WO 01/ 67493 PCT/ US00/ 16794 RECI PE CASCADI NG | N A WAFER PROCESSI NG SYSTEM
BACKGROUND OF THE INVENTION 5 Field of the Invention This invention

rel ates twovhe74b3 el d of wafer processing. In particul ar, PORUSIMs2 i ON
relates to scheduling techniques for wafer cluster tools. Description of
the Related Art 10 In the process of manufacturing a sem conductor device
such as an i ntegrat eRECIPEHLCASCADIBIGOIN ASWAFEROPROCHSSINGDr i cati on are
performed to forma device. These stme performed serially on the
individual itenms of manufacture in i ual nodul es; the itens of
manuf acture are transferred between nodul es by transport nechani sns such
as robots. In order to achieve 15 desirable throughput, reliability, and
fabrication quality, seveBACKGROUNNOFTHE INNENFIONL) The delivery and
removal of_thg, substrate to and fromthe process nodules, as well as the
transportat | oﬁ'eg‘roft&?@q%?'gw“oet.v\een nodul es, nust be acconplished in a

timely manner. Thi $hisiiiRndosl edlateelofth@fielddf wairpradessihg Slibsdrtiafl&, e achi eved
when the flow of substrate is maintained in a periodic and synchronized

manner. |f peinvertion relptesdp gchednling ehnigueas dor wafer elystent@plst ai ned, the process
results will be inconsistent fromsubstrate to substrate, and the expected
t hroughput may be reduced. 25 2) It is desirable to transport the
substrate in PestriptionufaheReldtédWrpat hs to avoid inconsistency in process
results due to varjations in the _process hi_stor%/fpof the substrates. 3) It

is inperatdve to ehsthegracassofimanufgctyringasegconduetpLdevireSWB 238  spend any
re- process o | il Hd; It hcal
pre-p fnta%??t%? ?Tiéﬂﬁf? _?_ﬁxgkgogg Isﬂteﬁé bilick 8L AR A GParpeFfErmedto §oink b

processes are p on of pre-process or post-process tine
in these nodull@scedreaeistspsat porforynedrserially onidpe pudividpaltitesmssef t he process

ol St el v PARUR e g Rt BORp e s CPERANG ookt oft ARRLLE! © 1S Ot
between modules by transport mechanisms such as robots. In order to achieve

15  desirable throughput, reliability, and fabrication quality, several conditions must

be met:

1) The delivery and removal of the substrate to and from the process
modules, as well as the transportation of the wafer between modules,
must be accomplished in a timely manner. This timely delivery and

20 removal of substrate is achieved when the flow of substrate is
maintained in a periodic and synchronized manner. If periodicity
and synchronization are not maintained, the process results will be
inconsistent from substrate to substrate, and the expected throughput
may be reduced.

25 2 It is desirable to transport the substrate in similar process flow paths
to avoid inconsistency in process results due to variations in the
process history of the substrates.

3) - Itis imperative to ensure that the articles of manufacture do not
spend any pre-process or post-process time idling in modules where

30 N critical processes are performed. The addition of pre-process or
post-process time in these modules degrades not only the throughput
but also the process results. For example, in an IC fabrication

system, if a substrate is not immediately transferred from the spin
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| WO 01/67493 PCT/ USO0/ 16794 coat nodule to a bake nodule to thermally
cure a photo-resist film layer, the resulting filmthickness will be

unpr edi ctvabdbee74bd it is inpossible to totally elim nate perUptOGeSIS and/ or
post-process tinmes, they should be rendered as brief as possible, and any
variations in 5 these tinmes cannot be allowed. The inability to neet any or

all of the above condbifasdule @ Ebdkeaidduleto théthlally @uicta piasieLrasest FHl@nspor t
conflicts. Conflicts are situations wherein separate npdul es demand a

robot within a time Jp®h thetspitingifidmthickpess well @B@mre@@tab@r Jfitds these

nodul es 10 One conve S the
addition of extra prr?lt(I)l gésgg;lﬁgodurﬁlg%gﬁg%té EI% srﬁ g%g% ¢ §gorc§£s§¥rﬁ
the size |imtationshgnhogkidertndea asdnmswmseibs;e,faﬁd any vatkiony i em I | m t

the possihility of resolving the above difficulties by adding additional
process modul es or tﬂi‘e&ﬁé‘ﬁlﬁs %‘E‘}%heﬁﬁ%‘ﬁ‘ﬁfces 15 The addition of dedicated

transfer arms to tTﬁ@ﬁEﬁﬁltﬁ%t}ﬁéét%ﬁérQ?Sf’&ﬁ@ﬁbe&@oﬂ&ﬁi@hs ERf ke thBer ei naf ter

called Inter Bay Transfer ‘Arns, or IBTAs) Is another nethod used to
i nprove t hr oulgtipretto agsclvel tramispert @@hmz Ginflidipanesguatpms cdwseimsetiatate

t he .additi f T I ' j
(i avbhcks. - DePRUELH PR et MG SOt ipdr e e BLPe Ao &7 HEo 1 s 20

cost, constr ajhBsethedflesi ti on of the nodul es, and cannot be used everywhere
in the tool. As a result, the tasks of managing the substrate flowin the
track syt em whi | @nergenventionahsoltiertoriheponcams bisted @bowmis tpiadditiqn efnd

resol ving Al ok A0AROLLAROLN FARPBREAISCIPRIRORANL S, nfrpiher

conventional SO 0 assign se ate transport 25
priority rul edmitiiomsrant gecﬁmytrlbaihmhstmimepfitreclcsyrstenohmayhé possibility@fr ef er r ed

i forent moduresnaE AERALTeHSRS PEROBHS BRI FYRUBRCSHSAENIEEd on | hese
rul es. Homeve&msk&é;%ir%celgj gh throughputs, the scheduler may generate
undesi rabl e, unpredictable and variable pre-process and post-process timnes
in criticdél nodul ebhe additianhef BBCicsigd stansferarmsdy transfer wbsttasecetiwean f ol | ow
different fl O c%}lthﬁloghﬁesc &npelr?a;[f&ar Egﬁhrlnter Bay Transfer Arms, or IBTAs) is
another method used to improve throughput and eliminate some of the pre-
process and/or post-process times. However, the addition of IBTAs also has
serious drawbacks. Dedicated transfer arms complicate the tool and increase its
20  cost, constrain the position of the modules, and cannot be used everywhere in
the tool. As a result, the tasks of managing the substrate flow in the track
system while maintaining both high throughput and quality and resolving all
transport conflicts become unmanageable.
Another conventional solution is to assign a set of substrate transport
25  priority rules. Prior to any robot move, the control system, also referred to as
the software scheduler, verifies the status of substrates in different modules and
makes transfer priority decisions based on these rules. However, to achieve
high throughputs, the scheduler may generate undesirable, unpredictable and
variable pre-process and post-process times in critical modules, and the

30 substrates may also be forced to follow different flow paths to complete their

process cycle.



process cycle. 2 WO 01/67493 PCT/ US0O0/ 16794 Heretofore, the requirenments
of conflict resolution, synchronization, quality, and path consistency

referred woorbmye have not been fully nmet. What is needeBCT/FS@/®sad4ut i on
t hat sinmultaneously addresses all of these requirenents. 5 SUMVARY OF THE
| NVENTI ON An enbodi nent of the invention allows a cluster tool to change

froma first reciHeretdfor, BRGEMNIrchRAIRAE confllict RselueSE syhddomedtioadi ci ty and
ensuring that there are no delays at critical points. This procedure is

referred to adualitsiapé path consistgniyngiered e abnvediavevef kees fdlypmgt nWhat isi r st | ot
of wafers off t ' - it h anot her
| ot of wafer sr,le%g g&r |%a ﬁ%gutg)%ghatss?lﬂn%ta?mgﬁgﬁo}ﬁ%}@%s%%gl ﬁtgg%gg?%pel%sengér f or med
with no delays incurred at critical process steps; and with no additional
robots and process nodul es other than those called for by the reci pe and
throughput5 requi renents of the entering and 15 the exiting lots. The
entering lot may al so havengbgimdls?mﬁwﬂmwghput requi renents
fromthe exiting lot. An enbodi ment of the invention includes a nethod for
processi ng waf er sAnfeinblodinaemp of thesnitentidi aldpwes 4 cluster foblLitoadhiange wémwaf ers i nto
a wafer clustgr, tool individuall t intervals.del.imted b first

sendi ng peri odtt Wﬁg’reé?ﬁS?‘f?éldiﬁclf"?’)r(’gﬁleﬁrﬁ%ﬂ“?gtE’frk?glmfaé’psenﬁ‘fréggp?}cessed
according to fefel drého Helay P critiasl Jodsli THis procs@ee irefdribidab iak Yecife Waf ers into
the cluster tool at intervals delimted by a second_ sending period,

wher ei n tHe seaseading| Casspding inyolvga paptying afifst nt of wateraef eroddustay toalo a second
recipe. In e [ . j Lol h Fal:0md S atransition
period, duri %%ﬁﬁg[%ﬁlﬁ ﬁgﬁec‘{lﬁsg?jet?&?‘g@ %%%é@sogy%%g’ Sgﬁlglr%{)?’@fimf ers 25 from
the first pl ugimithineouslywdhe psocedaerigipertprined iith rol deddysrinaired anadticahe or nore
wafers fromthe second plurality. of fers agcordin ci t he second reci pe.
Embodi ment s, oPTopts SteRvaR i Ba dddiona] E?S@tséngBFﬂ?ﬁfse‘%Oé}%Sb? 7R thap

scheduling t i t i udes
esour ces f or e o e % e
peri od, 3 whikeekiting 16tsr The phtaring lof yayfalsadhve diffesent renipesanddhedughpry t he

first time perrelql?gements from the exiting lot.

An embodiment of the invention includes a method for processing
wafers which comprises loading a first plurality of wafers into a wafer cluster
tool individually at intervals delimited by a first sending period, wherein the

20  first plurality of wafers are processed according to a first recipe; and loading a
second plurality of wafers into the cluster tool at intervals delimited by a second
sending period, wherein the second plurality of wafers are processed according
to a second recipe. In embodiments of the invention, the cluster tool has a
transition period, during which the cluster tool processes one or more wafers

25  from the first plurality of wafers according to the first recipe and one or more
wafers from the second plurality of wafers according to the second recipe.

Embodiments of the invention also include a computer program for
scheduling the wafer processing system. The computer program includes
resources for scheduling the wafer processing system during a first time period,

30  wherein a first plurality of wafers is processed during the first time period
according to a first recipe; resources for scheduling the wafer processing system
during a second time period, wherein a second plurality of wafers is processed

during the second time period according to a second recipe; and resources for
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according to a first recipe; resources for scheduling the wafer processing
system during a second tine period, wherein a second plurality of wafers
is processedi/sdosi ng the second tine period according to RCEES@@74eCi pe;
and resources for 3 WD 01/67493 PCT/ US00/ 16794 scheduling the wafer
processing systemduring a third time period, wherein a third plurality of

vafers is proggsfthedHE Water P_ﬂﬁ:eésﬁﬂg" Fsfehl®urlrd Bfd tifdeeriblah@Bf 4 OF Nore

wafers fromthe third plurality are’processed according to the first
reci pe, and othgdgplurabtyefweffes s frocassadduringitheithplduined paripdaswehphaosssed

according 5 to the seco recipe. In . enbodi nents of the inventjon, the
comput er  pr ogPe Bra dorh fedREL LB R ot Thet Rt esi ng
system In eni?é@i%b,rmmtcﬁle@fr mdré &afety/ 61l RO thifdHAuGRITIAE BfocBse@heubrdifigsS a
genetic algorithmto schedule the wafer processing system In sone

enbodi mentds, torbe sesapditesipepdn gmhadimeats of dhepinNentionp thefPmppies AragsdAni que t o
hedul e th f ' : | PT
schedul e t eaﬁé?ildr% oxP5 9&%&54o§glte§¥?9{h%fvw}f%1§)r§gﬂs5§§ Qg%?&ﬁ{ i %%%e;[@%fﬂ GURES

Figure 1 is Ine Il at 1 ng poin whi'c rs are | oaded
i nto a cl ust ehe ine@htiomhke enmputérerogramt Bens gersetip atgotidon Iy sdhndwde dad s of one
sending period, 15 Figure 2 il lustrat %s the r%Igati ve and absol ute pick-up
times of threwalenRrospssing system, Jp saue pmbadimgats, the Computer RIRSTAR Yo ¢ he

pi ck-up ti Mesyn oY bpliMiZal6n tRhiudd schERe vl pTBds@ifg systerher ms of the
sending period. Figure 3 illustrates the various nodul es and transportation

modul es il® the cluster tool. 20 Figure 4 is a graph and correspondi ng
table illustrating the i . Figure 5is a
table illustrating the p@%@%@?@@ﬁwkﬁw 6 is a graph and
correspondi ng t abl Bigofe NM3AUinke Pheillubstiatin TRS poindia€ Whivhi vdfers Aredloadtli ng

peri od, wherein the sendiagaleperl od is broken into 6 25 sub-intervals, as

there are si xinfosslugertop reiipthePoits preseparated hy ntevalgiohgne paxdingd.  Fi gure
7 is a graph &diporrespondi ng table illustrating conflicts that

15 Figure 2 illustrates the relative and absolute pick-up times of three
wafers at a process i, as well as the mantissas of the pick-up times, wherein the
pick-up times are normalized in terms of the sending period.

Figure 3 illustrates the various modules and transportation modules in
the cluster tool.

20 Figure 4 is a graph and corresponding table illustrating the module paths
in the cluster tool.

Figure 5 is a table illustrating the recipe of a cluster tool.

Figure 6 is a graph and corresponding table of module pick-up times
which arise in a sending period, wherein the sending period is broken into 6

25  sub-intervals, as there are six possible robot moves within a single sending
period.

Figure 7 is a graph and corresponding table illustrating conflicts that
arise between processes for access to robots, wherein conflicts are indicated
when two modules assigned to a robot have pick-up demands within a single

30 period.

Figure 8 is a graph and accompanying tables and matrices, which
illustrate the insertion of queues to eliminate conflicts between modules for

access to robots.



ari se between processes for access to robots, wherein conflicts are
i ndi cated when two nodul es assigned to a robot have pick-up demands w thin
a singl ew@01/gap3 od. Figure 8 is a graph and acconpanyi ngPCEUKk@gs16a%d
matrices, which illustrate the insertion of queues to elimnate conflicts
bet ween nodul es for access to robots. 4 WO 01/67493 PCT/ US0O0/ 16794 Fi gure
9 illustrates reciBesreghilusteategrecipesasl tepipa tioles s @ clustentool.Fi gure 10

illustrates wafer flowjn steady state i.n a cluster tool. igure 11
illustrates a tranﬁ‘igﬂe_ _IHB?tfaé?f?/W‘?ftﬁr {}\ﬁ‘i"&%“?ﬂg'_ Slc{‘?tﬁgl %FluftSHOOI:'pr ocesses an
entering |ot and apje@M 1 iN@sttds a tarksitdaRridd, ih WHic thatRstel It 1 M ng of the

first wafer of the entering lot in the 'cluster tool according to an
enmbodi ment  of propess¢sraneantdring, lotEd ANeRMINBHSICRI PTI ON Synchr oni zed, Confli ct

Resol vi Schedul th ' . [
ot hotl 1o mad m 2T W rsiopare SRR S Nerl SRR RRRIORE BEC S oy

schedul i ng evester todl dcberdirpyttad Rhibodange bf d@iiavenfioedi ct abl e fashi on which
elimnates conflicts for system resources. An exanple of such a
manuf acturi ng system conprises a series of process steps 1, . . ., N

whi ch are perfornmed consecuti Yy ¥AAEDTPESCRYPTIGN ts 15 of manuf acture.
The individual process steps of the systemare conducted in "nodul es", or

"process chan$archionized] GinflietdRéselyind Sehedpderss |isted in a "recipe". The

manuf act ur.i n tem al so includes. f. t ti th it f
manuf act tjlroe gef&ée ﬁ‘B‘H’ET‘éflstﬂf’cﬁyeﬁ?efilévg?lﬁgégg‘fslﬂ%%éaflﬁgs @rég{n lzfr}egcrtr]:jes °

robots. Conf |tih96u§hﬁﬁt¥anﬁ%~tﬁﬂl|it5/ iR RAMCRIrERFSHeS tysch&tRliny V&R whee separate
20 nodul es demand a robot within a time span which is insufficient for the

robot to sersystse intrepssiodive piedictableiashion wii¢helimipatescopdliets f31sgstem schedul e

the systemin manner i i i .odi Cl.Ly, ] 2 s in the
system are syrﬁg?'uurr((:)erﬁ zed X\gg{g?%%ﬁgé?h gt“& %8?a§ég1%g,59%%%&0 @é%%? ?en];égr%al s. An
enmbodi nent  of probgss pteps eNt. ., Nnvisioh aeperfoehedieshsecutioelyrondndividfuabedisct i vel y

schedul i ng del ays in various steps 25 of the manufacturin rocess in order
to elimnate ¢ %a@lf@,‘ﬁuréo Afg indigd paélgar%gpq steps of the system are cor?due:ted in

“modules”, or “process chambers”, and the series of steps is listed in a “recipe”.
The manufacturing system also includes resources for transporting the units of
manufacture between modules in the series; these resources may include robots.
Conflicts may result between processes in the system when separate

20  modules demand a robot within a time span which is insufficient for the robot to
service these modules. Additionally, it is desirable to schedule the system in a
manner which exhibits periodicity, so that events in the system are synchronized
to occur at periodic, predictable intervals. An embodiment of the present
invention includes a technique of selectively scheduling delays in various steps

25  of the manufacturing process in order to eliminate all such conflicts, as well

enforce periodicity, without degrading throughput or quality of the system.

An Example of Conflict-Resolving Synchronization: Wafer Cluster Tools
An example of the type of manufacturing system described above is a
30  wafer cluster tool. In a wafer cluster tool, the modules comprise process
chambers, which are organized around a group of wafer transporting resources,
or robots, to perform a sequence of process steps on the wafer. A wafer enters

and exits the tool through a buffer called a load port. Once a robot retrieves a
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enforce periodicity, wthout degrading throughput or quality of the system
An Exanpl e of Conflict-Resolving Synchroni zation: Wafer Cluster Tools An
exanpl e s¥ovhe74bype of nmanufacturi ng system descri bed aboreriusoric780 waf er
cluster tool. In a wafer cluster tool, the nodul es conprise process
chanbers, which are organized around a group of wafer transporting
resources, owafeofrotnss load ppes the wafer iseapsported sEfjugntndy $]$rosgleﬂs seriest he waf er.

A wafer enters eX|t he t ool rough a. Quf calle | pad port
Choe = robor TuppRdpeRbesiiet Ve trtihey A8 PeemeddehBvbEY 2 Wates’s i | oad
port, the waf@ra heduilé aasBRWATE $8aHRGhIR MYddIBiOMBlrddE a5 Bidiile Of MDdul es
specified in a recipe. The tine period defined by a wafer's entrance to a

nodul e and thlerovmélmesTb»s|nr0¢essmmmm@1mmeetlm@a¢t@¢1é/rsp@w processing thdul e
process ti S pr ti uaI I ent. processing
the 5 waf eS;Tel‘Ha f'nmt% gjq%zl?eaas? V\?\E‘ ?Sq gﬁ%geag&grr’%reng“?&nep r?pequﬁf V&aff’lg prepare

the wafer fofor proeessiiy aid mcldupi ck up ( note that though the wafer cluster
tool is descrjbed above as passi i.ndi vidual wafer between nodules, it
wi |l be appar@rfic that ﬁweglémqwfar ?Mﬂ@ﬁ@oldﬁfiescnh%& ahoye ap PassEIL an nvention i s

equal |y appli W@tfvﬁr r am% set of

wafers is pas@gg)l@gg\%g%rr\ no SPgﬂs Ie nltg@?it)%lﬂ) ﬁ? %Qlé&hﬁ% {]Jlgter t ool ,

a delay in plttbku thg pregerithevenpion cesmellly agflieablatya &dfeerchfste; tadfl fiwethichra waf er
" " as

results; such. nodul es |dent| i ed as ritical process nodul es,
t hey cann@t tQ}F‘g?tﬁtSEthgYag% 1S Rpé® Wﬁ?nem %Se) process tinme is | ongest
amongst al | nodul eﬁldeﬂafrﬂﬁocﬁhé&%fqﬁe Elﬁ&lar 1'081 l@ela?%@})icfdn%dapatﬁet he "gating
nodul e"; the process time at this nodul e termi nes the throughput of the

cluster tool prBeesans‘efaﬁehmag ativwgelmﬁfmt@nd@af@rmtﬂ@s SQChenociuhsmnghput of the
cluster tool, t ée% A rocegsrx%ggulgse’lf ?y c o{ t%i:er{&g del%r o yaf er
ts aa P én de their

c
cluster tool lId es Tn'sequ ongs

respective prec&ss “&io@@procérdaemid 1I§Eorfge§tlahﬂ(m§stth‘j{l rﬁodlﬂéwfh th@clustanspbist a waf er
20 between two npdules is referred to as its transport tine. Wafer Flow

Managemenkd i nidenitied asdbereatips mogated; the pevgessimg atthisimodule detegmiges
or chest 1 at | 0@ty Walihu BF AE BRSIREANBecalled (B ghfifl'7BAAI/dirinfhed ufd USt er

tool, determ nes hroug put an
throughput of the cluster tool, it too cannot tolerate delays. The recipe for a

wafer cluster tool lists the modules in sequential order, alongside their
respective process times. The time required by a robot to transport a wafer

20  between two modules is referred to as its transport time.

Wafer Flow Management in the Cluster Tool
Wafer flow management, i.c., the orchestration of wafer processing and
wafer transporting in a cluster tool, determines both the throughput and the on-
25  wafer results delivered by the system. Effective wafer flow management
requires the simultaneous satisfaction of the following two conditions: a wafer
which was just processed in the sending module and is now ready to move
should do so when (1) the receiving module in which the wafer will
subsequently be processed is empty; and (2) the robot assigned to transport
30  wafers between those modules is available. In the prior art, condition (1) was
satisfied by providing additional redundant modules. Such a solution, however,

compromises condition (2) in two ways: (a) it results in an inadequate number



25 wafer results delivered by the system Effective wafer flow nmanagenent
requires the sinultaneous satisfaction of the followng two conditions: a
waf er wwa@hi/6®ms3 j ust processed in the sendi ng nodul e andp¢EFUR@NG6rBady to
nove should do so when (1) the receiving nodule in which the wafer w ||l
subsequently be processed is enpty; and (2) the robot assigned to transport
30 waf ers bet ofaebots sasmgrtoo uiang malubesar (Bhve .or hivré hedples erayasomperondi ti on

(1) was satisfied by providing, additional redundant nodul es. Such a
sol uti on, hOV\%V‘é‘t?neoﬁﬁlbfﬁ?b%é%‘é"c@&gair?l?%ﬂ (2) in tw ways: (a) it results

in an i nadequat e NYHRRthe o\QnBCAL A3 HEoUeURORIAEAhedOhetb RN BeSE Vi NG

too many nodules or (b) two or nore nodul es nmay conpete si'nultaneously for
t he service opickupatsait, IfMeh delags bovor etaritical poesesh neidetes athey edwarsely

conpr om sed, lays in wafer .pi.ck-up result. If such delays occur at

cri T cal i ool bt ARGl aitB 5% sl pnf EhaBPRIE SN T s ana i 1
such del ays og&Widodn thidvagBRiti PG sTBK! i i€ impdigivesthwhel auispbRrcOHdIRBRS - As such,
it is inperative that the transport conditions |isted above are guaranteed

with respect kisedatone et sysrantesdsviftpisapesstomiticehrocegamadylespadithe. In case
(a) wherein ”%éé%tggﬁd(;&gﬁé. 8 chge ({azg}tﬁ'ﬁfeﬁdm%)%g{ﬁpgﬁfg {g@? id Qg Ry de.

addi ng nore r nmtiga € Si ver, 1n cases_LO(b), t he

probl em r esi desuld provide, Addifg ot robbts cawmitigasethe isitationq Hsteveiin taseaddi ng
nore robots can also_allevjate case.(b), this is an inadequate sgl ution.
Si nce t helOr ecibpehgproblem rsstes & the fianig pEthe rohas service reqiestn W hilpaddingi ngs of

the robot SeribeobfguRPliso BIEHALRRRALRiSR Ak ARLAC SERALY N0 the tuo

conditions can arise omaltering waf er recipe to synchronize with
waf er transport. ASind&thsabmpeipriesgibet darthe blustdetol ddiehihes the ninpegsfafr ns such

synchroni zatign. .This schedul er .descri bed.herein can b ncoded .in software
cxeouted by o EHbORERS NAPETLR A IRECEBLBNEP SETRe Ged v RGBTy O b
storing the sQhtadaé om Bfeéing theRvatePrecR¥eS WrichtbniRevisPaiR @nspoft. 30

enbodi ment of the present invention, the scheduler nmay be used off-line

from the anuichedulingmigosijhym desaribed hereijeneafoame suchgyachieniaptiihed schedul e for
the system Alterngat \écqle%i%lg{ H{sﬁﬁﬂéﬂjlﬁeﬂ b caf BY el dEP ig{f o?tha%g edddfited b

manuf acturing systen So e scheduler can update e operat Yon of the
system i n read edmhpRer, wherein the computer comprises a memory for storing the software,

and a CPU for executing the software. In an embodiment of the present

invention, the scheduler may be used off-line from the manufacturing system to
20  generate a pre-determined schedule for the system. Alternatively, the computer

may be coupled to the manufacturing system so that the scheduler can update

the operation of the system in real-time.

Synchronizing Wafer Flow in the Cluster Tool

25 In an embodiment of the present invention, wafer flow is synchronized
by sending individual wafers through the cluster tool at a constant rate. This
rate, referred to as the tool’s “sending rate”, is expressed in number of wafers
per hour, and paces the wafer flow with a periodicity equal to (3600/sending
rate) seconds. This period, referred to as the sending period of the cluster tool, is

30 the heartbeat of the system. Individual wafer units are introduced to the system
at intervals of one sending period. And in order to synchronize the cluster tool,
all process and transport times are measured in units of sending period.

Furthermore, to ensure that the same tasks can be repeated in succeeding
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Synchroni zing Wafer Flow in the Cluster Tool 25 In an enbodi nent of the
present invention, wafer flowis synchronized by sending individual wafers
t hrough tweoobust er tool at a constant rate. This rate, pefesoed7440 as the
tool's "sending rate", is expressed in nunber of wafers per hour, and
paces the wafer flowwith a periodicity equal to (3600/sending rate)
seconds. Thi spepeds,ale rdb@fsanrtlmclmemoltahescseddwg) peomptstodll sdreicel ust er

tool, is 30 the heartbeat of the system |Individual wafer units are

i nt roduced t Jef¥RStSs erealier rafered fauas, 4asks o fVithirpa sivgldishrdipe peRe- Ahd in or der

to synchroni zg f hfe S' zatt189 bf the dsteg E@fﬁlﬂ%ﬁ"g dbleARERA5 of 1TRS 27 e

measured in unit’s o sen Ing perio nore, to ensure t’hat the sane
tasks can be to@mbesamber ofnamdtaeammgfoﬁnmﬁhin&?sbﬁ&@@ﬁbm@m 26H84 peri ods,

the robots in the cluster tool are sc d to. acco ish all service
requests, %hereé‘&’f’tt’B?mF’étf‘@lrﬂ?‘BG S¢ %%p"”qoglstg?tﬁe%t’t‘%lf? ATISe- StheSF BOMERR ng peri od.

As such, theshal ReRARB! Biefe?RRd 96 ad fh8 “ﬁl’rﬂ&?ése'bfﬂfé%sﬁe@t%!:'tﬁﬁé a determ nation
of 1) the total number of tasks that are performed within a sending period

and 2) the 5 exactThmcmncptsxpfmndma pgeﬂéﬁmvglspfemrgmzmmarc Hbl§@a118é$1ks ari se.

These nonent [ 1 4 r e ref er.r i t he
respect| ve tZEslﬁ'%realTh%hegtolﬁgl elOO ﬂrcingg%%ErP‘(ggéie‘é‘ﬁ ti‘yﬁ%%?%lﬁ SPion are
il lustrated ithe fikdt geafer 1iloaa&emtd melc'luaerm ﬂrla.suﬁmhﬁél(gmdkﬁlaxca\zdanﬁh denot es
the nmonent when the first wafer is | oaded into the cluster tool. The

timeli ne 1000 ynits@érae sending pepiod d 1%nFach féﬁrnqs?ﬁéwelr@d.lﬁe 19&#@«5@@10 Each
dermar cati on é;@épelg\‘??l%% lﬁféls ?Jvﬁ%h the' ﬁ«g@gﬂhfﬁem oquﬁefx %r@ltoa%\% ch the

second, thir urt ers are rnto uster t A
princi pal chanmcthelclustertoomf synchroni zati on i s periodi CI ty t he present
i nvention ensures that fo 1:] each task i ck-up tines

for any 15 wafer UMEEPGEP f&lafaﬁaepsvagﬁéyaﬂgovﬁam ’éé’F“O‘%*ﬁ’@é P 2

the cluster tja@dntioansides BasRE bahaskki 1=, . I #1186 pieR-upi thkieshidr byt denot ed
Ti, where T; is normalized in units of the sendi ng period. Figure 2

depi cts tl8i s wafar wndgrgging et gk @‘Pt@eﬂtl‘mr déws gaghetpsk 1 ipgheglustergogl capaf er 2
210, a0, 101 S PSP RN A S B AR 720
the time at whitlof waf Rhdihg ipsridd) akigarei ndeidtd il bithit s f ﬂeﬁ@ﬂicitsr.hé’hree
wafers, wafer 1 208, wafer 2 210, and wafer 3 212 are depicted on the vertical
axis 202. The horizontal line depicts the TIME axis 200. The origin of this axis
20 201 indicates the time at which wafer 1 is loaded into the cluster tool. The
relative pick-up times T; at task i 200 are identical for each wafer. Because the
wafers themselves are introduced at intervals of one sending period, the actual
pick-up times are separated by units of one sending period.
Figure 2 also illustrates a distinction between relative and “actual” or
25  “absolute” pick-up times. The relative pick-up time of a process i is denoted by
T; 204. Since the relative pick-up time is measured from the time a wafer is
introduced into the wafer cluster tool, the relative pick-up time is identical for
each wafer, wafer 1 208, wafer 2 210, and wafer 3 212. The absolute pick-up
time 214 is measured from the moment the first wafer was loaded into the
30 cluster tool 201. Since the wafers are introduced at intervals of one sending
period, it follows that for any wafer no. w, the absolute pick-up time of wafer w
at module i is
w-)+T;



relative pick-up tinmes T, at task i 200 are identical for each wafer.
Because the wafers thenselves are introduced at intervals of one sending
period, tWeoretoml pick-up tinmes are separated by units pPETOR®/endi ng
period. Figure 2 also illustrates a distinction between relative and
"actual " or 25 "absolute" pick-up tines. The relative pick-up tinme of a
process i is Danptdet (w-1) i&;ill@drhtedSh iecfigure 2t &l at i ve pick-up tinme is
nmeasured fromthe ti a wafer is _introduced into the wafer cluster tool,
the relative pi ck-%fs&ﬁ&%w%ﬂmﬁwh isrites}in syagHonEton s desgnated Bos, v er

2 210, and [ 12. ~«The absol ute i€k ' 4. ed fromthe
2,210, nd uehetyddhe TRLEARACKY T U Syt T2 4§ rBgaH G L Lom L
wafers are i nouREUTLdowh td theRe¥dstSnteierORThSRAIADS Qs elabsdd! | ows t hat
for any wafer no. w, the absolute pick-up tinme of wafer w at nmodule i is

(w1) + TS5 8 sipeCh¢ bepin@npofithgsooenteeading pericd. pBresoparameteys 206 arg | ust r at ed
in the figure, 216. Anothes. par te ich 1S Chiti LN.S hr oni zati on
2 desi gnat ec sy Mop RS g ST g theffiyallel frejlesiefor YA 88\ 2 Ty
(T) is a funcdihRihé Waters rewnded bt idRWALS & dnkBeMBAS P&iod, HeS@Rles off §; t he
fraction of Ti that has el apsed 5 since the beginni ng of the current

sendi ng per i &6 artsteatipnd fermatle wefer0Fhesedractiprs 4, i Fus Br it edN compiispur e 2.

Since the T, yal.ues are identical, for each fer...and since the wafers are
Thoorted at ' iHE PGRa T B bERpoluE AR gl e e g

i denti caljof or eachTied@hber bhesks Nadé theaftfiings of these thsks@onslitute thdNoa@npri se
the timngs of the tasks the robots nust acconplish within a sending
period. 10 THd thatrerspors Singskly intheragcurpalatiompp ipsthe fthimedide offbgs constitute
the load of the transport, Since.Ti is the accumylation up to the ith
modul e of t hePTOFfSHEBCS Pifné§§8r’$“,”‘}nd:tﬁ??%f‘%?‘nﬁpof”% the robot transport
times ti, j =1,2,3,....1.-1, 1t follo that .for any.wafer, the relative

pi ck-up tine &v =ﬁ33u1'é'1i’ 14 tjgho‘ﬁthﬁ of g1y Wjaf‘ir’;tili,reg%/t@’.e.p}%'uﬂ mepty |t al so
follows that phe tiping of the tasks, z =1,2,3... N; is

i i~1
15 Ti=).p +).t; i=123..N
A
It also follows that the timing of the tasks, 7 =1,2,3...N; is
%=T. - INT(T))
i i-1 i i-1

=Zp;+Zt;—INT(Zp,+ZtJJ; i=1,2,3...N 1)

Jj= =l =1 j=1

Since transport times # are fixed for a given cluster tool, it is apparent from

20  Equation (1) that the timing of robot task z is dependent solely on the process

times p: as prescribed by the recipe.

Periodicity and Wafer Identification
The property of periodicity also enables the identification of wafers in
25  the cluster tool. As elaborated infra, the synchronized scheduler ensures that 1)
the wafers are loaded into the cluster tool in sequential order at intervals of one
sending period, and 2) each wafer loaded into the cluster tool undergoes
identical events at the same times, as measured relative to the moment they are

loaded. A consequence of these two conditions is that wafers enter and depart



z=T,-INT(T) -1 P, +ipi+it, ; i=1,2,3...N (1) 1=1 %1 J=1 J=1 Since
transport tinmes t; are fixed for a given cluster tool, it is apparent from
20 Equat ivomo{/d493 hat the tim ng of robot task z is dependeat/usa/whgs on t he
process tinmes p; as prescribed by the recipe. Periodicity and Wafer
Identification The property of periodicity also enables the identification
of wafers in ea2b niddmlecinubé elusteoobl inAke aldabthentete onidinglly koBdedsynchr oni zed

schedul er ensures that 1 the wafers are | paded .into the cluster tool in
sequential origrvalgo ?ﬂeegei?ﬁllng PS’FO‘{)n%S SU n?ﬂcﬁd"ag%rrlpéd?o gicMbeaach waf er

| oaded into titl@nts:ﬁéasgiﬁm}{@% glgeﬁérind@mh%ly Aued & Alted Bt Same tines,

as neasured relative to"the nonent they are |oaded. A consequence of these
two conditi onmodulet Khis featfiesref thsyachranided sghaduler 8 refered ieFa9aer

PCT/ US00/ 679.§ tgtac m)dulag i _the,cluster tool in the order they were

ori gi nal |3? | oHEUHICAPD, QT WALEY, ARS8 - one sending period. As such, each waf er
in a nodule can be identified sinply by tracking the order in which they
entered or exited that nodule. This feature of the synchroni zed schedul er
is referred tbaggingand Meldylg®athstj cati on, or wafer "tagging". Tagging and

Modul e Paths In an e ' ! 1N | r | oaded
into the cluster n&noi(ﬁoe%ﬁr%rg%gﬂ%}? ?@éﬁ@ggﬁtm&b%ﬂéﬁ;@i ?ﬁ&ann%é‘ﬁﬁ?a
particul ar setlusiér tooidiolless a partishiae hmodule gathBick. taopdrticulgrsecefaaedulesn t he

cluster tool. Thjs feature of the present. inventionis illustrated in
Figure 4.10 n vhic C%ﬁi?epﬁ%&‘,e PEYE eﬁ}fb@@%lﬂeﬁt e%ﬂ’élfﬁ?&“@r"%ﬁmm%& one or

mor e modul es iﬂ%ﬂﬁfbin% ffhsthiel in F%uwrlﬂitﬂisteﬁﬁoﬂﬁﬁé?ﬁ,sea@ﬁ ﬁrotc sQf@RSed. The

nmodul es for each process are ordered In a sequence suc at when wafers
arrive at thatlugserdoeldsis onbeymarempideeassoqiatedevithgt, vdepom thenwaféss anpdul es i n
t he sequential orde

nodul es, the I?IP??f‘e‘{Naf}%%l?ﬁm%‘@r é{?&%é regggrg%f%e?‘%s%%m%eﬁg‘%r{cgrgg&n@w'? he second
\tNﬁfe e ][ Oug ?ﬁs t WhéhRaRRCRAde ADHE Rocdsd) @hdytiré plavef RItheBéreéspordifg f i rst nodul e,
15 modules in the sequential order (for e.g., if a process has two corresponding
modules, the first wafer in the system goes to the first module, the second wafer
goes to the second module, the third wafer enters the first module, the fourth
wafer enters the second module, etc.) As a consequence, the total number of
module paths that a wafer may follow is constrained to the least common
20  multiple of the number of modules corresponding to each process.
The embodiment described above is illustrated by example in Figure 4.
Figure 4 shows a sequence of process steps, VP 400, VPC 402, CT 404, SB
406, SBC 408, PEB 410, PEBC 412, DEV 414, HB 416, HBC 418. A symbol
of a process step appears for each module corresponding to the process step.
25  For instance, the process CT 404 has three modules, and corresponding, the
symbol of CT appears three times 404. Above each process step is the number
of modules for that process step 420.
In this example, the least common multiple of the number of modules is:
LCM(2,2,3,3,3,3,3,4,2,2) =12
30 Hence, the recipe for the cluster tool prescribes twelve module paths,
which are listed 422. Each column in the table 422 lists the module number for

that process step in the respective module path. As there are twelve possible

paths, every twelfth wafer follows the same module path. As such, by

10



waf er enters the second nodule, etc.) As a consequence, the total nunber of
nodul e paths that a wafer may follow is constrained to the | east comon 20
nmul ti pl e vob ot/bm@9nunber of nodul es correspondi ng to each proT/@Es&/16THe

enbodi ment described above is illustrated by exanple in Figure 4. Figure 4
shows a sequence of process steps, VP 400, VPC 402, CT 404, SB 406, SBC
408, PEB 410, idpEBginglowafbEandithd orddBimwhbich HBgasdld@ledAntoythbtlol, thf a process
step appears for each modul e cqrr ondi n t he, proc step. 25 For

Tnst ance. t hePTEL ASEnEoP SiaRich de CHTEUSHON aF dhe mAlE BOP FOLBSHINGE ¢ he
synbol of CT gpears three tinmes 404. Above each process step is the nunber

of nodul es for that process step 420. In this exanple, the | east comon
mul ti ple of the nunber of nodules is: LCM2,2,3,3,3,3,3,4,2,2) =12 30

i o’ ar 631 | chafiig Gheled o B Ao @ REFHRGEHANE Ko © O "N moer

for that process Huaapcipdgivheriseaspaniltaneous)dorhpetiigtshrviddsrefinstsefonr e t wel ve
possi ble paths, every twelfth wafer follo t he sapge nodul e path. As such,
by 10 WD 01/ el %sabmelgéw dfeﬁm:brll? &qry\ﬁ'ﬁ& the sapietsa0uby AddBe der i n
which it was ' ik # ISR doRVeB ARt BSnd he
determ nati onﬂlggq?ﬁ%ﬂs%@ﬁ%@%ﬁﬂ@%ﬁﬁ%&gégﬁg@ﬁ% waf gr.CS%ddﬁré Queues to
El i mi nat e Conblmadify the recipean spmtrpdudeateliRersteudetays, Hefreadter ealedajugiiases rise to
si mul t anequs, conpeting service requests for partjcular robots, it would

be desirdfl e @otd BSAOPrinY REatess FERSSINOEECT Y acleneriningaYch BBYES but
ratner DY ol iEy BRI the e MRpEORAEN Gl iSRG el 0T Y e

recipe is to I ntroduce era ays,” hereafter ca ueues-10 q; ,
to the non- crthek@dl Spelog schems] wsed in corurtheion wathalequatoe ()] isithgbasis foh r esol ves

conflicts w thoyt conprom sing the throughput or on-wafer results delivered
by the tool .tﬁsu%wcﬁrogewewmﬂ%ﬁpﬁe@an?tﬁ%eﬁeiaaﬁnma Y BHSSRRO®L), is the
basis for thgogYRCRIPRRNS s i80FdqubM whith rEREER deRys AU rRRaBodsk 9 nal 'y

prescri bed may I ntroduce conpeting service requestsS which result in del ays

at critidél pmndgatisg $®pathtrefat dagpdangthe waféraquelity and ghradghnyt phhewaf er

quality and tsrillgéig-%a%yrtch%{erttgoq. The aim of "synchronous algorithm" is to insert

intentional delays at non-critical process steps in order to ensure that no delays
occur at critical process steps or gating steps, and thereby ensure guarantees of
throughput and wafer quality.
20

Solving For The Queues

We shall now demonstrate how to solve for the delays, or g;. Let 7 be
the timing of robot tasks as dictated by a prescribed recipe per Equation (1). By
adding queues ¢ to the process time p, to modify the recipe, the new timing

25  ©*isgiven by:

i i—1 i i—1
ﬁ'=Z(pj+q,-)+th—INT (p+aq)+ Y ¢
j=1 j=1 j=1 j=1

i i

=ﬁ+qu—INT(Z(pj+q;)+iZ_l:t;J+INT(Zi:p;+’itj} @)

= J=

11



singl e-wafer cluster tool. The aimof "synchronous algorithm is to insert

i ntentional delays at non-critical process steps in order to ensure that no
del ays oxauor/emb3critical process steps or gating steps, POOUSOersedly ensure
guarantees of throughput and wafer quality. 20 Sol ving For The Queues W
shall now denonstrate how to solve for the delays, or qj. Let Z. be the
timng of robbhe olajsdtéleastocﬁmtmwdf tyeuas pite be insbeet] atéls pen-éticaEquat i on (1) .
By addi ng queues process ti to nodif he .recj pe, the new
DY i ! DY U058 Hept fuckyRat RS S58 Snsp A betvpggrany yoioduiie K SR 3 "6_1%1
=z. Lgr- 1 NT J(srt@, 3 DN, sh8T I p; +Yt; (2) J=1 J=1 J=1 I=1 I=1 11 WO 01/67493
PCT/ US00/ 16794 Tf’ue objective is to find a set of queues ¢; to be inserted
at the non crint ls,d¢+1prd&e\sbergnengle§w1d mh@lenh@etaswedrt@ha‘muhelbet ween any
two nodul ere nodul e k
and nodul m a?fg’rs slfeéinué)ﬁj yttﬁe avero{bﬁl\lls Sr egtemhf“élﬁie trané?( rEltlmﬁ thwl]et he sane

robot, is greaber THiawotkellbhalosigetinteival saffidiée foﬁtﬁ@ﬂﬂmt ?aueﬁwwwllld al I ow
for tinme intervals sufficient for the robot to service all nodul es and

thus avoi d haupdyes endsthpsevoidhavingiosepeanpisdbancongimedule dtengivemime. However

t he queues s V.QI e |d||ng
of nodul es. %ﬁlg&%\é‘?@egﬁ%ﬁé) Egrl‘%g Iﬁ%ll‘}iesg%gg il eBS’uC@]t‘B a%lﬂ)%%‘é& ul es or
10 the gati ngdtmgluf modilee And thefe moahﬂmmdldeubeats:akwﬂq)ré@ss msrlml@s Brjuati on
(2). This élds a N ystem of linear equations (r,* -r)=a,q; ; where a,
|salowe1 ﬁﬁtﬁﬂgamo‘ﬂﬁtrlxwtha,,:o,fori <j ; and a.,=1, for i >:

j oozl _ 21 1 0 Orm: £t 0f §uefleshill be solved for using Equation (2). This yields a

M-

system of linear equations (ﬁ - 'n) = aiq; ; where ay is a lower triangular

I

matrix with /=0, for i< j;and a=1,fori>j:

Cwt-m ] 1000000 0] g
o — 1 1 1000000/,
o5 =1 1110000 0|]|g,
T4 — T4 11110000 q+
o =oooooooox° ®)
,® e o o o o o o ®
i I PO T T T B
A S T O U TS RS S 1)

15  The constraint that no delays should occur at critical modules is now applied to
Equation (3). For example if module #3 and #4 are critical, Equation (3) should

be modified to the linear equations as shown below.

Cnon 11000000 0]
. 1100000 0[]/,
; 00100000/
0001 0O0O0OO0 q-

= |x @
L4 o ¢ 0 0O o o o o L4
.® e o 0 0O e o o q'
v -1 —Tv-1 N -1
oot roo 1110 g
! JJtto001 11 1)L .
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z2° T2 1100000002 z3; - T311100000093 T4-T411110
000 g4 X (3) # -TN1 N1 TN -1* 11111110 QqgN
2N ~' 1 Waotle#9d 1 1 15 The constraint that no del ays shpal/@sacwn at

critical nmodules is now applied to Equation (3). For exanple if nodul e #3
and #4 are critical, Equation (3) should be nodified to the |linear

equations as mr&yu%tlb@[@\/’dboié the tfhinks & @slﬁ}e&ribe@bﬁtlmong'fneﬂ rccqzéaré 10000
00g2 000100000(@3, 000010000094 (4) 0
0 zN_|* knoyn. Thejtargebtimings 1 % arg sgiNo zalues mwémhmmate cgnfllctﬁ 11 12 W

01767493 PCT/ ﬁ%@&@é&ﬁ? gl%dulegu%ﬂ%ﬁ{e sﬁﬁxh(r“l%ota&%%é&{nbteﬁ%aﬁxep‘ P EHSBF P! escri bed

by the original recipe are I'mngs Z are set to val ues
whi ch el i m nagguagioni4) & knowe varaey) B{elvemwltql @Sthe® blded fog bype robot, as
described earlier. Thus LHS of Equation (4) are known val ues. The vect or
g, is thers somubiplfing (#y- o with thaintérsd of thg modifiedzpnstidiin hiteixiasskoee of the
nodi fied constraint matrix as shown in Equation (5) below Adding this set

of g, to the indiquepofidibslpwrodiddiag this stes g tq the cprresgondingyindiioni ze waf er

10

15

20

25

t h waf 1 - -
Or gn_srlpor'E ;Mztpra\éc{ase%%lq_p;)g\?vgfgyr@ﬂ@nge wa erqtra(i)lsgortowﬁh wafc;l;lprocersl 2110000
q-1
-q1-10000000 o]
& 11000000 o -1
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q- 0001 0000 0 s
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An Application of the Synchronous Algorithm

Specific embodiments of the invention will now be further described by
the following, nonlimiting example which will serve to illustrate in some detail
various features of significance. The example is intended merely to facilitate an
understanding of ways in which the invention may be practiced and to further
enable those of skill in the art to practice the invention. Accordingly, the
example should not be construed as limiting the scope of the invention.

The synchronization of wafer transport with wafer process in a cluster
tool will now be illustrated using a specific example of a cluster tool. Figure 3
is a schematic for a conceptual plan view of a wafer processing apparatus. The
resist coatingvand developing modules are identified as CT 300 and DEV 302
respectively. Also shown in Figure 3 are the different bake modules vapor
prime (VP) 304, soft bake (SB) 306, post exposure bake (PEB) 308, and hard
bake (HB) 310, as well as their corresponding chill modules. The arrows
connecting adjacent bake and chill modules represent the inter bay transfer
arms, IBTAs 312, that transfer the substrate between these modules. As a result,

the locations of these bake modules constrain the location of their
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g4 _000100O0O0O . 00 " (5) 00 ggN' 11 001 11
O zNz~- TThI 1100111110 An Application of the Synchronous
Al gori t hwepseidbi ¢ enbodi ments of the invention will now bPeT/Ugow tsess
described by the following, nonlimting exanple which will serve to

illustrate in sone detail various features of significance. The exanple is
i ntended ner edotrekoridaed ¢Hill plate. dthe chRees sidanation CBIS) vébos 31 Ashiwicin thére
invention may be practiced and to further 15 enable those of skill in the

art to practi@gure Hensfprsenbstistes frse andiiorthe gassetireendsiation) dheREBPY not be
construed as ilrlke?fvaﬁ% m{}i@ §g@ﬂ§ns?érs EOR bR aewtottigg Fteé\%(e{i‘ﬁﬁ@ﬁgée? ation of

waf er transpor rocess In a cluster now be
il lustrated uFhelOanshie3 8 & achudifepkeneddr the shbmtaer transpdrtedRoghe gepperi s a

schematic for, a conceptual plan view of a wafer processing,apparatus. The
20 resi st Sco_a‘PFe?i Cﬁlfe&ndé’a@f‘dbl?ﬁ‘fﬁmﬁﬁa‘?ﬂe?@rya\rﬂ@q IB@ﬁtrPlgc?éébégthﬁ&@ﬁﬁ%oand DEV
302 respectiyglshort HeSRAbSRAVBetiweed hI0 biher Bodiles iltd advhp&Rimte ke nodul es
vapor prine (VP) 304, soft bake (SB) 306, post exposure bake (PEB) 308,

and hard bak@/R®Bp r&i®coatdGliel | as their corresponding chill nodules. The
arrows connect | nggad apent. pake: ARAGENL I, ARANL 5. RBLEFEDL.ch A nLer bay

|
transfer 25 arns, r anst er e'substrate ween t hese

nmodul es. As athe e&tiéniatic, Wheén {he ¢ahipoismedns idwhe B DAkke sitdtthesvitidasé r ai n t he
| ocation of their 13 WO 01/ 67493 PCT/ USQ0/ 16794 corresponding chill plate.
The casset® e @ty one aptiasninthgBywdingsam hhus isibpase whepdhe subgtigteis r ansfer s

substrat es 11 osaifed Rohi%apBFREHE BukMbOb IrbA Prindd\hift UGPARIwd LT Tace (1)

robot 316 transters substra mand to t epper intertace.” The 1/0O
nodul e 318 i swherbtht transpooinaednsiis thhenasn ot tiesubstans@old bavetsovdrhle st epper 5

interface if and n it becopes necessary. The.main robot 32Q js the neans
to transport ?Hﬁ@n\é\ﬂﬁéﬁ‘%‘?@eb‘é e §§r§te6§%g}ov£8rg%%re§§ ?Paégwgﬁiﬁor pri me
chill (VPO A®y §i&ah Bt ueAForte@lo anyrdfdhe & 1fbdke nfodttdiaitBishéwh N Fighee vaf er

process flow. As can be seen from
15 4.

The Synchronization Algorithm
We will now demonstrate the application of the synchronization
algorithm to this cluster tool as a series of four steps:

20 - Step 1 Input The Recipe And Throughput Requirement. This
discussion refers to Figure 5. This step commences by inserting the
recipe in a table 500. The first two columns 502 list the process steps in
sequential order. The sending period, also referred to as the “system takt
time” is also noted 504. Cycle times, also known as module takt times,

25 are then calculated for each module in the “Module type” column 502 to
ensure each module takt time is less than the system takt time. The
module takt time for each process step is listed in a column 506. If not,
redundant modules are added to reduce module takt time. As will be
clear to one skilled in the art, for each process step:

30 No. Modules Required = INT (Module takt time / System takt

time)
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the schematic, when the transport nmeans is the |IBTA the substrate will have
10 only one option in the flow diagram This is the case when the substrate
is transpont/edddrom a vapor prinme bake 400 to vapor pri nmeCTRO0/ 16492,
However, when the transport nmeans is the main robot the substrate could
have several options. For exanple, when a substrate is renoved froma

reg [ Ist coat nodul e 404In this examplegmostansqied requiteorraddifonhhredsafant bake
nodul es 406 shown in Figure 15 4. The Synchranizatjon AlgorithmWe wll
now denonstrate t hBOAWS T pragherait nﬂ‘h’é‘l‘?;fﬁ%lﬁ‘feé&?rzeé’f’ Brpcesy Y Sthedt o this
cluster tool as a gefidgn®bog.our steps: 20 Step 1 Input The Recipe And

Thr oughput Requirenment. This discussion refers to Figure 5. This step
commences by inserting the recipe in a table 500. The first two col unms

502 list the proce teps in equent i r...Jhe sendin eriod, also
referred £o an the§ eB?_s‘?%ﬁT'Pﬁ\ftfhet#‘H’éio@he% ot EdP A%Séggﬁ‘é&ti mes, al so
known as nodul e t adglidrl 1HeS10ad® o fobohRiflers ¥ thelnakder bfomovaGhismodul e in the
"Modul e type" colum 502 to ensure each nodule takt time is less than the

system takt tine. sPheduletbiguneketagirelkasihe fimes alletteddpribesebos teperfam i sted in
a colum 506. |1 ”t%fese m&fe‘!}J&%MsE%ﬁ%g‘?ﬁueaJegirﬁ e&t#@c&?e%’%&df@du' e takt
C I'e , 10 pr ot

time. As will be ear 10’ one sKi I'n tHe a r eac ess step:
30 No. Modul es Reqpériodd The kidierhivadon ef thaksbdt lowd if dépicttéin thakdble 600re) 14 WO

01/ 67493 PCT/ US00/ 16794 In_this exanpl e, st nodyl es require one
addi ti ondl® r edundaiFiggadi &hlwgstwmggr@t%foqoﬁ%a%wq? Eeﬁw Rr8¢eSgach

process step is |i d THeR; : 1 he Load of The
S LU ey B PR ]

Waf er Transport. As of a robot refers to the
nunber of noves i tddtemisahesdollews. t Counting thstime filonathe et theswatlet ot t ed f or

I Sl G R T S R T T S
the table 600 module and transport times up to the module of interest. For example,

15 for the module code-named VP 602 (hereafter all modules are coded), it
is (62+6) = 68 sec; for module VPC 604, it is (68+65+5) = 138 sec. The
actual timings in seconds for all robot moves are listed in a column
marked “Actual” 606. To determine the relative pick-up times T;, the
actual times are divided by the actual sending period. For example,

20 dividing the actual pick-up times of VP and VPC by the actual sending
period of 45 sec results, respectively, in normalized pick-up times 1.511
and 3.067. The normalized pick-up times for each of the twelve process
steps are listed under the column “T; Normalized” 608.

Subtracting the integer portion of the T; values results in the T;

25 values, i.e., the available time the respective modules have to be served
by robots, as measured from the beginning of sending period, and
expressed in units of one sending period. To illustrate, the 1; values of
VP and VPC are 0.511 and 0.067, which indicates that VP must be
serviced within .511 intervals of one sending period, and VPC must be

30 serviced within .067 intervals of one sending period. The list of
normalized t; values are listed in a column 610. The diagram 612 isa
pictorial representation of the load: a total of twelve moves and the time
they have to be served within a sending period. Figure 7 shows the

15



10 in Figure 6. This cluster apparatus of this exanple has twelve process
steps. The timngs of the twelve correspondi ng robot noves are determ ned
as followsOoCaumt i ng the tine fromthe nonent the wafer Penvs®/tche | oad
port (cassette), cunulate the process tines of each nodule and transport
times up to the nodule of interest. For exanple, 15 for the nodul e

code-naned VP 602 {dneyiafrinatiorafrbmrandttee pergpeztic@dSiaye thetrobotarahbpbrt) = 68
sec; for nodule VPC 604, it is (68+65+5) = 138 sec. The actual timngs in
seconds for all roWb®es #EAEuNg Sk (6;S§eQis] the URBET HRMOYEE PREEPDOAEAY 3] " 606. To
deternine the rel abhyewfhfks dRdink PeRod bf 45 &R is AGIAIRY; il BERoRESRo BL Vi ded by
the actual sending Bpérfvogﬁl For legggrrp?e, 20 dilf/%idr?g t hz ac(t)uglopi ck-up
times of VP and VPG thg coherativaaides dhus agertioalrlines argfdr4&n sethergeaphl t s,

respecti ly, inn i ze i ck- ti 1.51 and, 3. 067. i zed
ot & Bes 1 or BT WHES e BinieS b wonieR nave o be sfRed P A i HIP L der ot he
colum "T; Nor mal i ¢ffin &E%nteSdN AL SBC YOE, DEV 902/ HBJ0b] 24 Odssdtiee T

values results in the i; 25 values, i.e., the available tinme the
respective nmodul es70faal of whish faldinte @ne yervaldOsit megnyibattheraref r om t he

begi nni ng of sendip [ ' ' 0 1.Ng peri od.
To illustrate, t hecciqllllp e\?lggg%sthg?aqn%%é%géé}ggogﬁgyggéﬁaaﬁdﬁg). %%%?ét\?mi ch
indicates that VP jfulisdre BR twb®k Wioe€thskd Which ube dnd rabet; wiad I thf © odlgesedi ng
period, and VPC nust be 30 serviced wthin .067 intervals of one sending

period. THe Iist otheserfasksepll inteiong of the pirisrvalseitimegnethal theee isol umm 610. The
diagram@lz is a g C%"l%fe'nﬂ{img: RS LRt Qi o0 LR B oldth Blbod, tuel ve
b €y have to be served w Fn sendi ng pe

noves and the tine a riod. Figure
7 shows the 15 WO 01/ 677Rs3e Péonflilsd Metwddvithe sakefor nfooftht rebotf arem anot her

amber of ' moves. onEsPIabes GATIbaR B ubHeE NERdi g peri od of 45 sec s
(45/6)7; say 6 noves to be on the conservative side. Thus 6 vertical |ines
are drawn in the graph 5 700. Wen the tinmes the nodul es have to be served
by a robdts fad| whtepidndliovard TheTvaispostucondasTIBEEsTA toDBAGI TN lHBs 706, and
Cassette in the manufacturing system is to allocate the load equally among robots
in order to achieve a balanced transport load. Although conflicts are
recipe dependent, assigning fewer loads per robot still reduces the
chance for conflict. However, the possibility of balancing the load is
20 dependent on the layout of the modules relative to robots. Poor layout
limits accessibility to modules by robots and makes balanced loads
difficult to attain. In this example, the layout is such that two robots,
CES and SI, can each only serve two modules, leaving the bulk of the
load to the main robot C-1 and three dedicated robots known as IBTA
25 (Inter Bay Transfer Arm). The best allocation of transport load, under
the constraints of the layout, is as shown in Figure 7. Six modules, VPC
712, CT 714, SBC 716, PEBC 718, DEV 720, and HB 722 are allocated
to the main robot C-1 with three of them, SBC, DEV and HB competing
for one move of the robot, as discussed earlier. These conflicts will be

30 resolved by queuing as demonstrated in the next step.

. Step 4 Queuing For Synchronization. The information in the table

800 of Figure 8 is a summary of load allocation from Step 3. Only the

16



708, all of which fall into one interval 710, it neans that they are

conpeting for the sane nove of the robot at a given tine. To el aborate, if
there aravowoemdp3 nore tasks which use one robot, and if therwswalsass of 10
these tasks fall into one of the 6 intervals, it neans that there is

insufficient tine for the robot to service each of the two or nobre robots.
These "conflicts" dirmealesistieed bg kil mbouSd, dé., VIRE 802D CTs80d; 8BCS06, ved as
described in the subse nt st eps. 5 St p 3 . Al|ocate, The Transport Load.
heCtivet Shepto PEBEHIE baRisl: SR s rer T ranspor t Lo

al | ocate the | oad mh_aYnlg%'MufeQ%lﬁd noibxPEiGke LOnMERISRIE edetPlsanced

transport | oad. Although conflicts are reclpe dependent, assigning fewer
| oads per robot stdddicatesldobetsi.¢.han IRT)%{,rscsflm@themdmthecTargetﬂdumn 81¢he

possi bility of bal ancin thelo t op the |ayout of the
nodul es rel ative ttg’ ‘rf gmnﬁ’(%? ﬁg’r%‘{)ﬁ{n{og&ﬁﬁfcggﬁaﬁw’%v to nmodul es by
robots and makes bﬁb&ﬁl@@ﬂst&&ﬁpfﬁe tdbld, bicekbdpoh@ing vhRk s sek ﬁ’ort‘tm Whexatpl e, the
| ayout is such that two robots, CES and g can each only serve two

nodul es, | eaving tﬂSﬁnhlpﬂ*teabf»’allIb]ﬁ)rﬂ\@hldh elimiriates wanflictsdieoveed tiskarior t hr ee
dedi cat ed robots known as | BT In y r. Ar T est
al location of tra 8§St %F’E?ﬁd’nﬁuﬁﬁgﬁs"eseti’ém&@ﬁ%g@]%éQﬁ’%@v @Qjﬂg is as

shown in Figure 7.g15 %o PEIHES, oﬁf?@wo BRy abd H@-ﬂeecﬁ%@xazfé%mlﬁg%g&§8 DEV

720, and HB 722 are al[ocated 'to'the main robdt C-1 with thfee of them
SBC, DEV @nd HB codiffetenhfromftbe ongmahmk@sdértpxesqrmbdby tiasredipsc Uhsed earlier.

These conflicts will.be 30 resol u as denons ed i.n the next
et St & et e o SR 3 e SRR hAcThE Bl o) o

800 of Figure 8 i SingrodleBeén @hy b@i@@fﬁlelsqgadulmsﬁa&géfltm&b& trQ& Mrtt he 16
WO 01/ 67493 PCT/ USO0/ 16794 si x” nodul es served by main robot .e., VPC

802, CT 804, SBC s8iiee (=GER®. B5S). mdmncmtwwhe,targ@t@adtﬂaﬁ be conS| der ed

for queuing. The remmi shoul d not .ex riepce conflicts since
cach has dedi cat S BBHRHErTRE ifiod BRI A FRERT aF I Bl 451 oot

c?| ;Jhrm 815, 5 the doniieéd the dbRgnn 8 1G5 ITHRsd sre SESwih pictdriatly 6n tHROithsisg18-0r each
0 e

adjacent to the table. Another objective of the "synchronous algorithm"
is to ensure that no delays are introduced at critical process steps. In this
example, critical process steps are step 3 804, step 4 806, and step 7 809.
No queues should be added to modules corresponding to these steps, i.e.,
20 the target timing for these modules should be the same as the prescribed
values. The gaps computed in the Gap column 816 may now be
substituted in to Equation (3) to solve for the queues that will close these
gaps. However, to ensure zero delays at the critical process modules,
the matrix 818 relating gaps and queues must be modified per Equation
25 (4) to generate a modified matrix 820. Pre-multiplying the gaps from
the Gap column 816 with the inverse of the modified matrix 822
produces the queues needed to close the gap 824. The solution for the
queues is transferred to a Que Column 826. The solution, which is in
units of the sending period, is converted to actual time in an Actual Que

30 Column 828.

. Step 5 Check The Solution. The queues determined in Step 4 are now
added to the module processing time of the original recipe. This is to

17



nodules listed in the table, a corresponding value is set for i*, where ti
is an updated value for r which elimnates conflicts between tasks for
robots. Sveowempdy 3 of these 6 nodul es, SBC 806, DEV 810prCcwwdoo8794812 are
in conflict, only two, DEV and HB, need to have timng targets 10 different
fromthe original values for ti prescribed by the recipe. The timng
targets are |i st edvdrifyif @alflinnh8tbecardolaed This isindhctithatast e sliowhi ng

i nterval between any pair of the 6 nodules is larger than robot transport
ti me (=6/450. 1333)1n%§g’éﬁeffer ences between the target and the originally
prescribed timng profiles are referred to as the gaps and are 15 conputed
the columm 816. These are shown pictorially in the graph 818 adjacent to
the table. AnBbbetrAskgmm¢ntve of the "synchronous algorithnf is to ensure

that no del ays are,introduced_at criti.cal proces teps. In this. exanple,
critical process s‘ﬁﬁ%tileraa}s‘@e toég’eé"é%ffz\{hn%tpé‘g’l%n»a‘ﬁ@?ﬁ E}‘Fﬁ%ss?‘g?)mafn%és. No
queues shoul %E%sﬁ%ﬂﬁdmtbprdﬂéwbeﬁo&ﬁsr FoPORIE ik Step MFSE1iSt@RBovel a. , 20
the target timng for these nodules should be the same as the prescribed
val ues. The gmpipecwsheses which assiesada sbgleradb@itesp eaewpdieof substituted in
to Equation (g()nSéC(I)lﬁ%Q lrn\é)% s Ofhid Qﬁc&?@%@%h&ﬂ?ﬁ t}% bdeife 1R%&1 ﬁlgﬁg e 792PS. .
However, to efSure zero del ays at e Critical process nodufes,” the matrix
818 rel ati ng gkpsllozatiomweasicsenlahonst mady possiblpaliocatiodt i on 25 (4) to
generate a nodified matrix 820Q. Pre-nmultiplying the gaps from, the Gap

col um 818 wi t h t hi gergiah-dhere s 3 predfprpt leenthm thatdetpmines ag dptEe! t he queues

needed to cl og@of gioHARNGHAfbr td BR RRINidBBn bPGudRE TRURMSOE Suchiagnsferred to
a Que Columm 826. The solution, which is in "units of the sending period,

is converted algorthtruaill be degnanstrated Acthedbllauieg egsonlel SnppB28ve ha8tep 5 Check

b ocessi ng ¢ HEPGFeR FESCRP G apediess iy ody B et ML and® ™ ©
PCT/ US00/ 167 9K10d3 € Buppbsk wedRé b6 tsbolaREbHE ARd ROBORYBSth of MihscH gani N fact the

case as shown in the figure. Robot Assignnent ) )
15  service all three modules. Let the sending period be designated by the variable

SP. Suppose 1;=0.0, 1,=0.6, 13=0.7, in units of the sending period, and suppose

the robots can move in 0.3, in units of SP. There are four possible robot

allocations:
Assignment Modl to Mod 2 Mod?2 to Mod3
20 1. Robot1 Robotl
2 Robot2 Robot2
3. Robot1 Robot2
4 Robot2 Robotl
25 Upon inspection, only assignments 3 and 4 are viable. In assignments 1

and 2, the time interval between 1,=0.6 and 13=0.7 is 0.1 sending periods, which
is less than the 0.3 sending periods required for a robot to move. Hence the
optimal allocations are, in this case, assignment #3 and #4; as the time intervals
between the  values have sufficient distance, this robot assignment obviates
30 the need to insert delays. Other criteria may also enter into the determination of
an optimal robot assignment, for instance, balancing loads, increasing
throughput. An algorithm is necessary which would determine, in cases more
complicated than the simplified example above, an optimal robot assighment.

18



5 Anot her aspect of the scheduling problem which nerits automation, is

t he assignnment of robots to nodul es. For exanple, in step three listed
above, awoenspes was chosen which assigned a single robot PORPUS®eIR7Hach pair
of consecutive nodels; this allocation is shown in the recipe listed in
Figure 7. The allocation was chosen anongst nany possible allocations. 10

I'n general, there pge %e%%%ffpergomnggwrdntdmgmeﬁt iglswghﬂ&&a@mmti mal
e

robot assignment prior to the determ nation of queues. need for such an
al gori t hm wi | technaquie gonesate atl gpdssible rohot assignomdntyy and detpinzine hepjpbidisy @€ have a

simplified track_system .consisting pf three nodul.es, . ed Mbdl, Mod2
and’ Mods. SuaEbeER e et aB8ed m S R B3iset S h of whi oh- can
15 service alduffifie@$y Bk eSalubSio pehait SiRNdbbtoReriednhéa. dasi gnated by the
vari able SP. Suppose tit=0.0, T2=0.6, i3=0.7, in units of the sending

period, arfd saspigomentstthes gepbrated mayalsmbeselevteal @ additianal ertenid, sgfh asThere ar e
four possi bl g r(ﬁ)gggcm .al | ocations: Assignnment Mbdl to Mod 2 Mod2 to Mod3 20
1. Robot!| Rob8f{ *Z* R %ot 2 Robot2 3. Robot| Robot2 4. Robot2 Robot | 25
Upon inspection, only assignments 3 and 4 are viable. In assignments 1 and
2, the tinme interval between tie=0.¢6 and T3=0.7 is 0.1 sending peri ods,
which is | esSolvingfor Hpdated EiHBEHhG deri ods required for a robot to nove.

Hence the opti mal ,gldoCald oS AL Sinchibal AiSn BP FreORIHMERL: i} and #4: as

the_tine interyals ues nave surficie tance, thi s robot
assi gnmenty obyervaien 8Ptk ipdate®tminys] gised by del Byédabdehtsin stipi4 6ftha may al so

enter into the determnation of an optinmal robot assignnent, for instance,
bal anci ng | oaalgorithmeowshieddrrgrlierhthe alghpithm was fed ypdated velues ofe's edseer y whi ch
Bbove, an- optiohay PULBRINEE PRSEE 33500 DY/ BPseReT BT Ohe
met hod of perdafBh RthetH alloRIhEDBLORHENe UebwinTREM. FheRNYAYSLd 6 ah €CNNI que:
generate all posSible robot assignnents, and determne the validity of
automated method of deriving these t*
15  values. One such technique is as follows:
For each robot with a conflict, take the T value for each of its modules.
For each combination of these 1 values, sort the T values from lowest to
highest. For each sorted list of T values:
e Proceed sequentially through the T values, from lowest to
20 highest.
e Determine the difference between the given t value and the
one that precedes it
e If the difference is less than the time allotted for the robot to
move, increment the t value sufficiently.
25 ¢ Go to next t value.
When this algorithm finds an updated set of t values for a given robot that
eliminates conflicts, these become ©~ values. It can be proveh that if a conflict-

free group of T values exist, the algorithm outlined above will find it.

30  Genetic Algorithms
The synchronization, robot assignment, and derivation problems can

also be solved by use of a genetic algorithm (GA). A GA is an iterative process

19



each assignnent, i.e., ensure that all nodul es assigned to a robot differ
sufficiently in their ti values to permt the robot to service them The 5
assi gnmewa 01/6m493 gener at ed nay al so be sel ected on additi POBUS@VicTEr | a,
such as | oad bal ancing. Solving for Updated Timngs (ti*) Another feature
of the synchronization that nerits automation is the 10 derivation of the
updat ed ti m nhat staytsuan with dr*initiibpeguddtionaif gendsnwhich gndodefposdible stdtegor i t hm

outlined earli t al gorithmwas. fed updated val ues.of ti*, where for

any two. modul €ahioBfent Eis qort T sV PR Gy EprRVES B coih et er ed by
enough time t@ratigh@Wrb&ls bPRMctiVObIFRNRg PEHWRADrh e tivENRERidS iR (ged for an
aut omat ed net hod of ‘deriving these 'r* 15 val ues. One such technique is as

fol | ows: For nesdhtoraislefinethercharagigristidsef a spedies, abb)judgd aspetiss’ ataess. of its
nodul es. _or each conbination of these ti values, sort the i values from
| owest to~ highest. For each sorted list of ti values: Proceed

sequenti al 'y throughakdeeeristicy af aSpeciés’ 0 shevie & chatactetRedbghgshes. Det er m ne
the difference between the given ti value and the one that precedes it |If

the differencléorioyr peablem.nmuseotyPRs CARERSS RF tPAEPIEE! thsBRROt 0 npve,
| ncrenent t heaégig}{ﬂlleffle 8&&'&%‘0@1‘1&,@ c#l)é.ue g%me%? ?Bnﬁgé(rtthé eﬁ’a?ﬁﬂ%use%ﬁ fhe hi s
S a or 1 v (0] (0] at

algorithmfin an updat ed set ues ra given ot t
el i m nat es cadestription, ofttheselitredgorithini The adhoe assigtmendwilb eange doem1 tdhat i f a

conflict- free.group of .i* values exist, the algorithmoutlined above wll
find it. o chidireting ek rahet Wk wom A hpeHFuat fouier HENe eBieghitent , and
derivation pro§) & ®itdp@Pindilafif H@w%%ge‘qniaaoﬁ&e, 0., RbOERBYE FerRldg e t hm (GA) .
A GAis an iterative process 19 WO 01/ 67493 PCT/US00/ 16794 that starts
out with an itpibeiadilediopmadilo’s agivahtimedn ouder thaveid oetdliggdn sotiste st ates of
it P :r g: ioglnem ajls-sr}llgﬁm P Liln%tu} ggrliérsex%%}e?ﬁ“%tr{lg dlésyarﬁgp (% gifygretnt[] ti%laeCh

zones, as shown in figure 6 612. If a time zone sees the arrival of, for instance,

15  five modules, a conflict results. The addition of a queue segment to one of the
modules will push the arrival time to the next time zone and hence resolve the

conflict.

Fitness of a Species We can measure fitness by the reciprocal of a species
20  ‘badness’. In turn, badness can be measured by a weighted sum of the degree of
conflict and the number of added queue segments. An ideal species is one that
has no added segments, and results in no conflict in robot assignment.
To derive the fitness function, we scan each time zone and count the
number of redundant assignments for each robot. The results are summed for
25  all robots and all time zones. Call this sum 5. We proceed to count the number

of added queue segments, and call it . The fitness function is then
1 .
(1+wys +wpt)

where the weights w; and w are assigned according to the relative importance

f(s,t)=

of s over t.

30
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t hrough a process of selective breeding. To perform sel ective breeding, the
GA needs to a) define the characteristics of a species, and b) judge a
speci es' Wobtnermss 5 Characteristics of a Species A speci BCTAS@n&ract eri zed
by n genes. For our problem we use two types of genes, one to represent
the robot assignnent, and the other, a queue segnent. Consider the exanple
used in the Reelpeﬂaséadﬁng)f the earlier al gorithm The robot assi gnnent
will range from1

i ndj.ca work on.a particul ar
modul e. Queue seg REm gémaqngel"ilﬁ W?lea%ﬁl e eaflﬁ%%w change fIOMR zones”

i.e., robot nﬁﬁé?re@ﬁié't@ﬁ%ecoﬂa?ecq%@ wiflle@ReA il PpRiodRaY! SdSerRlifing/ Blat L1 MR 1N
order to avoid conflict in rob assignnment.” In ouf earlier exanple, the

modul es arri vﬂaexeraranddaﬁ@rcem:almonés Toin pocedre stusfanredrio Bs geine 6 612. |If a

time zone Sees t t anc du onflict
oaul Lo e Castiftind CastRling v ly3E abRBAR S Brss Il of ARt BetkaRE alled T ' osn
the arrival theRx#gldteofiaXluster 1 ma&mm%h&m;eaﬂmhny:pbﬂsmau@ml I ct.
Fltness of a Species W can neasure fitness by the reciprocal a species

20 " badness' ClllfﬁelttQ@hWItlbaléﬂﬁb@slo'cﬁan}f@rsnlﬁgﬂﬂeééa1?9“@3 QRETNE lod Emn of the
d f deal
dooree o1 o SBbblife A AR Sl AMARGGHENS, SARIRBIGes e

robot assi gnnaidwith no déditivieal kdt@ts artdrpieees& modtiies nthewthas danse eaddd for e zone

and count, the nunber of. redu dant assi s for each, rohqt. The results
are summed f oby thzse%m anyd ghoug N deapite e%ﬁ'g%g‘% eringand the;exting s~ ve

proceed 0 COMU crhlitrg/IBIRS al alsehamﬁ@r&vﬁeeﬁpe%a MBhshpuRAufdibnkt t. The

fitness functlon |s 1+W s+w2t) ~where the wei ghts w
and w2 are askomrikalexiteplotdi ng to the reI ative |rrportance of s over t. 30
20 WD 01/67493 PCT/ USO0/ 16794 Reci pe Cascadi ng

Notation
15 The following parameters will be employed in our discussion of recipe
cascading:
m* = number of process steps, superscript (en, ex) hereafter denotes
entering or exiting lot.
n*= number of exiting wafers to fully empty, or of enter wafers to fully
20  populate the cluster tool.
SP™ =Send period of the ith wafer which is the time interval between the
launching of the
(i-1)th and ith wafer.

SP* = Send period of the wafers during steady state.

25 SPS .

Ist,j

=The delay in the launching of the 1st wafer of the entering lot to
accommodate the change-over at the jth process module of the exiting lot.
CO; =Time it takes to change the jth process module of the exiting lot
over to a new setting.
7,» =The arrival time of the ith wafer at the jth module transported by
30 the kth robot.
T, = The departure time of the ith wafer from the jth module

transported by the kth robot
21



An enbodi nent of the invention allows the cluster tool to change froma
first recipe to a second recipe, while preserving periodicity, and ensuring
that thaveonsmIno delays at critical points. This procedeerUs@/edserred to
as recipe 5 cascading. Cascading involves enptying a first |ot of wafers,
hereafter called the exiting lot, off a cluster tool, and simultaneously

and serially popul ghi-rokb® tinsd etieprota@bicpiol eaaidadl. | ot of vafers,
hereafter called the entering lotf. The procedure will be perforned with no

del ays incurred at jcrift.) Ofepwecht i 3 1 LbLienal robots
and process nDduIeg ogﬁgﬁﬁ%ﬁgﬁgthosg%ggﬁﬁggngggp%%kgvﬂﬁﬁgqggg$%@gand

t hroughput relgui renments of the entering and the exiting lots. The entering
|l ot may al so have different recipe and throughput requirenents fromthe
exiting |ot. Notat gbnquassaddeditoltheith wgfepat thapthgrecess step bEtheepitioged i n our
di scussion of recipe cascading: m= nunber of process steps, superscript
(en, ex) Rer d8Ft er denot es entering or exiting lot. n- = nunber of exiting
wafers to ful : r-wafers to fully 20 populate the cluster
tool. SPfx = %%% gg£$f8 Eg%&?ﬁgﬁgth wafer which is the tinme interval

bet ween t he | aunchigmg Sifllustrages(d typicahreaipd 900 hltwpéafics tBPproceSeand peri od of

the wafers durin ead at.e. 25.SP. r.i = The del.ay in the |aunching of
the 1ot v ertriPPoRESEr iR e OF e sk o s BT S HRHGERIOEr at € bt h
process nodul Rafef gbd3qh@uph h BEistePtool CERsatisTy orighphittkégsirdn@erghange thejth
process nodul e of the exiting lot over to a new setting. Ti,n = The

arrival tli0ne seceeding wafexaaresengthroueh the clysiguios] atragenplent sead poriod@st he kt h

{ranspor it ed oy TeEri Rl TR B BB Yeres T T

3600
WPH

SP

15  where WPH is the throughput requirement in Wafer per hour.
By the nth wafer, the cluster tool will be fully populated with wafers.
For every wafer exiting the cluster tool, there is a wafer entering to replenish it.
All process and transport tasks performed on the wafers occur in a periodic
fashion, the periodicity being delimited by the send period. When the system
20  reaches this stage, it is said to be in steady state. The number of wafers »n
required to fully populate the cluster tool and ramp up to a steady periodic state

is given by the expression

n=1+INT(SlP]; | (A)

where 7 is the total process and transport time performed on a wafer as

25  indicated in Figure 9 902. The symbol INT(s) denotes a function that rounds a
number down to the nearest integer. The above equation also applies for the
number of wafers for a lot to ramp down from a steady state and fully empty out
the cluster tool. In the steady state, every wafer has identical process and
transport tasks performed on it at identical time intervals. There is therefore no

30 need to keep track of the movement of wafers inside the cluster tool.
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p; = Process tinme ofjth process step of the exiting lot. t,"X = Transport
time between 6-1)th andjth process step of the exiting |ot. gx = queues

added towdel/subs waf er at the jth process step of the exipPCTySowBichat .

Nat ure of Recipe Cascading Figure 9 illustrates a typical recipe 900. It

specifies the process and transport tasks and the timng of each task to
be perforned on a Dafirg thesedipecasvaiirey, hgoegers the owaddrs aredh rahsition fioin To

satisfy throughput . requirenent, 10 succeeding wafers are sent through the
chuster ool e Shdtae sk eeing o e SEy R B nBiRe IoFiyure 10, This
send period SHudPR&Y inFighrdQn. DirisPthe tR888on Woe Watedhall De Proteksedt he

t hroughput requirenent rn wafer per hour. By the nth wafer, the cluster
tool will be 4nditrapspastedageerdingite thega¢ipe end sqndrperio@ pieseuatfedriortbiet i ng t he
cluster tqQol, there.is a wafer enteri;n repl eni shy:i Al | .process and
transport %t as?%tu%%elreq’é) Y “Sﬁ%te R oc\ﬁ/asfegragd %‘g%s fép[le%a%{:%ﬁdeurlé E)Od'ih(e: récf“ga)es hi on, the

periodicity hatngibdefdrhé adeng loheP&Riditityahéretbre Yhaivt bbénastainedn 20 reaches
this stage, it is said to be in steady state. The nunber of wafers n

required to fIfligspyilbecsur. hCantliats’ defar dtwesitatigns, I png Btuatien eady

periodi c stat ! I I =1+ ~ . ere it is
the total pr o%gggigng%ﬁfp gﬁ%%’g?,tg ﬁf%ﬁ%ﬁ%@&ek%eﬁ%ﬁgeﬁ%&ﬁé&yEl‘g“i ndi cat ed
in Figure 9 Yae pfbessynotole withiii in decrodleshorerf tharc the prodebsatime ofithds a  nunber

down to the nearest. integer. .The ve equati,on al so |ies for the

nunber ofl%waf%‘?pseliél’e ﬁghF 1tuafion %B%Woﬁ?wgtﬂ@a‘ﬁ%ﬁg&ﬁ%ma% fully enmpty
out the cl UstRispbrd seqhdhtiallf b$ HRAGMSHBYitIBN 8k Ynt¥RhleshoRasthhslgft i cal
process and transport tasks performed on it at identical tine intervals.

There is therroborteansporBdmgeed to keep track of the novenent of wafers
ne e e ol v oo o381 rect
solution is costly and not practical. Another solution is to devise a set of
15  priority rule and implement “if-then” algorithm to react to the conflicts. Because
of its combinatorial nature, this solution generates huge combination of
outcomes that eventually lead to chaos and unpredictability. The fundamental
solution is to eliminate conflicts completely through proper timing in launching
wafers of the entering lot and insertion of intentional delays at the non-critical

20  process steps of both the exiting and entering lot. This is the principle behind

recipe cascading described herein.

Procedure

Step 1:Estimate the number of wafers in transition. During transition, the
25  exiting lot is emptying while the entering lot is populating the cluster tool. The

number of wafers involved in the transition can be estimated by using Equation

(A). The algorithm for the estimation is as follows.
=

Fori=1,2...m*

30 7 = 1% + P+

Next i

n® = INT(z" /SP;*)
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the steady state of the exiting lot to the steady state of the entering
lot, as illustrated in Figure 11. During the transition, sone wafers wl|
be processedi/sanzl transported according to the reci pe andreeudogpwrisod
prescribed for the 5 exiting lot; others, will be processed and transported
according to the recipe prescribed for the entering lot. Periodicity

t herefore can not be mai;atapned. "Conflicts" will occur. "Conflicts" refer
to two situations. In one situation called process conflict, two wafers
have to be processed seberart 1.8.-1.y"by the sane process nodule within an
interval shorter than the process time of that 10 step. In the other
situation called transpGrt—’bohf’I iét, two wafers have to be transported
sequential ly by the sang.fqbot within an interval shorter than the robot
transport time. One solution to conflicts is to add nore nodul es and
robots. This solution 8 =qp$(l;tl=nys@fr)d not practical. Another solutionis to
devise a set of 15 priority rule and inplenent "if-then" algorithmto react
to the conflicts. Because of its conbinatorial nature, this sol ution

gener at es hug SO i patio » chaos and
unpr edi ct abi I i Qn%fﬁﬁ“'f*‘u%ﬁ‘aﬁﬁ‘ﬁf F}’“ ﬁtcliel%;’l ?&%Q}I‘H r%}(}laa éﬂ?el icts
conpl etely thwafégsbfnh@aﬁénﬁ%mm@pmnh@mﬁhblagespwmefoﬁonﬂm entering | ot

and insertion of intention del ays .at the non-critical 20 process steps of
both the exi tPsyrranss. dieest Qrﬁcyrm%tlmmg of thg laupghas s ippgstaat. b@ﬁwfau allyeci pe

cascadi nglt(pesﬁl'é &E}ﬁg% Bﬁaﬁh&rm%o 9?&&%&2&& gérggft& cgﬁéd t‘@el&? e SHG{H@@ of wafers

intransition g transition eX|t|ng is”énptying while the
entering | ot sl&hmlumuﬂmbiridgs thh éinel nesdat totchange anrecessmtmteluleafvemm‘aanml nvol ved

[0, 1e LS008 SRS Soh IS, L 450, R R e it T,
+ tex Next i gy émvei, I Zt{aﬁé’e 6Tis compidte\AR Y (EARS nfddhleYSARIY & 94
accept it. There will be as many “delays” as the number of module change over
15  called for by the recipe of the entering lot. The maximum of them is the lower
bound of the delay. Any amount of delay contemplated for conflict resolution
must be greater than the lower bound. Referring to Figure 12, the lower bound

can be derived as follows.

P,j',‘1+2(pe"+t, ) Co, +’Z(p“+t, )

20 i
SPi; =CO, + Z(pf" +17)-2 o +a7")
P, = max{SP, SPE, SPEL L, SPE L j=12,.m")  (B)
The following is the algorithm for estimating the lower bound of delay per
Equation (B)
25 Forj=1,2...m*
| spz, = €O,
Forl=1,2..j
S, =SB, + (o +4)- (" +177)
next /
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men = 0 For i=1,2...n" ifen = ifen + P;e" + ten Next i 5 nen = INT(Cen
/SP;n ) Step 2. Estimate the | ower bound of "delay". The tim ng of

| aunchi ngvo hee749mf ers of the entering lot is a primary vapCubb@/reesiponsi bl e
for conflict occurrence. Therefore proper timng of the |launches is
inmportant. Additionally, 10 the timng of launching the first wafer,
hereafter called the "delay", should @gmjsyﬁﬂ_l@guqy) provides the tine
needed to change a process nodul e over to a new setting called for by the
entering lot. So that wmetjthe first wafer of the entering lot arrives,

t he change over is conplete and the process nodul e ignjeady to accept it.
There will be as many " d8l.ay8®\4s. She: funbeY  of/ TFdut e/ change over 15
called for by the recipe of the entering lot. The maxi num of themis the
| ower bound of the delay. Any anount of delay contenplated for conflict

resol utiors nSep Haracictieanotdiaentidievdfansan thmditibn. Atkeensventnt 6f Fi gure 12,

the | ower bound can be derived as follows. j-, e sp,x",] ++t;n)=CO +X
+t ~x) 20 (_/wafefs iSprapsition-ean b tracked. Bre aznival Sigie’ 7] of1G©ith wafer(ggrthestth ) ( (pr
+t( r=1 (=1 SPii = max(SPi r 1, SPi,~,z, SPi ~3,...SP,," ,j, | =

. : 1, 1 =
1, 2,...nL11, ) mp@)le Tiarspodted byitiregykth sohioi & the demarturmtithe 7 pstframtherngiorhe | ower
bound of delay per Equation ﬂB) 25 For j =1, 2... Men SPlO011"j=CQ For
1=1, 2...j n @d)th pescesxmeduleplusphe transpprt time §, fom the G- th torthe jthy v next 1

module:
10
Ty’: = 7:'(()',"’-1)/: +i; ©)
In turn, the departure time from the jth module is the arrival time plus the
processing time and queues deliberately inserted for conflict resolution:
15

TR =Ty +p;+q, ®)
The recursive formulae of Equations (C) and (D) above permit one to map out
the movement of the wafers in transition. Thus, measuring time from when the

20  last wafer of the exiting lot is launched and transition begun, see Figure 11, the
arrival and departure of a wafer at a process module can be calculated per the
algorithm below. The arrival and departure times outside of the transition are
not considered and therefore marked with large negative values.

For wafers of the exiting lot, see Figure 11:
25 Fori=1,2...n%
A
Sum =0
Forj=1,2...m*
Sum = Sum + p+g; (E)
30 729 = Sum — (5 ~i)* s
if j = m*, go to out

25



24 WO 01/67493 PCT/ USO0/ 16794 eu u, e" tell SPI nextj sp, '. =
max(SPr,r,,, SPr,11,21 SPir,3,...SPP;"j,i, J nme,, 5 Step 3: Track the
novenent vob owef4e3 s in transition. The novenent of waf er SPCTVUBG0AIS394t | On can
be tracked. The arrival time Tk of the ith wafer at thejth nodule
transported by the kth robot is the departure tine T;0j,ik fromthe prior
(j-1)th process nodul e Q#Hﬁ=tmguhyansport time ti fromthe 6-1)th to thejth
nodule: 10 1,1 00/ (C Tk - 7+(|-)k +ti In turn, the departure tine from
thejth nodule is the arifi(ys|,, koo ptiys,)the processing time and queues
deliberately inserted for conflict resolution: 15 ~'." + pi + qi Tik Ti
k (D) The recursive foﬁdqﬁ&a7p&,ﬁg0ations (© and (D) above permt one to
map out the novenment of the wafers in transition. Thus, neasuring tine
fromwhen the 20 | &t wa@é} of the exiting lot is launched and transition
begun, seg Figure 11, t .arrival and departure of a wafer at a process
nodul e can be cal cul ated per the algorithmbelow The arrival and
departure tines outside of the transition are not considered and therefore
marked with | arge ne%gtive val ues. For wafers of the exiting lot, see
Figure 11: 25orpypfers ofthe enteringdgt, | 7 Tk = - 00 Sum =0

Sum =0

10 Fori= (r 1), (= +2) oo (o= = 14 1%), (o + )
Sum = Sum +sP”, (Note: SP” =delay) ()
Psum = Sum

Forj=1,2...m"
Psum = Psum + pf" +¢;" +¢7" (€3]
15 T = Psum - ¢
if j= m*, go to outl
o™= Ty +15"
Outl: nextj
next i

20

Step 4: Identify conflicts. Having determined the arrival time 7,; and the

departure time 7, , one can check for conflicts. A process conflict occurs when

a process module at the jth process step is called on to process sequentially a
pair of wafer, the mth and the nth, within a time interval shorter than the process
25  time. In other words, the nth wafer arrives before the mth wafer departs from

the module. Thus conflict occurs if the following is true:
OR{AND (row > 1) (Tow > T, )] , AND[(T,:;; <o) (T =T )]}

30

26



For j =1, 2... mex Sum= Sum +p-+q' (E) 30 T, =Sum (/1l-i)*SPex if j =
mex, go to out 25 WD 01/67493 PCT/US00/ 16794 in ex T,i(j+))k T,,k +t) in
inif T(WwWOpke@93-00 'T(i+i)k if (TIk i < O TIk out: nexpCJ/US@/1eet i For
wafers of the entering lot, Sum=0 10 For i = (n ex +1),(no" +2)...
(neX-1+ne"), (nex +nor) Sum = Sum +SP'" (Note: SP7" mdelay) (F) Psum =
Sum For j =1, 2.By neihg aBswentogicBtatement 3 exangne all possibde cqnibinatidn of (i, n)= Psum -
tj" if j =me"., gotooutl inout e" Ti {)+/ )k =.T,k + t) Qutl : next j
next 1 20 S A0 B et et iR g ARIEE e arrival i e
Tk and the departure tg =TH(}<'(mcx,+on)e can check for conflicts. A process
conflict occurs when a process modul & at thejth process step is called on

to process sequential | yF@& mpal o of=wafer, the nth and the nth, within a
time interval shorter than the process 25 tine. In other words, the nth
waf er arridves before theonffilddmet departs from

Conflict if
or{ anorg: =7zr) (rp 27| avllrsy <73¢) oz 1) = TRUE
next m
nextn
10
Similarly, a transport conflict occurs when a robot, the kth robot, is
called on to transport sequentially two wafers, the mth and the nth, within a time
interval shorter than the transport time. In other words, the time interval
between the arrival of the mth wafer and the departure of the nth wafer is
15  shorter than the transport time. Thus transport conflict occurs if the following is
true:

Tout _ Tin T:r:k _ T:;: < g]

mik njk

<g . <g, <g 9|Tr:jik—T1:;‘k

mik njk

ORnTout _ Tout

20  Inthe above, the symbol | « | denotes absolute value and “g” is the time

(1Pt

allocated for the robot to make one transport move. The time “g” is greater or
equal to the transport time of the robot. By using above logic statement to
examine all possible combination of (m,n) pairs for all process steps, all

transport conflicts may be determined:

25
Forj=1to (m” +me")
Form=1to (n®+n*)
Forn=1tom-1
30 Conflict if
ORHT;;; ~Tovl<g ,|Tox - T |<g [T - Tow|<g [T — Tk <g]=TRUE
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t he nodul e. Thus conflict occurs if the following is true: OR AND (Tm k
T~k™) (T ;" ~T, )] ,AND[(T1,k -T~k) ,(T Ik T~~k) 30 26 WO 01/67493

PCT/ USOOMI@ 6D67498By usi ng above | ogic statenent to exanm nepalUS@o3d4bl e
conbi nation of (m n) pairs for all process steps, all process conflicts
may be identified: Forj=lto (nf +ne") Form= 1 to (nex+nen) 5 Forn=1 to
m1l Conflict if ORIAND[(Tm k' > T,k" ) (T,#""'k" > Tnl'jk )] , AND[(T
T~ymk~ (T > Tn'jk )~ = TRUE njk nfk next m next n 10 Simlarly, a
transport conflict occuP€t®hen a robot, the kth robot, is called on to
transport sequentially jugpwafers, the nth and the nth, within a tine
interval shorter than the transport tine. In other words, the tine interval
between the arrival of the nth wafer and the departure of the nth wafer is

15 shorter. than t t rranspok.t . f,i ne., Thus transport,,confl.i ct curs if the
fol ovi o5 & SttpaRe 19 3Gt fnrBRen ProbraBpRE Ry SRR gL MRS T
k-Tn; kI <g , T; - Ftiakbrs(EY kirBugtr (@), therethate th2€e yél unB&caRiQyEvaridbiessgednd | |

denotes absolute value and "g" is the time allocated for the robot to nmake
one transpor tthesgleulatipn of arpiwal-apd depargire Himerof grwaferi i preeess meduledigport ti me
of the robot.

Cobi mat  on oA bya ThESs g7 iRt aeiey: ST ER 6 anaBERE Cont1 i et
may be determned: ARy thé Rt TR Ehtering id¥sp. OBt IEHEH Bledures
10  are used to find the best combination of these three variables such that there is
no conflict and the total queues is minimized. Genetic Algorithms are one such
optimization procedure. Others will be apparent to one skilled in the art.
The foregoing description of various embodiments of the invention has
been presented for purposes of illustration and description. It is not intended to
15 limit the invention to the precise forms disclosed. Many modifications and

equivalent arrangements will be apparent.
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Forn=1 tom1 30 Conflict if out out out ininout inin ORITmk - Tn;k < g
, ITmk - Tn;k <g, Tmk - Tnjk < g, ITmk - Tn;k < g =TRUE 27 WO

01/ 67493 VRC1/61800/ 16794 next mnext n 5 Step 5: Resol ve pomMukeocte744hr ough
proper queuing and | aunching. Note that in Equations (E) through (G,
there are three yet undeterm ned variables used in the cal cul ation of
arrival and departure tine of a wafer at a process nodule by a particular
robot. These are the intentional delays called queues q', q;;" and the
timng of launching the wafer of the E\’Iﬁng | ot SP; el. Optimzation
procedures 1 Eﬁslé edif:find the best conbination of these three

vari abl es such that there is no conflict and the total queues is

m ni m zed. GCeheti cAAhgibod fonmaferpeocsseng oahprisipg:i mi zat i on procedure. Ot hers

wi ||l be apparent to aone illed.in the art. The for i ng.descrjption of
various enbodi rrent]'ga‘%f‘g? ’_éStier\‘f&lﬁttyiO&’fv %f§_mt83é¥f& rci‘ésg%;%%‘g’ ’fvg?reﬁh':hgo_ses of
iI'lustratison RRepdesey bPWhfeRs aré loaléd MES tHetlBRa @6bl iktiviBally fiihtetJals | nventi on
to the precise forns disclosed. Many nodifications and equival ent

arrangement s dalinitedeby=pofirst sending pego trgywefer piihe dsg@lurettysf CLAIMS  What
is clained is; _A. A [ e S| L&l.ng: | oading a first
plurality of V\X%Lf er'd p?(ﬁ:%%ggaé\(f%fcgﬁgg %gﬁé?e%?pf)eot@%ﬁtgrrgg%ﬁ{cﬂgm first
plurality of wafers areafisasglendetof prdvesciteyst er t ool individually at

intervals delimted by first. sepding period, and each wafer .of the first
plurality of wafers isd EFSBB]{%’%\%O PROGT ity sy Wherein; qach Progess,siep ipphe ¢ r st

P oceas e B 4 O PR g B e 0
process st epsplhaditypofgmoeess ioesti ng process tine in the first
loading a second plurality of wafers into a wafer cluster tool, wherein
the second plurality of wafers are loaded into the cluster tool individually at
intervals delimited by a second sending period, and each wafer in the second
15  plurality of wafers is processed according to a second recipe, the second recipe
including
a second sequence of process steps;
a second plurality of process times, wherein each process step in
the second sequence of process steps has a corresponding process time in the
20  second plurality of process times;
wherein the cluster tool has a transition period, during which the cluster tool
processes one or more wafers from the first plurality of wafers according to the
first recipe and one or more wafers from the second plurality of wafers
according to the second recipe.
25

2. The method of claim 1, wherein the first and second sequences of

process steps are identical.

3. The method of claim 2, wherein the first sending period and the second

30 sending period are equal.
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plurality of process tines; |oading a second plurality of wafers into a
wafer cluster tool, wherein the second plurality of wafers are | oaded into
t he cl ustveo ot/emb3 i ndi vidually at intervals delimted by rCcrEsand7siendi ng
period, and each wafer in the second 15 plurality of wafers is processed
according to a second recipe, the second recipe including a second
sequence of p4.ocesThesmethod oficlaam @nerhedeinr the fitst and squond phsality wE svaferder ei n
each process step in .the second sequyence of process steps has a

cor r espondi ngpP 8§§dﬂ?ﬁ@"ﬁcﬂﬁ?rugg'second plurality of process tines;
wherein the cluster tool has a transition period, during which the cluster
tool processes one or nore wafers fromthe first plurality of wafers
according to $.he Themethodof pleimAdwbersingthe mafas cluafee teol incdudeslae second

plurality of fers fq%ggﬁgingméﬁéthe second recipe. 25 2. The nethod of
claim1l, er RUFIERRE RIPFESHING § dond sequences of process steps are
identical. 3. The method of claim2, wherein the first sending period and

the second 30 sending &gri od are equal. 29 WO 01/67493 PCI/ US00/ 16794 4.
The nethod of6-cl ai Fhemeind obrlgim Rewherely eagh grosewdstap fpomthg fissy of wafers

are pr OCGSSEdsequex?ce‘?{%Forceé‘s' sﬁégé %&P@n&i‘z’nr a ?ﬁ%}e/ﬁggk%gm%gr foRIdL 4. wherein

t he wafer cluster toof 1 ncl processi ng chanbers. 6.

The met hod of plataityhofprovdssing ichambarh process step fromthe first sequence
of process steps is perfornmed in a processing chanber fromthe plurality
of proceé%ﬁng chanbers. 10 7. The nmethod of claim®6, wherein each wafer of

the first plupalityhohombabetmich 8, WBbeARAEh WaRTLEhR MB{Riratityst o1 tool at

intervals delimted by the first ~sending period.

wafers is released from the wafer cluster tool at intervals delimited by the first

sending period.

15 8. The method of claim 7, wherein each wafer of the second plurality of
wafers is released from the wafer cluster tool at intervals delimited by a second

sending period.

9. A computer program product for scheduling a wafer processing system,

20 the computer program product comprising:

resources for scheduling the wafer processing system during a first time
period, wherein a first plurality of wafers is processed during the first time
period, and each of the first plurality of wafers is processed according to a first
recipe;

25 resources for scheduling the wafer processing system during a second
time period, wherein a second plurality of wafers is processed during the second
time period, and each of the second plurality of wafers is processed according to
a second recipe;

resources for scheduling the wafer processing system during a third time

30 period, wherein a third plurality of wafers is processed during the third time
period, such that one or more wafers from the third plurality are processed
according to the first recipe, and one or more wafers from the third plurality are

processed according to the second recipe

30



15 8. The nmethod of claim7, wherein each wafer of the second plurality of
wafers is released fromthe wafer cluster tool at intervals delimted by a
second seodi/emoperiod. 9. A conmputer program product forpreThsauleTrg a
waf er processing system 20 the conputer program product conpri sing:
resources for scheduling the wafer processing systemduring a first tinme
period, wherein a first plurality of wafers is processed during the first
time period,,and ch of the first plurality of wafers is processed
according to E&fi r ecmqtg&ro&rgnugg@\tﬁ?&)g a‘f‘%?’ ‘é’%ﬂ%‘@ﬁf’? ﬁ‘me‘ﬁEr waf er
processi ng sygsropfnfpiolié r%i&@%@seﬁdr@@udﬂ&ﬂ_&ﬂe wahe peddessns§arnd plurality
of wafers is processed during the secon time period, and each of the
second plurality of wafers is processed according to a second recipe;
resources for,sch | LN he waf er [ Y. ring . a third tine
30 peri od,5 V\,hlelﬁei ﬁﬁge ?(hn?‘? erpﬁré\g’gﬁ}frg&gcgggg?%?%&i‘gﬁeggggfgesg% Tduri ng the
third tine gﬁ—bb&dmg%yﬁﬂntcbﬁipri@é’seaWﬁfeﬁﬂhﬁet/\@ﬁﬁl’S fromthe third plurality
are processe according to the first recipe, and one or nore wafers from
the third plurality are processed according to the second recipe 30 WO
01767493 PCT/ 14500/ Ho/ QG- pr %‘amg%m sfclgirn&’@f,%e%iﬁ‘%h@\@vaﬁﬁ crﬁ[%t%f m 9,
wherei n the conputer prograpm roduct resides on a server coupled to the
waf er pr ocesstonbinslpdesarplutalityt of Hbetsdomntpartstarring thgfast, gacoodicind dliird| ai m 10,
wherein tQF fer. E{oc ssing system conprises a wafer cluster tool. 12.
The conpdterng@épé ¥#6Fuct of claim 11, wherein the wafer cluster tool
includes a plurality of robots for transferring the first, second, and

third 10 plurality of wafers. 13. The conputer program product of claim
12, wherein the wallscamperarogramairodust pliclaisn 52,pvhareiniths wafer plugieess

hanb f ' i I: I ' f f :
SRR o U R LR SO e

and third plurality of wafers.

15
14.  The computer program product of claim 13, wherein the computer
program product schedules the wafer cluster tool to eliminate conflicts amongst
the plurality of process chambers for use of the plurality of robots.

20 15.  The computer program product of claim 11, wherein the computer

program product schedules the wafer processing system in real-time during the

first, second, and third time periods.

16.  The computer program product of claim 10, wherein the computer
25  program product uses a genetic algorithm to schedule the wafer processing

system.

17.  The computer program product of claim 10, wherein the computer
program product uses a linear transformation to schedule the wafer processing

30  system.

18.  The computer program product of claim 10, wherein the computer

program product uses a first linear transformation to schedule the wafer
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program product schedules the wafer cluster tool to elimnate conflicts
anongst the plurality of process chanbers for use of the plurality of
robots. 200 ab674Ihe conput er program product of claimll, wEUSINGTYIE
conput er program product schedul es the wafer processing systemin

real -time during the first, second, and third tinme periods. 16. The
conput er pr ogpragespingdystemaluriop dhenfirsOtimepenad, ns¢shesecamblitear 25 program

product uses a neti.c algorithmto schedul.e th fer processj.n system
17. The conpulBFIEmBHPH R FRetmle Reorafeh mprasyiae sYaiup duing fle EEHBUIES progr am
product uses Tlﬂerio'd[‘ﬁﬁfus% A ShHC IS Irithin 48 schehgld McewifRE pMRER IRy SRS Si ng 30
system 18. e conputer program product of claim 10, wherein the conputer

pr ogr am pr odudiringgbe tharditimeg petiedaear transformation to schedul e the waf er
31 WD 01/ 67493 PCT/ USO0/ 16794 processing systemduring the first tine
period, uses a second linear transformation to schedule the wafer

processi ng sypf em Ty ¢orgpuitéteprograminioduictds clpgd 1 @dvheasid thishst plugitebf C

al gorithmto schedul e the wafer processing system during the third tine
peri od. 5 19.Walkes aepfnsesed gt DEARSIBHIAG: of claim 10, wherein the first
plurality of wafers are processed at a first constant rate. 20. The
conput er program product of claim 19 wherein the second plurality 10 of
waf ers are pr2kessEet amptagrogrdmgoodicant claia &9 whireinkthestdrod phirabiyer at i ng a
waf er clglﬁpter topl, wherei n 't he vvaf‘i?r clar%?t?r tool includes a plurality of
process cifanBEVateryire prosessediahg seeopd 6enfA {2t wafers, the net hod
conprising: 15 loading the plurality of wafers into the wafer cluster tool,
wherein each wafer of the plurality of wafers is |oaded after an end of
one sendi ng p&k.i odA mdtkod efongratipgperafonclasergeols wherein thaiaderrplustere i nt erval ;
processing t

0255110 | Pk Lyl B S R L RGBT
accordi ng to wafers, the method comprising:

15 loading the plurality of wafers into the wafer cluster tool, wherein each
wafer of the plurality of wafers is loaded after an end of one sending period, the
sending period comprising a uniform time interval;

processing the plurality of wafers in the cluster tool, wherein the
plurality of wafers are processed concurrently in the cluster tool according to a

20  plurality of recipes, wherein each recipe of the plurality of recipes includes a

plurality of process times for the process chambers in the wafer cluster tool.

22.  The method of claim 21, wherein the plurality of wafers includes two or
more wafers which are processed according to a first recipe in the plurality of
25  recipes, and two or more wafers which are processed according to a second

recipe in the plurality of recipes.

23. The method of claim 22, wherein the wafer cluster tool includes a
plurality of robots for transferring the wafers amongst the plurality of process

30 chambers in the wafer cluster tool.
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20 plurality of recipes, wherein each recipe of the plurality of recipes
includes a plurality of process tines for the process chanbers in the wafer
cluster twob1/6223 The met hod of claim 21, wherein the plupatiusg/whaaf ers
includes two or nore wafers which are processed according to a first
recipe in the plurality of 25 recipes, and two or nore wafers which are
processed accat.di nfhd method ef claiin 23a&]hq:vemiarmtrﬂ‘rmpfwbatsilhyhaqﬂufaﬁqi pes. 23.
The met hod of Ial 22, wherein the wafer cluster tool | udes a -
plurality of toBBS1iS leFbhaR A HEPEH i %ﬁ@%eéwté ity p OpfSiral ity of
process 30 chigpieEs I n the wafer cI uster tool. 32 WO 01/ 67493

PCT/ USO0/ 16794 24. The nethod of claim 23, wherein a nunber of robots in
the plurality of robots is |less than a nunber of process chanbers in the

plurality of a 3% The net hod of claim 24, further
conpri sin eagﬁiegm?{filggtéf 5‘!‘?? BRenGOMIFSIE: om t he wafer cluster tool,
wher ei n each waf efeleabing g pHitalid dftwafers fih EHeSwafer dladt@assidwheRm t he cl ust er
tool at the end of one sending period. 10 26. A et hod d of scheduli ng a

waf er cl ust ereaghsvaferyh dhecplurafityeof fudfers it relepsed fromghg clustertgabatdbe end a

conmput er syst e% cﬁﬁ%ﬁ%ﬂd ng the cluster tool, the method conprising:
inputting a plu ararrt recipes into the corrputer system wherein each

reci pe of the pIurallty of recipes includes a pIurallty of process tines
for the 15 cluster topl u tin hedul waf er cluster t ool ,
Such 1 hatld; hd&ohohananodaiashetling Wi dadehersin the Bafir shster
plurality of efigks ﬁl@&‘ﬁﬂiécﬁﬁﬁdté’r sySieAior LdhEaliy it bﬁlxtep{oom&éﬁ%ﬁmdwmre' n
each wafer of ura ity of ers is processed at a uniformrate. 20

27. The net hmsbnqinsuigal m 26, wherein the schedul e includes a pI urality of

P T 101 B8l TSR Tl O S et Rt o1

recipe of the plurality of recipes includes a plurality of process times for the

15  cluster tool;

outputting a schedule for the wafer cluster tool, such that the schedule

enables the wafer cluster tool to process a plurality of wafers concurrently using
the plurality of recipes, wherein each wafer of the plurality of wafers is '
processed at a uniform rate.

20
27.  The method of claim 26, wherein the schedule includes a plurality of

pick-up times for a plurality of robots in the cluster tool

28.  The method of claim 2, wherein the plurality of pick-up times eliminate

25  conflicts for the plurality of robots.

29. The method of claim 26, wherein the schedule is computed by the

computer system while the plurality of wafers is being processed.

30  30. The method of claim 28, wherein a genetic algorithm is used to

determine the schedule.
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25 conflicts for the plurality of robots. 29. The nethod of claim 26,
wherein the schedule is conputed by the conputer systemwhile the

pluralitwobiembers is being processed. 30 30. The net hodrof/usboaicm428,
wherein a genetic algorithmis used to determ ne the schedule. 33 WO
01/ 67493 PCT/ USO0/ 16794 31. The nethod of claim 28, wherein a |linear

transfornati on.i s VUseaethod oflelaith 78 ®hérbig aslileeeitthdforddtiod hruss@tdhod of cl ai m
28, wherein a linear transformation and a genetic 5 algorithmare used to

det er ni ne t hedetemungithe scheglulen waf er cluster tool conprising: a plurality of
processi ng chanbers for processing a plurality of wafers, wherein the
plurality of wafers are processed according to a plurality of recipes, 10
such that eac32.r ecThpemethot o€ claimi28) whereinfa lirear pasfapatoh axba gengltiar al ity of
process tinmes for_a wafer, fromthe plurality of wafers; a plurality of

waf er trar?spo?lg%‘i‘@n\“HF“F?dalﬁgﬁ@PPi“#‘?dﬁ)"tW eé)‘flﬁr ality of wafers between the
process chanbers; a schedul er coupled to the wafer cluster tool, the
schedul er including a 15 conputer programrunning on a conputer system
wher ei n t he sthedulevafergludierdeolidoatprising: cl ust er tool processes the
plurality of wafers concurrently. 34 The wafer cluster tool. of. claim 33,
wherein the schedu?Bﬁ“agé}'gfpﬁoﬁ%%mﬁ Cﬁ%‘?}h%faé?fe"f?%e?s‘{‘%épi ?Jlétygf“{agegf, by use of
a genetic al gRhérkitnthe presly of Wafeheard Provessed aedor@ing @ apluralfiy ol fipssSf er
cluster tool of claim33, wherein the schedul er determnes a schedule for

the clustldr towh thay caeheregipe af thempiyralityof segipgsFresitieropfurakity plprogessput er
program 25 %@meTan‘WJ ﬁ&b%ﬁ{ﬂaﬁiﬁ%f‘%& | aim 33, wherein the schedul er
edule for the clu

determ nes a SC ster tool’in real-tinme, while the
plurality of wafersphraity pf wafes satkpbyters fer tednsporeing tleapluraly &Avafdtse waf er
cluster tool of clalm 33, er%i n the wafer cluster tool
between the process chambers;
a scheduler coupled to the wafer cluster tool, the scheduler including a
15  computer program running on a computer system, wherein the scheduler

ensures that the cluster tool processes the plurality of wafers concurrently.

34. The wafer cluster tool of claim 33, wherein the scheduler determines a
schedule for the cluster tool by use of a genetic algorithm encoded in the

20  computer program.

35. The wafer cluster tool of claim 33, wherein the scheduler determines a
schedule for the cluster tool by use of a linear transform encoded in the
computer prograim.

25
36. The wafer cluster tool of claim 33, wherein the scheduler determines a
schedule for the cluster tool in real-time, while the plurality of wafers are

processed by the cluster tool.

30 37. The wafer cluster tool of claim 33, wherein the wafer cluster tool

processes each wafer of the plurality of wafers at a uniform rate.
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processes each wafer of the plurality of wafers at a uniformrate. 34 WO
01/ 67493 PCT/ US00/ 16794 38. The wafer cluster tool of claim 33, wherein at
| east onavowf/erozransporter fromthe plurality of wafer penUS@orsr®rs is
used by two or nore pairs of process chanbers fromthe plurality of

process chanbers. 35
38.  The wafer cluster tool of claim 33, wherein at least one wafer transporter

from the plurality of wafer transporters is used by two or more pairs of process

chambers from the plurality of process chambers.
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