprisisg thg stephef dstempniog orea@npl i ng t he

i nt ended tenper.at.ur I of .l [ I I.[t eterm ni ng one or
nor e boundary%%:c)genb I ﬁqa%ncg’n%{‘l‘g}sﬁémg{lgv\?{éf%lrgggtgﬁg’%se 8%%%@12113%9% t he sanpl ed
poi nts. 5 19. cdtigiomet hod of claim 18, further conprising the step of
determ ning one or nore boundary conditions of the el evator subsystem
based on the boundary condition. 10 20. The nethod of claim 19, further
conpri slthg t h@0st efheafethud of digmtlRdurtiwoecprisnethastepofgmivegithed speed within the

charber and WivIoH!pﬂ:cé :ﬂg SQ&%(!%GX withif! ﬂ]q Icﬁ:lm%@f and within the boundary

condition.

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

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

22. A system for processing a workpiece, comprising
a thermal processing furnace having a process chamber, |
a feedback subsystem coupled to the thermal processing furnace for
20 detecting a parameter of the workpiece when disposed in the processing chamber,
a control facility for generating a control signal based upon an intended
temperature profile of the workpiece and the parameter of the workpiece, and
an elevator subsystern in communication with the control facility for
regulating a position and a speed of the workpiece through the process chamber in
25 response to the control signal to heat process the workpiece geﬁerally according to

the intended temperature profile.

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

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



21. The nethod of any clainms 17 to 20, further conprising the step of 15
sanpling the intended tenperature profile at one or nore diEQf&ﬁ&&uﬁgints.
22. A system for processing a workpiece, conprising a therndal processing
furnace having a process chanber, a feedback subsystem coupled to the

t hermal processing furnace for 20 detecting a paraneter of the workpiece
when di sposed in the.processing chanber, a control facility for generating
a control signal -based upon an i nt enti®d tenperature profile of the

wor kpi ece and the paraneter of the workpiece, and an el evator subsystemin
comuni cation with the control facility for regulating a position and a
speed of the workpiece through the process chanber in 25 response to the
control signal to heat process the workpiece generally according to the

i ntended tenpey,atu rofile. . The f .c| al wherein said
control facili 43/ iil%asg%eﬁ’f%tjc?%f%g%gﬁaf%?imgmgﬁgr\l/%ggéé%u I:system to nove the
wor kpi ece al oragquivingiond @meheskeleatbdiset fimsicflthetthepmal fbcessiog fageeang chanber as a
function of the intended tenperature profile. 24 March 2005 40 24. The
system of claim 22 or claim23, further conprising nmeans for -acquiring one
or nore sel ect2d sElie spaenndfanpbnetoficlaiiri @2 ed4, fortlec esgirisigg 4 usenace. 25. The

system o; any .otn% o%} clainms 22.t.0 Zél}c JSle trergleg Nelol g ireré a user 5

i nterface forlﬁF‘WF fﬁgwgnﬁéw&%?ﬁ%%’%Focésspﬁg recipe, erein said recipe
i ncludes at | dadideon &abneoft ampetimta amp-npe; Atpmpadtes ramptdewper at ur e
ranp-down rat & a‘gd gk%oak tt enperature. 26. The system of claim24 or
claim 25, wher&FPSaioak CBRYPYF facility generates 10 the control signal to
nove the workpi ece through the furnace based upon the furnace set points,

t he i ntended tgnperature fi nd,.the measur nperature of the

wor kpi ece. 27.2%The efﬁteé‘?“rg% a #‘g?rﬁ?%z%rw gﬁelgis%ﬁﬁ%‘%glf%crlgﬁ F8Shprising a
trajectry 15 thedoetd bigtial foatiove tha eoadiengthiohgh thobmadtddsct epnpalicat ure profile in

response to t reci.pe. .. .ITh stem of .cl ai 2 rej e control
ool ity 1o aduprese Pims it BHPHE 2t Bl MLABDca™ T
accordi ng to tdfieeefr@tkpiavd. Nng equation: h p C(T) dt- (61 + Eb) o T4 + a 4
g, (z) +abgb(z) 20 wherein T is the workpi ece average tenperature, h

is the workpiece thickness, p is the workpiece density, C(T) is the
speci fic heat,27e, Tk syduen dfaladh 25 emdads 26,ifirthendomphdng adpjesorf ace of t he

wor kpi ece, cb is the total. emssivity of the -bottom | r_of the
wor kpi ebe, - ad SRR AIEHBE I P m oo P e Pl e oo

28.  The system of claim 22, wherein the control facility is adapted to

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

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

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

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

30 | workpiece, and



wor kpi ece and ab is the absorbtivity of the bottom | ayer of the workpiece.
25 29. The system of any one of clains 22 to 28, wherein sahgf 8005k
subsystem conpri ses a pyronmeter for neasuring the tenperature of the

wor kpi ece, an emi ssivity neasurenment stage for neasuring the emssivity of
the 30 workpiece, and 24 March 2005 41 a filtering stage for filtering one
if the neasured tenperature and emssivity, wherein said feedback
subsystem generates a signal correspoétling to the nmneasured tenperature of
t he workpiece. 5 30. The system of any one of clains 22 to 29, further
conprising a plurality of thernocouples for neasuring the tenperature of
the furnace at one or nore |ocations. 10 31. The system of claim 30,
wherein said controller further conprises a furnace thernmal properties
stage for generatlanﬁte o] R)%he%n ”r?é;f e?sﬁ:@ﬁ’{éﬁa? Hirednd Si 9nal generated by
t he one or nore therno g es’rep esen Ffve of the ther mal properties of
t he thernmal pemBsgsisi ng furnace. 15 32. The system of claim 31, wherein the
controller further i I stage for
generating one or rP%%Eemglld%%a?a%ks%ggltgﬁggat&qg{ggﬁgo ors&%h {g}ger aneters of the
wor kpi ece in mspmdsampbratuawmneh»prkemee.pom tion signal generated by the '
el evat o, subsystem and the output signal of the furnace thernmal properties
st age. 20 33. The system of any one of clainms 30 to 32, wherein the

wor kpi ece paB@xmstmesystmmfhuyameoﬁéaimwzmﬂﬁ,d‘mweuwmpésingmml@Wfty 34. The
system of any_one of.cl Iev r subsystem 25
generates an gu%oﬁ?up%elséoﬁaeasmn t}‘ettemeémmr ogt%f)glgia t?acgn ﬁ}ﬁe wor kpi ece, said
system furt hetocatmnpri si ng feedback nmeans for inputting the output signal to
the control facility. 35. The systemof claim30 or any one of clains 31
to 34 when dependent on 30 claim 30, wherein the one or nore thernocoupl es
gener atlé an o0Qi.putTheisgteal of thait 30, whereinpaid cangolich Buthawnemmisesfaaci [ i ty.

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

properties of the thermal processing furnace.

15 32.  The system of claim 31, wherein the controller further comprises a
workpiece thermal properties stage for generating one or more signals indicative
of one or more parameters of the workpiece in response to a workpiece position
signal generated by the elevator subsystem and the output signal of the furnace
thermal propérties stage.

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

parameter comprises one of temperature and emissivity.

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

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

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

mput to the control facility.



24 March 2005 42 36. The system of any one of clainms 22 to 35, further
conprising a trajectory generator for generating the intendgel§Wpes ature
profile and for inputting the profile to the control facility. 5 37. The
system of claim 36, further conprising neans for determ ning the
di fference between the neasured tenperature of the workpiece and an
i ntended tenperature fromthe tenperature profile to forman error signal,
wherein said elevator subsystem novés the workpi ece within the thermal
processing furnace 10 based on the error signal. 38. The systemof claim
37, further conprising scaling nmeans for scaling the error signal by a
pre-determ ned value. 15 39. The system of claim 38, further conprising
sanpling nmeans for sanpling the intended tenperature profile at one or
nore points, and determ nation neans for determ ning one or nore boundary
condi tions of the el evator subsystem based on the sanpled points. 20 40.
The syst em of 3&| aiThe $9temfol puyrane obclaims 23t A fundhgnepnipopingietrasciani ng one or
nor e boundary Q%{J i aﬁlﬁg t he boundary
condition. 415 el’fsobg#g%m&tﬁ%ﬁtgﬁdrﬁﬁxég&%ﬁ%ﬁﬁé%g%ﬁ| Sl nég{r%eans for noving
t he 25 wor kpi poble &t thacontbldedtildy speed within the process chanber and within
the bougdary condition. 42. The system of claim22, further conprising
determ nation neans for determning the difference between the neasured
t enper at ur e 037.t h&howyistemiof cleinB%h, Awmtieraomprising mgens fordefsaniaingthe from t he
tenperature pgafi .S i ahgqfor scaling the
error signal @ygﬁ%})‘é@ é’%a{ﬁﬁ?a%gga%%?eﬁ@rg%hi\g?%ﬁ%cgggaﬁ sanpling neans for
sanpl i ng t he fempentdesdromahplempdrainre prorfitsfto foem an eromeigodl, whersmesaidoi nt s, and
determ nation L DL ARG r ditions of the
el evat or sub s?é@%?ngﬁég{ggqg&n‘g{ %%%%S‘%&g 'ﬂ]%ot?{lﬁg%rgagﬂwgﬁ{ghéﬁg

10 based on the error signal.

- 38.  The system of claim 37, further comprising scaling means for scaling the

error signal by a pre-determined value.

15 39.  The system of claim 38, further comprising sampling means for sampling
the intended temperature profile at one or more points, and determination means
for determining one or more boundary conditions of the elevator subsystem based

on the sampled points.

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

condition.

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

condition.

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

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



24 March 2005 .

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

the elevator subsystem based on the sampled points.






