CDEFe3ePP| | }4x6Tr , RECI PE CASCADI NG I N A WAFER PROCESSI NG SYSTEM
BACKGROUND OF THE | NVENTI ON 5 Fi el.d of the Invention Th s 'Nﬂlﬁ\mwmmlﬂfﬂ&t es
to the field of wafer processing. In particular, the i nvent | o]
schedul i ng techni ques for wafer cluster tools. Descr i ption of theiRel ated
Art 10 I n tWwe qprooess of manufacturing a sem conductor devircansegis7es an
integrated circuit, nunerous steps.of micro-fabrication are perforned to
forma device. These steps are perforned serially on the individual itens
of manufacture in indivi JBEIPECASCADINGEN AVEAFEBPRAGESSNGIre are
transferred between nodul es by transpor# Sniﬁig\aanisrns such as robots. In
order to achieve 15 desirabl e throughpu iability, and fabrication
quality, several conditions nmust be net: 1) The delivery and renoval of the
substrate. to and fromthe pr e he transportation of
t he waf er between nodul es, rﬁéﬁmmﬁﬁ@%ﬁw%ly manner. This
timely delivery rgad oi%d’ﬁwuﬁén of substrate is achieved when the flow of

substrate is maintained in a periodic and s%nchronl zed manner. |f
periodicity and syncfhirinyentionelatextortbe fikd ok wafen atpcessiite. dnpesisular, éaul t s

will be inconsi sigfiol e@agt&ggétgdﬁtﬁgtegn%gmt& fer HMerihis expect ed

throughput may be re sirable to transport the substrate
in simlar process flow paths to avoid i nconsistency in process results due

to variations |2)t§€l§% {lﬁgﬁﬁﬁ&ﬁﬁté’kﬁ(ﬁ the substrates. 3) It is

i nperative, es of manufacture do not spend any

pr e- processtor post - mmﬂe(;ﬁcscetssmnmdifaa&g‘tmgrasmﬁhcbh&ﬁctmﬁte%ﬁcmdslahl cal
processes are performéd The addition t{ pre-process or Eq(;_'snte rocess time
in these nmodul edMEEgE &BS“IHG‘L““’GFHV SRR peRtiongEre B§r hio 19FBRess

resul ts. For exapybe Thele 8dpd hrepREbIMEALER Wﬁﬂx@mdmauaa iSpRgErate is not
imedi ately transferred fromthe spin " PCT/ USO0/ 1679~ coat

modul e to a baké&anstaghuee ingndividuabmpgules; the itsmpsiod menpfasiuse are tiapsfergrer | the
resul ting film &bl aRHulds 'bg (ﬁéﬁ%@cﬂhﬁérﬁ?hﬁhaﬂoﬂo& IR ol-cLEPibS&hm F
s§ and/ or ey should be

totally elimnate- pre-proce post - process tines,

rendered as 1Bbri dfsizblegbrovighpus, relinhiligrngndfabricatipngeality, severhlaweditionemustannot
be all owed. The,in li)l lity to nmeet any or all of the above conditions cone
fromthe fail urg Tesolve transport conflicts. Conflicts are situations

wher ei n separ at @)’ mduﬂ%dcﬁi@ﬁ@ﬂd&erﬁ@b@bfﬂtbﬁﬁbsﬁat@té amafremane priaseskf i ci ent
for the robot to service étnese no s 10 One convent Igf)Eﬁg sol ut| on to the
concerns |isted above iBO¢HE }YF ia'i) & FrnspRitationpiihe v Bleer modples,

transportation resour Ce:ﬁust"d@%é’&ﬁphsh&ﬁn%‘téﬁel& Hﬁhﬁét’rﬁgﬁnﬁﬁdda%@%ﬁ' cal
constraints of a track system]imt the possibili of resolving the above

di fficulti e30by adding ramwhqfﬁabstrawée@wném@@ed}ow phsIDsERE it | on
resources. 15 The addi ti,0RtfeddRdigeALRE ald SRSk BhizEd FBnk. If RRARy

substrates between
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) It is imperative to ensure that the articles of manufacture do not
spend any pre-process or post-process time idling in modules where

30 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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adj acent nodul es (hereinafter called Inter Bay Transfer Arnms, or |IBTAs) is
anot her net hod used to inprove throughput and elimnm nate sone of the pre
process and/ or post-process tinmes. However, the addition of |IBTAs al so has
serious drawbacks. Dedicated transfer arns conplicate the tool and increase
its 20 cost, wmod7ees n t he position of the nodul es, and canngtt®ooisesd
everywhere in the tool. As a result, the tasks of managi ng the substrate
flowin the track system while maintaining both high throughput and quality
and resol ving all transpesat nﬂﬂﬂfeltb@tb&kd)ﬁﬁdhlﬂEtdﬂhﬁﬁﬁh’i@%Eﬂaﬁpho%l-@ésmlﬁlm
conventional solution |s to n of subshrate trans ort 25 priority
rules. Prior to any fobot®Yfipt g‘“ ﬁhéﬂ SElk r\’F“ﬁP@@CFa@ Adf&d to as the

sof tware schedul er, veri fmﬁ‘o%sfﬂofEQo%t@l‘l)‘v‘&ﬂﬂhﬁéﬂ?@-?fo@&‘é‘ﬁnwﬁr phst plcent eyl es
and rmakes transfer priority decisions based hese rul e wever,

achi eve hi gh t hr oughput sthey iseould hetrurered anbriefen eossitie, andesy varbitiens in

unpr edi ct abl esand vari ab ost-process tines in critical
nodul es, and t5he 30 subs %S é@e%agﬁgﬁ%%aﬂgg’e@orced to follow different flow
paths to conplete thel’li’hepnzdnm;aSo trgeetl any oraM\Gfﬂile/aM&?coEiﬂiE/ohE' &8¢ £ te
Heretof ore, the requir eme ts of confl | uti on, synchronization,
quality, and path™ ?Lgﬁé? %?%HEWS@PEFP %ﬁ% af?a?\?téaf%’ﬁ"g'@é?ﬂ“ FAPRTAE et .
What is needed ISmca:llﬁchddtriaﬁﬁl atrbtat vmhde ﬁﬁeepmhwfﬂ@ldﬁt%ms rébbt tderyibese
requi renents. SU THE | NVENTI ON An enbodi nent of the invention
allows a cluster ‘?5‘6!‘“ : e_éhange froma first recipe to a second recipe)

whi | e preservpng peri Qﬂie@ohyerﬁi'agales@ﬁﬂ?h 'Ekgthg Q@ﬁcemqfs?ed"%gvélg tﬁeeia"ath naéf
critical points. This procedure is referred to as recipe 10 cas cadi

Cascadi ng invol v@mmsn'gochﬂcfﬂar@ttrahmort@ﬁoma{smeesoﬁomvcﬂ thetseze tooI and

popul ati ng the cl th o and

si mul t aneousl y. ‘Pgﬂa%ro S%B'giu% e §1 c%g%nsgam \IXII it cl%ysge M%f‘%eﬁﬁ‘?f’é‘bfy &f
critical process r&todapsg theratiovd diffiouitiea dhgliati dinp atiditiohd procagdngdulesess nodul es
ot her than those _call edtfor % t he reci pe and throughput requirenments of
the entering and B RRBUISPHE Y ots. The entering ot may al so have

different redbpe and (Theadditipn bf delicttddarmpies afnisdlahdetbbtedies BePleen AN
enbodi ment of the jnventi orﬂsl ncl udes a method for processing wafers which

conpri ses | oadi ngdigesnt madules (heseinatier splledinger Bay Jranster damerordBldskis t ool
i ndi viduall'y at Iaa&ﬁéefﬁaﬁoaiﬁéed%hﬁ}obymgg gaimﬁgﬂﬁhme P&ﬁéeﬁm epherein the

20 first plurality of wafers are processe ccording to a tirst reci pe; and
| oadi ng a second pprcgssndioy post-pragess times tHowaver, theusitigionto BBTAS aisohey val s

delimted by a s rein the.s lurality of
waf ers are pr ocegglg(gﬂaccor P%glj:%t%&a%g“m%ﬁmcﬁc’ﬁlgl “ﬁ%&g%‘g 5151t he
invention; tBe closfemnstrainthdmsitdntaf drexhédules, ped ¢andot héursed]gvetdﬁwné?c ithe
cluster tool pro esselzégne or re wafers 25 fromthe first plurality of

waf ers accordi ng 30 °Phe%# Feshity %%‘@%H&Pﬂ&%'@g&e Fteate, Hew AR etk he” second

plurality of waf gyseraaefiledhdigtaintnd histh BiRE Wdufifik BRI @Md%ﬂﬂﬁngant he
i nvention also include a ¢onputer program for schedul i ng the wafer

processi ng systeﬁﬁansn?étceﬁﬂ’f?&%@co'ﬁ‘%‘@@&%ﬁeﬁ@Fudes resources for scheduling
the wafer processing %%%&Wegﬁ%\a@sélhﬁcﬁtlgtté ﬁqéep&' suggrﬂ@ﬁﬁﬁggna first

plurality of wafers is processe urirng t eriod according to
a first recigeé; prooubrrues. Poer M&d@dtn@mmemwi sxmm&m ne{prsyise esn dur| ng

a second tinme pe el &k n lural jty of wa ces

during the secon?lllk etéllﬁey)wpeegrcl%o@llgc %Sgﬁeoﬁt%&’iogsé%ﬁtﬁﬁes 'Bge%eé'cméﬂ‘g‘{ césagur ces

for WO O/ 67~9maRETtrhiSfa/pHdns, de_cixtdmdauiddrtgx ﬂitneru\laiemo@émets&bmvsyst em

pr oceased dur | ng FARPEHHERRE Csc e Ges R deB b o PRSI ARk 1 rom

the third plural ivhiatié Erep;sres@ssMp@s@@wcéssrtqnésqntchﬁcenHoahleae&idnﬁe and one or
ir

nore wafers fromthe t lurality are processed according
30  substrates may also be forced to follow diffetent flow paths to complete their

process cycle.



5, to the second recipe. In enbodi ments of the invention, the conputer
program resi des on a server coupled to the wafer processing system In
enbodi ments of the invention, the conputer program uses a genetic algorithm
to schedul e the wafer processi ng system In sonme enbodi nents, the conputer
program usesWanUe98 opti m zati on techni que to schedul e t he PEAES00/16794
processi ng system 10 BRI EF DESCRI PTION OF THE FIGURES Figure 1 is a tine
line illustrating the points at which wafers are |oaded into a cluster
tool, wherein the poi liiesetaﬁoee,Mqlatambnhwficmtﬁcmaéo&utwn, mhmﬁdimg peri od.
15 Flgurezlllust est relative nd bsol ute pick-u three
wafers at a proc@é1 > ang ?qnsﬁén‘%‘ée ﬂ?? i@gghﬁ'fcpﬁoﬁg’eﬁf@ily Gb’t't %’é%‘s
wherein the. picliesdedtis Mu@drethmﬁmltmsakl)i M dreSEd¥RIIQT thede rez@itembrgs.per i od.

Figure 3 illustrates the various nodul es and transportation nodules in the
cluster tool. ZO Figure 4 is a graph and corresponding table illustrating
the nodul e paghs in the cluster tool. Figure 5is a table illustrating the

recipe of a cluster tool. Figure 6 is a graph and correspondi ng tabl e of
modul e pick-up tines which ari §@MMA£¥QR}ITI’@ PEYENTIONher ei n the sendi ng

period is broken into t her ossi.bl e robot
noves wthin a singl e@%oﬁggﬂg?&ﬁ{ lfPilY—e%hur%u 5%° ‘zlf%er%%%‘lﬁog 8&9%%pond| ng
table illustrati figstcenipd uocatsccmdatcxgewﬂelctpeeswm Heriodieltp esd Eiiring tASS t O
robots, wherein ¢onflicts are indicated '..when t modul es assigned to a
robot have pi ck- E}Er%%rﬁé’ﬁdiggﬁ f‘érﬁrﬁ’cﬁla %ci"ﬂﬁl je-h‘%mﬁ%‘r"i?%ﬁ.’eéf"ﬁ%?%asgeggca gr aph
and acconpanyong chs%bdhﬁg aastading invodies exiptyendy 4 filstiot 6w &fetsUTT & BrRStet o8 Of
queues to elimnate confl|icis betwee es for access to robots. 4 WO

j10)
01/ 67. 193 PCTI USGBA Repating; F@Stemprww@lqt@éw;&&s aeralyasdpe tines in a
cluster ool . Fi Gishflahlously. Uel bR pirfdchttyth 5 WBAJY inhtl PadcirigalC! USt er
tool. Figure 11 illustratés a transition period }1 e cluster tool
processes an ent ®FAcAgs steps; anddvisnesdditiong! Tobets amd gmmsmociuldsMer&xm t he

timng of the fi r cording
to an enbodi rrentm% @%eeglfﬂl\?g ?g%&ﬁ%@kﬁ@t}ﬂ%&%@%% ync roré%@gl
Conflict ResdbBvi ﬂgﬁuh@:!utseﬂbetﬁteﬁng impegtalsoﬁxatdﬁffpreasentpeianddrrbmghlput '
conprises a nethaqd faor rrtai{.i mﬁl ﬂ" throughput and quality in a manufacturing
system by schedulrlqlilge@%ﬁ é temin a periodic, predictable

fashi on which elini nammraimmbstﬁeqﬁvmsﬁ RidludesOmMehod for%}fro@saﬂyl e of such
a manufacturi ng systemc rrpr| ses a series of process_ step

N,
whi ch are perfor r$ WiieB comprisssJoaing & Hrsy plyraity erﬁ"%%’slm@ %Wafﬁhﬂﬁsf‘%fct ure.
The i ndi vi dual pw«mwa&ﬁ@sat%eﬁvgs &Mﬁh@mﬁa ﬁrs@gya@i gtp%ﬂoaﬂw &aﬂk&keeS" or

"process chanbers”, and t series of steps is liste reci pe"
20  first plurahty of wafers are processed according to a first recxpe 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 peﬁod, 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 proéessed

during the second time period according to a second recipe; and resources for

3



The manufacturing system al so i ncludes resources for transporting the units
of manufacture between nodules in the series; these resources may include
robots. Conflicts may result between processes in the system when separate
20 nodul es demand a robot within a tine span which is insufficient for the
robot to serwpDow6HbEse nodul es. Additionally, it is desirabPETUSIGEHMIUl e
the systemin a manner which exhibits periodicity, so that events in the
system are synchroni zed to occur at periodic, predictable intervals. An
enbodi nent of t hechpd€lagthe wafée piocessing Bgsteildring & affdnimgiperidd, htefiid vel y
schedul i ng del ays.i.n various steps 25 of the manufacturing process in order
to elininate allthiigghuralitratvafess isprocesed dunng,the dhirbime aerqd juch thatasst
degradi ng t hr oughpbreQtaterddHont ﬁc%ir&é}%ﬁ%@ﬁoé@ﬂ%e%ﬂi @fthe first
Conflict-Resol ving Synchroni zati on: fer Cluster Tools An exanple of the
type of manuf act eipsgansioneormoees wafetsdtpr Bsvthird pluselRpangprecesse aseasdingool . I n
a wafer cluster - uk e I r ich are

or gani zed ar 053nd{ogcgéF%:tgggé%%/ak@?m@r@ﬁé%%rg{fﬁﬁg&‘%gg%ﬁ:ﬁ?e@%{%ﬁcr%é%ﬁ, to
perform a sequenmside$ ok seresrsospledp & therwhafee praxbesing sikstamf dn embodingensd exits
the tool through,a.buff.er called a |oad port. Once.a robot retrieves a WO
O/ 6763, PCT) USOobedpentifh Beoring ariedmbb s ecricalget BR b sSERUR S,  oq

sequenti al |y t hr @ufeh pidiessifyfsyeemoOin soaekdrtodsmeas ftheebmputét preghRtisesThe rime
Period defined by a wafer's .entrance to a nodule and the wafer's exit from

the nodul e is refnathe@ptigiztionterbigedo sehedrledhg VAT Pregessing Sp#e8s ti ne
i ncludes thegine actually spent processing the wafer in the nodule as well

as the overhead tinme required to prepare .the wafer for processing and pick
up. ( note that though the BHEFHES&&TID@%OEEMM&Q above as passi ng
an individual wafer. b en. | . Q illed in
the art that the presg%tﬂ%l n@%olﬁalg&é&ﬁgé hf%gbﬁggg}g%w%%maﬁg\%ﬁ%g#cl uster
tool in which a ibfb acinsteetoel, sdtereir thepbdiatssare sepaeaseiisy ibtetwabsof omededdimg ) | n

certain nodul es of.the cluster tool, a delay in picking up the processed

waf er may advers%‘fr-ﬁpdaffect on-wafer results; such nodules are identified as

"critical prpress nDdRigafe 2 illastrdtidialle RO bnd MsBnAd picklap dyfes of igedr0dUl €
whose process tinme_is |ongest anmongst all nodules I1n the cluster tool is 15

identified as th¥WafeFatiaRiosestinpewell ayfhe pragisasof thapickiupitimes, Waerginghe
determnes the t 1 : : %ﬂ% t he gating nodul e
determ nes the t ?gﬁ Eﬁ%%nﬁgﬁdgﬁﬁs%ggﬂ%,seﬁﬁ 00 génnot tol erate

del ays. The reci pe f oFigureshillustratésube wariouspaiodiles ard trinspontatiohaodutesdrquent i al
order, al ongside,their respective process'tinmes. The tine required by a
robot to transpowcgusgﬁéf% * 20 between two nodules is referred to as its
transport ti20e. WaferFigumd ivanegdimd comréspbiding tabid dinsttiaf thakhedulé pahs
managenent, i.e., t%he orchestration of wafer processing and wafer
transporting in B fEUSEF%hol . deternines both the throughput and the on

25 wafer resul ts del i Fiuads R i€ ilRNeiRg thdiebRRlON YRR BIoLT | OW management
requires the sinultaneous satisfaction of the followng two conditions: a

wafer which was just Pieyrekisaeranh and comespandine fabdg planedite pisk-ygfimesady to
nmove shoul d do : : Y l B i il
ve shou SQJhl’gﬂedPiseé') a§eﬂ§1#%?z§t?6dé’l h\@gr(eg?ﬁ#t’éﬁgndxg%gﬁo‘ahs bldReNBESE W

subsequent|ly be process Is e r assigned to transport
30 waf ers belineesub-interealsiad theesare sixpossiblapdtot moaves wishipra singlesendingondi ti on (
1) was satisfied boy provi di ng additi onal redundant nodul es. Such a
sol ution, howeveP$" éjOrrprorri ses condition (2) in tw ways: (a) it results in
an inadequate nunber Figife Dis/atpfaptilahdlebrrédgoidihg tatle-illustrating conflicts that

arise between processes for access to robots, wherein conflicts are indicated
when two modules assigned to a robot havé 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.



of robots serving too many nodules or (b) two or nore nodul es may conpete
simul taneously for the service of a robot. Wien the two conditions |isted
above are conpronm sed, delays in wafer pick-up result. If such delays occur
at critical process nodul es, they adversely affect on-wafer results. And if
such del ays the gating nodul e, they slow down throy such,
it is i rrperg{’)‘g&z&f‘%at the transport conditions |listed above g?’ﬁs"d(}a?%m eed
with respect to critical process nodules and the gating nodule. In case (a)
wherein nore handlin o8 ik i de, adding
nore robots can mti g%?%etgﬁg Sl tg %c%gah{ijgﬁép%qg&érﬁlgwugmpﬁo%y(b) t he

probl emresides in thlhgunermmlgl}xso'htes hafer flbotin seady stete iregclaster todhi | e addi ng

nore robots can also alleviate ca i s s an.inhadequat e, sol ution.
Since the recipe pr es@ﬁ“ﬁé&aﬁﬁwfﬁ@tr%ﬂ’%@?’b?“?&o’l“‘%@‘f}b&ﬁfﬁ’gg’ T{89L timi ngs of
t he robot servi qgoésgggg%temeﬂné mdﬁu@né,@im%mutr on to resolving the two
conditions can arise fromaltering the reci pe tg synchronize with

waf er transport: A 15F‘§‘é‘ﬁéa&lllqsﬁgt°&ﬂ§dwlﬁ5ﬁfﬁ@f@?tr"fi’é‘ﬁ R Eeesnterineiotnite such
synchroni zat i on. cl@ﬂéﬁoél%&ﬁﬂ&'rh@’io gdestbddieon s Bv&RBn e encoded in software
executed by a conputer erern the conputer conprises a nenory for storing
the software, and a CPU for executing the software. In an enbodi nent of the
present invention, the schedul er WA fromthe

manuf acturing systemto 20 gener%ﬁ%ggrdejﬁggtcg{#ﬁ’rkggeschedul e for the
system Al t er natSynehyonizéig Cooflicti Resolving Sobedxderns| ed t o t he nmanuf acturing
systemso t t he schedul er updat e the o er.ation he systemin

real -ti ne. énchronr z‘xl?‘u Pgol qurﬁ%mva?rﬁrgnﬁo 8% 218 dzé’ ZB%odi nent

of the present ltnm@hpmnd mﬁ@y infd WafScteMCysRA Beth@inling Rénidini theli vi dual
waf er s through t he cl uster, too at a constant. rate, This rate, referred to

as the tool's " SUMEMHE apsriadic, nredigtable faskiom Which elimaisates ponfliets far syeemnoyr |
and paces the Wark Gur s O Wnchalp @oreﬁAhoadrn&r&fyc ystef Jog,&@@és%e&%wsfrat e)
seconds. This period, ref erred to as the sendr ng "perio f the cluster
tool, is 30 the Hreesss beps ,of -, Nhyhmpgremrfqrmdwmwtwﬁbrfc@rmmmual units
|ntroduced tQ t t n order
to synchronige (RESIEREE ThOREMRarBled o St McREkE St iy
measured in uni tmmfulséruﬂr‘p@cmchadberéz’uamdnhemes ofbtapsrsshsted in hatectplcé. sane
tasks can be repgated i.n succeedi n 01/ 6 [ LTS00/ 1679. riods,
Lhe robot's it PeCT ANy Em dho dntRARdee e K GpTRoTPERr vuls & ce

requests, her eafh@fufictlire be®dei thodsles K Series; tededtesbueces aglifcledrdbotg.
period. As such, the synchronization of the cluster tool requires a

deternmination of 1 ) §ondligtymay resultbemvesn Proge$es inrfhe sygtesn Yoo WPABE wi thin a
sendi ng per 9d afgiudds ddhfind 2 RHAR B e Shds MR i SEAMEAB B 004t hese

tasks arise. These nonents shall here referred to as the "tim ngs"

of the respecti sérviessthese mprulesofrddipiorallyf lts%m“n@e preschedide thegystem in a
synchroni zati on t u

origin' el02, whic eégr%&?lgm%ﬁgpé&d@“? %/%th&te{v‘méfuit‘ #hg%&’%/%}ﬁer rstﬁ?‘gg%e% into
t he cluster tooltp OEhEatpcmdnmpreﬁ&@ahlsMS cAhethbpdindent bfithe psait one
sendi ng period 110 ach.d C 3 te [ es tively,
the tinmes at whi cﬁer%tr?g lgcé%aeeﬁatecﬁﬂ’iqr’aotlsa?ﬁe&%f’%ﬁrﬁ%h d\'ﬂﬁ?%&iaygrlgv "gég" PPnto the
clh uster tool25 A gfitheitiapaactehing protess ]grsdsruer t@r;]ehaymhmmcmbnﬂi&ty,&\pemr oﬂl city:
t he present invention ensyres {hat for each t i, n, the

pi ck-up tines f(ﬁn}%fﬁWi@%%W"-E%éiF%@ﬁ% URUE RS SRaBED SEABREIER Thus
each task i in the cluster tool can be associated with a relative pick-up

tinme denoted T;, where T; is nornalized in units of the sendi nga_period.
Figure 2 depi ct sAnFxanfrieof Cenflitt-Resolving SynshrowizationyWager<Cluster Jiools 208,

wafer 2 210) and wafe i The
hori zont al I)r ne depicts t%’éﬁﬁ'm &3’%&%‘1&?@% yég?rg’%’dggntbﬁi}ég"éé?%azo 201
i ndi cates t I trwafeatluxﬁan tobl. Vinhevafdr dlisstdr oaul eithe imidnles hemphisesprecess ooI The
rel ative pick-up,t T..at task.i 200 are |den¥. cal for each waf
Because t he. waf SeTPRGBBIcD e SRtz POCRoMb oF HEBF YAPeoBR e eiehu ng

period, the act ugropétsko Fb?rféﬂd@&q@é&eiﬁ@?do@iseﬁeﬂﬁ)bnum wafepf Aohdersaets ng
perrod Figure 2 al s |I ustrates a distinction between relative and

"actual " or 25 "3d<Hitsthetop)ithreugha puttercallqdha loag pert; \%‘cﬁﬁékb‘ﬁﬁctf‘f"ﬁ’é f a
process i is denoted by T 204. Since the yelative pick-up tine is neasured
fromthe time a wafer is introduced i nto the wafer cluster tool, the
relative pick-up tinme is identical for each wafer, wafer 1 20%, wafer 2
210, and wafer 3 212. The absolute pick-up tinme 214 is neasured fromthe
nonent the first wafer was | oaded into the :




30 cluster tool 201. Since the wafers are introduced at intervals of one
sendi ng period, it follows that for any wafer no. w, the absolute pick-up
time of wafer wat nodule i is (w_ I ) + T. s WO 0116p93 PCT/ US00/ 1679. t
This period (w1).is illustrated in the figure 216. Another paraneter which
is critical woosynghroni zation i s designated by the synbol -pCcTAB@1d798Ct I ON
rr =Tr - INT (Tr) , where INT (T.) is a function that . rounds Tr down to
the nearest integer, is the fraction of Tr that has elapsed 5 since the
begi nni ng of t hewafer fremta bedn@pnghpwafew Uﬂlmdpmnﬂﬂw@rmmﬁr@n&‘. so
illustrated in Fi fgm%c?ules spec@%g frE 'p Fec%p’ei er\?s pglrxgq d%ﬁ‘e"d bé’r?d\iv rE)grﬁlgagaewaI ﬁ;

and since the Wa? arefrnserted a
val ues of ~; 206toa_rxﬁodhdeamd thelwdfar's edichomveieanoduldie sefefrediad astmodute, | = 1,

2, 3. . . N CO[TBI‘ISG .thel.%ljm'n gs of th t ks. t he rgbots nmust acctgrrpllsh
wi t hi n a-sendi ngPBEFF e FUNBE fnchides e imegeaiay SRt PIOREFHRE BF ¢ hese
tasks consti tgit ewhfdpin tﬁé@hd&hléJ&G«vdllra%ﬂﬁdo&ret-hea&xﬂfé%c'&ﬁrrcu&o b%a&Ctﬁé'Wdfeﬂt' on up
to the ith nodul e of the processtlnespj , ; and the

robot transport {OFpEgessing gn =P1C19“IB. . .1 -1, it follows that’for any

waf er, the reI at ~t~'
r=1, 2, 3. . ;[Yd%e aoughP{o Iows %}[{ é)otqﬁgedéts?nnqeﬁ abo#' astPaSSlH%ﬁH

1,2 3. N : g mdfmdual\EP@fﬁE):etrwepn quuh:spt;wﬂltbe—dppﬁ?emo-eﬁb,skulednimﬁ,aﬁ N (1)
j~| j~| .| transport .Lines ven. cl ust.er tool,
L apmnr et 1 VB BreR A Yenn bty @oficabld Bia wifer et BB BVIRERE |
dependent sol®@l ydisdteteRer ghveatersss passaisbqweeammmgrl bed by the recipe.
Periodicity and Wafer_ldentifi "ne%@ ég{ eriodicity al so

enabl es the identifi cBSeBAIGRO “’If‘B%PP thes” el abor at ed

in&a, the synchrggbesesh ﬁ&ﬂaﬁﬂﬁyaavagwm&tbmf& résultB&udRbfRdaleda | oaded
into the cluster tool in sequential order at intervals of one sending

period, and 2) eéeﬁlfoaér“cnb‘éﬁﬂ@EPCFﬁ’bmi% " theycpnnay dolerpridalgse dhe dent i cal
events at the saggyfik Wﬁ?se ﬁﬁcé@%&%r{ gét%bxgstm oraﬁlers'?{rﬁ{étcl&s Yoot

| oaded. A consequen ese LMo Conditronsoi et er and
depart 9 WO 0 lidéntified3s BT/ dd809 hbdvlzs; thaplocess dirdeant ithis rodulel desdrmines ool i n

t he order they re origina gaded t |nt ls of sendl period.
neCsoch. ench -t DaubletuR8t il ch8RE L, BlealliBt ¥k Soudt Gedimirdfe Trg ¢ he
order in which theyughpiteresk ﬂﬁstmbbledté&\@hnmdlldia& deldyss Therkifedod t he
synchroni zed sche is referred to._as wafer_identification, or wafer

dul
"taggi ng". Taggi ?f@fu é&g“ﬁﬁfﬂﬂféﬁpﬁ%ﬂuﬁséﬁsﬂﬁm ardar alpnggide theitsent

i nvention, each. re&mﬁve ﬁ&aé@dlmeatmémesé uﬁ&ﬁya%bt{o%&@wnamrti cul ar
"nmodul e path i.e., aparticular set of nodul’es 10 which correspond to the

processes in Qheb%WGPS’t@IO mediles iypeferredigray its transporidime:- esent i nvention is
illustrated in Figure 4. In this enbodi nent, each process in the cluster
tool has one or nore nodul es associ at ed wi t h it, wherein the wafers are
processed. The nmleﬁloﬁvd\riaaagttmgmon@hscmserd}odér ed in a sequence such that

then el s artLve 2 whBaoR SREREl'T, B SBHAGRLn Rl SOK PR 1O
correspondi ng nodhfleefranspbridg ih 2lcluster €ol) detethithes pothahe geaEhbat drdahd od-St
modul e, the 5? Coargfe},\gsults 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



goes to the second nodule, the third wafer enters the first nodule, the
fourth wafer 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
common 20 nultiple of the nunber. of nodul es corresponding to each process.
The enbodi yi bed above is illustrated by exanple in

Figure 4 sﬂ?&g ggééquence of process steps, VP 400, VPC 402PEE#MQ@%%NSB
406, SBC 408, PEB 410, PEBC 412 DEV 414, HB 416, HBC 418. A synbol of a
process step appgafoh &gg cess step. 25
For instance, the prgce gﬁﬂﬁ dﬁﬁgéxg(%ﬂgﬁ%m&e%d&gegﬁ?a °;S’8}P§.°ng, t he
synbol of CT appaanﬂwanwbibnmmsmﬂmﬁnféhﬂme each process step is the nunber

of nodul es for that pgac S exa t he | east cqnmon

multiple of the nunbe Ve %‘a‘i?lcg’gé%gn“t%ﬁ\‘{ag’°§e gego Pé‘“@s%‘e gelgys in wajerzy

Hence, the reci pﬁxcfcﬂip redult. ¢f sivh@elayOedcupitesifitdl pescetvBOUBesTBRY L@vRRINS |

whi ch are Ilsé 22. Ea%h colum in the table 422 lists the nodul e nunber
SS

for that proc gt gyWRIgrTEsUlts s Had df speh delays oscyraat the gaging ﬁ'éhdéleaﬁhé)’t wel ve
possi bl e paths, qu&fdb I r{gg# such,
by to WO 01/ 67a33 PCT},tE}gf‘)%i/qbldg?gg S}l{jhglrgtléljﬁe%%% er t e orﬂﬁS
which it was | oali#ted pbnve areguarantgeyt vvﬁ:eremeetsenntwamgmssono@hamméﬂxet he

det erm nati on of 1gp&]¥g Addi n eues to
Eli minate Confli gﬁtnl%f r Zlﬁgg%ﬂt g?}n&g}ﬁ%gsrgé?@e@gmﬁegﬁwdsm gl&l g%% rise to
si mul t aneous, coopdd pmgukeaddxmnoaquhms Sanfmitxgmltmd sitnhddn. r However, 1hbas&0ul d be
desirabl e to esqlv conflicts. nat ddi nor.e robots .at her by
nodi f yi ng th @ti)’ptg P’E@lzﬁ“} res’&?%mctgﬁ\}ﬁ‘r‘ﬁ%‘?‘faﬂ‘ Egﬁ“ﬁ?r‘f‘ﬁa TeaEssHy Vi H Eg pe is
to introduce del rdaw:@b@tsdﬁiay@alléwateaéséw) 1&@@':[@5&}@&%&&:1 , to the
non-critical process, g eps in order to achi eve tim ng which resol ves

conflicts without co ihsirerdps presaribeding thsualustar t@ﬂi-d\ﬁféﬁémcﬁ thegimisgsief i ver ed
by the t0ol. SUCthedeist 8GR réites b RufBRbHAGHIAEn W felol Pk g%&%&,}x&mo the
basis for the "synchronous algorithm" To recap, a recipe as originally
prescribed may i fAnvasise Eemciepag ith\?ngsfe!rlm“-leetOrsafqugmse with o¥afergzapbport. nAdeI ays
at critical oc i wate

quality and ﬁw oﬁ%ﬁ%‘étﬁ %gg&tn%gﬁsdlg%ﬁl%{é&gg m&;@&{iﬁ%{s&gﬁ?}ggﬁ} %%ﬁielglg im of
"synchronous al gori t hiliis schetialer deseribedi hetetmtandreancelizddy sofawams execttedttiyc al
process steps in_or :iert to,ensu {?le t hat no del %%/s occur.at critica rocess
steps or gating 3tEP eraﬁ«ger[c% & GOMRWET PIRSISET HMERRY 19F SRR thsisp

wafer quality. ZﬂudSmd:vUrfardi%un‘Eigah@w@se Vib ankaltod et demRpedsEmt € how to
solve for the de]ays, or g-. be the timng of robot tasks as dictated

Z
by a prescribed {PR¥ERo8. ‘&érscfEdH'éf ¥ be used)oft-pye Heomithymaufaetrieg systrm ive _
process ti M@ %é?xefﬁ@éjé. Bﬁé de&ﬁm’l&‘&'s@ﬁodufe%r iﬁ@‘@&ﬁéxﬁ' R@tegéna_elﬁl_ théc&hfflﬁ@r by '
i-10 i-1 z~ p; +q/ +q; ~+Lt]" =1 -
r_t =r,~q,-|NT ~W8Y hqcouplqd tomq\mampp ctuning Systemy solthq\t the ;chedqlen capupdm V\D

Q767.~93 PCTI U/ 16496h 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

7



The objective is to find a set of queues g, to be inserted at the
non-critical process steps such that the tinme interval between any Vo
nodules k and m k=1, 2, 3, ...N, and m= k, k+1, , N, where nodul e k and
nodul e m are assigned to have the| r 5 wafers pi cked up by the sane robot,
is greater ‘Yﬁé’h’“f‘gé transport tine of the robot. This woul FYEHE3t tine
intervals sufficient for the robot . to service all nodul es and thus avoid

having to serve npre tha ne nodul e at. a v t he queues
so derived nust Pglgds t E Hﬁﬂt??} %%gqhaglﬂsieég?wmﬁﬁﬁaww nodul es.
And there shoul ﬁéqb@stmquwﬁa%feakd £ dstitdsRE”, MBELSSndIP Uil I,cahoaOAtshe gatl ng
nodul e. The set of queues will be solved for using Equation (2).

yiel ds a N syst &hothe synehznization of Bgsluster tool pgquiresa @ptgmmatm@fé)ﬁle | s a

10070 o TRl ks ot icint spndindioshy e ' 75 4 7

0 g3 Ta - SI' 4 @xatt Lihomi:nmﬂhiﬁ aGending period tiat.thesp Jasks-arise. These moments =~ ~ ~ 1

1111110q ri' ne 1 1 k.1.1 1 The constraint that no
del ays shoul d og@ﬁﬁeﬁaﬁﬁﬁﬁcgﬁfed%%&l&ni”éngsioﬁflgf)bels%cg‘vfgaskﬁuati on (3). For
exanple if nodul e #STEa@bdééptabeSsﬁﬂinrgipeabds ﬁqwaﬁdmdﬁbnafmuhﬁrd@a iaodi fi ed

to the linear equations as shown bel o 0000002z~ - T=1
100000 0 gHegrel.olhe meling ](906'136‘”&)%8‘8 lﬂzﬂﬂledbd@o!?s the momgnigvhen
(4) . . O D thefirst wafdd¥s loaded Mt tht clusfer tdol. iheltuchmmJ Bbrfarkhtddlh © O 1 1

12 WO ~01167~ 93 PCT/ US00/ 1679.t In Equation (4) above, the timngs T as
prescribed W th@tsmfogemdmemrpé 130 e Eretodamarcation f 64 44 1q8 mintg@w * are set

obot, s doscr FRTELaf, ety el 6hd 4R PG s ML RSO e

vector g. is thmnoﬁxalchstbrftmi by pre vy rrultlpl ying ~z' - r) with the inverse

of the nodified constraint trix as shown in. Equati | ow. Addi ng
this set of g. to th &E@'&?mﬁ ﬁﬁﬂﬂ?ﬂ“&“ﬁf’%ﬁq SPFW@‘BE}' V\tﬁﬂmé chroni ze
waf er tragsgortbmreﬁﬁgmwgargs ﬂfagﬁng&gch tisbl@x $=10. 0, f, the Pick-up'times fdrahy0 0 0 O O 8
= T 1 1

S oL .Z. 115 oweter yn erg_mgggxaq-tas k are igentical, &“@e@hiaspinﬂ’ef@siﬁ‘it?%ﬁﬁ cati on

of the Synchroney%s@élae& watm r'éaace bick- u%fmﬁéjaé?i%féﬁsr Q&he}eh@ it H(Yx%ﬂ:!h'zaf'mw Il now
be further described by t l'ow ng, nonlimting exanpl e wll serve

toillustrate i nmmfehed@mdmg p@aod oﬁxsmeadm@sth@ffe@ugmftpm%e@ Trlwree exanpl e
is intended ner dgt 8 t he

i nvention may bg)a%rrgag{a?%gdi h%rip grv§ iﬁgi.rgﬁefﬁ:@g%o%& skl in the
art to practi ceatib202. nmwhormontaAhwdmmgthy TIMEeaxts@00p  The oinigir of thistaxise
construed gt t he scope of. the_.inventio e nchr zation of
waf er trangg% MF’H&?EFE gﬁte"gl;é‘di’ H’ag’rg ‘fjg’lag?dn‘f‘E?otF ﬁ\f ¥ r'r‘?8

illustrated usi fgative pi&Chg txﬁcexi&ﬂﬂisl@x@@o fre GddnSit R Forl 20h wafer g Because th’i a
schematic for a conceptual plan view of a wafer processing apparat The

20 resist coati Mg ea%@e@é#wwp Huroduend) a intervals of ens sepdiag pgaods thesis: nd DEV
302 respectivel tc%@g%ﬂnésrb? ﬂ?"‘%"'ifg‘(ﬁ%f%g“r“% S,Egg@rent bake nodul es
S 0

vapor prime (VP soft ost e sure bake (PEB) 308, and
hard bake (HB) 310, Esguveel alsasllttsneuesadtstlnemdxm«g relative andpdeuals or The

arrovs connsgt | gl acsiy DaE: Ak AL IRIN 55 SEPEBSARY dlGolber Da

transfer 257arns, Fansre rate een th
nodul es. As a ré‘sﬁM thds&athlemelamvmsk-op tntdeesmemm frmduﬂeaancamferras n the

| ocation of their WO 6 3. PCT/ US0011679d, corres di.n h| |
pl ate. The cassé‘lt’i° d“g’ttg G'EF (’E‘l’é@f tci%gg bye RIEkYP YRe SHg e
transfers subst eghegafts, ¥Af@NRISOwhire 2030 Seidtveafer B X, aFHcQ'BsoliﬁéQmS(t-@ﬁJper
interface (SlI) robot 316 transfers substrate fromand to t he stepper
i nterface. 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-1) +T;



The /O nodule 318 is a buffer zone for the substrate transported to the
.Stepper 5 interface if and when it becones necessary. The nmain robot 320
is the neans to transport the substrate between all other nodul es such as

vapor prime chill (VPC) to resist coat (CT.) Figure 4 is a schematic for
the wafer pMREES4I) ow. As can be seen fromthe schenatic, REHSAOHET4
transport neans is the | BTA the substrate will have I O only one option in

the flow diagram This is the case when the substrate is transported froma
vapor prime bakén’AWI’tOé(V’a@dﬁllb‘rsmﬁed@rfh?ﬁgweilﬁl—bmever when t he transport
means is the main robgl,he,sHa 1991'1'&&31 G?sg/ﬁcr&‘&%ﬁ%t?dniﬁ’gé% FH%% ﬁ
exanpl e, when a substrate |s rem)ve froma resist coat no it can

be transported tike symybadfr; tThe fisefidn BakE - ST TP swKe INTQM) is & fifnco Gafdd> 4.
The Synchroni zation Al gorithm W w ||l now denonstrate the application of

t he synchr oni zatrPédsaligdawn terthe eearast integery éx the fraghinn ofsT:athatdhes elapssd f our
steps: 20 Stkep t 6%
di scussi on rtesf ersgnc%%eégx{r}gn%% S sgsem{n %ﬁ%eﬁgyﬁa@gr}% |2ng a?%te reci pe

in a table 500. alsodllastraged in\E@gmc)RtErmtBOT. taliet atehideqticakfos sachtvegfer, aud

sequential or der sendi n errod al eferred to.as the temtakt
time" is also né P’@&%“O‘ﬂafg ffﬁ‘?@éin‘%trévi §§‘ Hﬁrb‘lﬂs g‘etvé‘t%’tcsf\g?

are then cal cul @t)@%éﬁémﬁﬁff&@%%ﬂer MTHeBefradRds!| £ i=/Re; 3 COlNIEEm

ensure each nodul e takt tinme is |ess than the systemtakt tine. The rmdule

takt time for edentimingseofthegpsks thegobots mugt dcpomplish] witiin @g@eldmgpemﬂ
dundant | | t
rodundant B! oo o el & GAICEIROUb gk ol M Sl Bt 201 10

| NT ( Modul e t aktof theteansp@y.sBimne Taksthe acteinuladion upd the/itiihigdilé ofREA/ USO0/ 1679~
In this exanple, nost nodul es reguire one additional redundant nodul e. The
number of nodul é’§°"r°é§ﬁ3‘inF%de'dr bg’éh 43 apg thegokqtr3nsnory tiragsed in a col urm 508.
5 Step 2 Determ ne S Lo?l\d f The fer Transport gkeflned earlier,
the "load" of a béb'o‘t eflel sitfJlawsehatdonasy n@\?églat“(el?‘ ‘UpHEBRH ed to make
as well as the tjimge il otted for the robot to performthese noves, as
nmeasured from the begl nni ng of the current sending period. The

determ nation of_t rob | oad is depicted in the table 600 10 in Figure
6. This cludPer HpndrBt 124f this exanpl e has'Eweébdre Iﬂarocess steps. The
timngs of the twel4% corflespondi ng robot noves are determined as follows:
Counting the ti mealkd RiNoW3RhdTRERhink b€ theaARE, £ 22eS . \hgs| oad port

(cassette), cumulate the process tines of each modul € and transport timnes
up to the nodul e efl, + WE(BFt: For exarrpl e 15 for the nodul e code-nanmed VP

602 (hereafter all nodul es are coded) it is (62+6) = 68 sec; for nodule
VPC 604, it is (6@+65+ = Ez ;: act ual_g?rsi n in segonds for all
robot noves are TZsPebidfi~ A dab bed " ActTP=-606. To d&dermine the
relative pick-up {¥mes”™;, the’hctudl 4inmes are. divided by the actual

sendi ng period. Jifide an8poH Bmes? Al ﬁkajﬂagaghenaﬁxtstéatoopllcllsayﬁhrtmmm of VP and
VPC by the actual sending period of 45 sec results; respectively, in

normal i zed Plck-Fyatiomely that thertiraing of rapgttaskrfels depardentse I)p%tbcwcﬁ%es for
each of the twelye ppo sted under the colum "T,;

Nor mal i zed" 608 Pr a??sﬁé%%ﬁéyr n?%cg%r portion of the T; values results
inthe i; 25 values i.e., the available time the respective nodul es have

to be served by obof, s romt he begi nning of sending period,
and . expressed %‘%?'Ws“!ﬂ%ﬁ%"%@ﬁﬂ%?ﬂj‘%err od. To illustrate, the t;

values of VP arid VPGr err@Ufp@Hde@ityOQZo eriBies el iAEH FRaBEn bHWhfeMRn must be

serviced within ;511 |nterval S one sendi ng period, and VPC nust be 30
servi ced wi t25i n thogipstentost.vA slabqra@ﬁenfyeﬁmsryrgctpemr%schwrl gngyregpthat 1)
normal i zed T, vahleseal e léﬁeﬁ%tt, 1&?4r‘€58? r?éeQ]PeJEi’a‘i’oPdcﬁ%ﬁm dt‘o%ﬁ
pictorial representation o a tota twel've noves an e tinme
t hey have to be sadmgqtemd fand Z)aezs:hmhfergoqded nmdthel-‘algﬂnereoal lmtlcngeest he 15 WO
01167. 193 PCT/ USQ ]t1679

entical 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



sanme i nformati on from anot her perspective. Since the robot transport tines
are around 5 & 6 seconds, the nunber of nobves one robot can make within a
sendi ng period of 45 sec is (45/6)7; say 6 noves to be on the conservative
side. Thus 6 vertical lines are drawn in the graph 5 700. Wen the tines

t he nodul ewohianees 0 be served by a robot fall w thin one ipgirafgd@heropuch as
SBC 702, DEV 704, HB 706, and Cassette 708, all of which fall into one
interval 710, it means that they are conpeting for the same nove of the
robot at a gi veathtrhodule iahetiafiertasdldn theforidteh® wér okigthaly 10886E€ at asks whi ch

use one robot, .and if the z values of 10 these tasks fall into one of the 6
intervals, it HESNYsPhone seRding PFeiod: s such.gagh tater ipa medule an bobot t o

servi ce each ofdehiffed #RpHF by WicRink Wrder iTRASE: thEPBtbieE bEcxiRQLHREN t he tasks
for use of the robots a?g”r r}ggibcl vgd asf %i_rels???%e'g&io_n tﬁe sffgsequent steps. 15
Step 3 Al ocat @ottnle. Thisfeaturetof thesssinchTonizdd schedwltrdpreforadds eb wefeconflicts in
t he manuf acs ur | . i a.allocate the | oad equally anong robots in
order to ac%i eildeggtéé%agibg’r?ée %rr g%&%gr't | oad. Al though conflicts are recipe
dependent, assigning fewer | oads per robot still reduces the chance for
conflict. Howeyxer:. the ssibyljty of balancing the |oad is 20 dependent on
the | ayout of ﬁ%g‘ﬁﬁaﬂ?g& "éfg’t‘élﬁe to robots. Poor layout linmits

accessi bility to nmofidnasnbodinhéed? of the prdentalivmn:ibRl O Gafct RAdSd Bid fhecul t to
attain. In this exanp the layout is such that two robots, CES and SI,

| e 1 119 % 2 .
can each only SWstektoplfoliawsiapadicular mqdule paR’. bas & particelaeset ehmoddles he mai n
robot CG1 gnd e | i W TAn.g{:f ansfer
Arm). The best Fvgil'cﬁpggﬁigﬁ@%oﬁﬂ% %Egsgsrl'? oagééruthg'er t eeétl(l:l{-(;%l(gﬂrlgﬁ%ts ésgtof t he
| ayout, is as uiwewtioniipillisgatedinfig@ed. dwthis esbodifaent7dh pBkedslia thesBC 716,

PEBC 718, DEV J H 2 are allocated to th inrobot.C1 wth
three of them Z@%E %% gﬂég’i—ﬁg%o%é{lﬁsﬁﬁsofcbaﬁedg‘ﬁ%h ﬁbﬁersxp GRAERAE  as

di scussed ear | precessékheRe mahidsifot exchptdcesser8rderd dh ¥ echubycecpuchitiag as
denonstrated in,the pext .step Ste Queui ng .For. Synchronj zati on. The

i nfornation i nwp%w?éffl ATV that ppchgfr éleé afespl%Feger“&POPﬁ‘aa al | ocati on
fromStep &5 Qnbiluledid thbsequiiftlal8dder Ist é?gft‘%@@&%ﬂﬁ?ﬁ*m& lc&rré%%ie/ﬂiﬁ% served by
main robot C1, i.e., VPC 802, CTI 804, SBC 806, PEBC 808, 810, and HB
812, need to bEoLYssthediraivater indhsetysisa gorndo the fisstmodylertheusceendsiafar d not
experience confdeksed heShddn8 nfifin hifledi I ' : TA, serving
them In the Target chol um- 814?’%2 tar é%?t"?‘?‘%‘%ﬂ‘tﬁ‘r%‘??‘?ee’ tpgﬁ)sug@ for the 6
nmodul es. For ewaflar erfters the seoehd reeduild, stcdd Ak a cohsequeriok cthe total aumbspaindi ng val ue

is set for i*, * o upda val ue for t i.ch elinmnates
conflicts bet \/\%ﬁé@@% ggté%m‘rag?’ Wf*%%ﬁlaﬁg‘g%@ewﬁﬁ%“é tBMetlﬁae%&mBmﬁBdul es, SBC
806, DEV 840, mnkiplfiidnumieeriofimoduiks tattesporting fowach plovessnd HB, need to
have tim ng targets,,10 different fromthe original,K values faqr. T prescribed
by the recipe. The Tl?crﬁ"ﬂﬁ’df‘ﬁ?’ﬂgf‘%m? ahqve iifustrat %‘F’@ﬂ‘rﬁ’?%‘? gk are set

such that the FiglieOshoWs als¥@lenOLdfMRER s, sEWMO@f vbbeod, cpdphespis | arger
than robot transport tine é2364l¥0 1333). QI' e differences between the target
44

).
and the ori gi nHl% pBEr498cFE ERGA1HREY réds BB 416.4BE dé8 Asymbol he gaps
and are 15 co LhGt Or | in the
graph 818 adj % %ég??ﬁg%%&#%ﬁgt grﬁﬁo(%jhgstl \8/1e é?h%ﬁg&eg%/%\% Ir oNous
al gorit hm23 s Ko insteneecthe processCTé04eles tharee modules,dnd edrresponding,itbal process

steps. In this ritical .pro s, steps are step 3 804, step 4 806,
and step 7 8095.}'%?8%@63 P oul t@besggé’eé%%g%gﬂ%c Sscsg‘?prlé fo § to these
steps, i.e., 26fméduléssbyehnt procdsnetep 920.t hese nodul es shoul d be the sane as

the prescribed val ues,. The gap onputed in the p colum 816 y now be
substituted in to E‘%&E‘éieﬁﬁn%s’)tﬁf@a%&wwmﬁlﬁkc GRs ambes of mpdples iy os e

these gaps. Homewmge.2,3133.8nu e Z¢p0 delays at the critical process nodul es,
the matrix 818 relating gaps_and queues nust be nodified per Equation 25
(4) to gen¥tate a niBencei the repiperfoxthg ziusteptanl preserihss ywelye modulgapthsf r om t he
Gap col um 816, | AWEF Lafil i t he
gueues needed toc%FBerl%&t %ﬁg%%gﬁﬂﬁ%még%%% ??}H&%@eﬁ%&%@%@@é{ﬁ‘?
transferred t othat foeesCetep imth8 265pective medulet pathn , Asvhiershare swélve pasibde of t he

sending per| Odpatk'm? ex(':e%] eerlhﬁ%atfec% fgl?g\a}/]s e tszlamngmlo ul%r;])af%\x(.: tAJsasluchQ,Jb(aS'
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30 Colum 828. Steg 5 Check The Sol ution. The queues deternmined in Step 4
are now added to the nodul e processing tine of the original recipe. This is
tot7 . WD 01/67:193 PCT/ US00I 16794 verify if conflicts have been resol ved.
This is in fact the case as shown in the figure. Robot Assignnent 5 Another
aspect of the .scheduling problem which nerits automation, is the

assi gnnent WP W/6H8¥s to nodul es. For exanple, in step thre&CIUSiEH2bove, a
reci pe was chosen whi ch assigned a single robot between each pair of
consecutive node]s; this allocation is shown in the recipe listed in Figure
7. The al | ocat i BREHENEABAER hEger “H@‘%B%ﬁl‘:ﬂage%ﬂqcb@ﬁtt?%né‘? 10 In
general, there hRsé IReRidENaBRs leliRiekhMatiblat thel gloanBipARSfoRBWEPEY fRl T obot
assignment prior to the determnation of queues. The need for such an
algorithmwi || wafedenonstrated in the foll owing exanpl e. Suppose we have a
simplified track system consisting of three nodules, |abeled Mod 1, Md2
and Mod3. Suppose we have two robots, Robotl and Robot2, both of which can
15 service afl Addiag Queles ¢sEliindnate \@anflictsiford rpesporthtioe Riseurpest ed by t he
vari abl e SP. Suppose,zl =0.0,.1250.6,.23=0.7, in units of the sepding

peri od, and suppose {fzﬁée?%g‘tvgs %%fﬁoﬁwgmf‘ﬁm’@tc\?fnﬂeﬁn%ﬁeir}"ge Eﬁqug%_ Pofhere are
four possibl e rphfitular roboteGAWoGIdbe dAsifabltIREIMYIEY cdnflididrbtbyMddihgt 0 Mdbd3 20
1. Robot 1 Robot 1 2, Robot2 Robot2_ 3., Robot| Robgté 4. Robot 2 Egl%ot 1 25
Upon i nspect i onMOFiopotschyt ather by medifying the gaempeyjisglh| @ne popvsRenticReMeEs 1 and
2, the time intg&yyadifPEk Wese is rBuBadieQelibertte dela s,ﬂex%aﬁ&rlg.ll&gq&%éé ods,

which is less than tHe 0.3 'sending periods requited for a robot to nove.

Hence the opdi nal,takieowatdriticsl proeess stepstihiosdec asachieas imjrgwhich #&okwed #4; as
the time interval s..between the val ues have sufficient distance, this robot
assi gnment obvi %ﬂ"&g“@w‘ Pl COEPIPTRISIN RS °“(§EP"H>9§9“' l’e‘c‘:‘ﬁtﬁaélr“feée al so

enter into the gdeteslMSied A Sdhefi, @Rd @Pédnf@lctib@ith Fagsin(TR i the foasis Fsist ance,
bal anci ng | oads, increasing throug'h;%ut . An algorithmis necessary which
I

woul d det er mi nethei"ByReRBQUTRRFItEBIND TP ERB P TeRERA 2§ PRSI hprPeridad Blednpl e
above, an opti nmmoae&%gﬁ:%ﬁh@meé ﬁagé@sts wiffeh @sﬁﬁ?&ewﬁa&b{%@&ﬂﬁ%@g One

met hod of performng su an-assignnent is si an “exhausti ve techni que:
gener at e al 15 poend gatiag sisbstthexehy dpgradinesthe avafer qualdy andhtirqueputaifite t y of each

assignnent, i.e..  er e I : | rohot  differ
sufficiently i ns?ﬁlgiq’?alfér c\l/%%?%g%ﬁt ghggﬁnbfssy @é[g’gggl gg’gthglerl\gl)l%c%’s em The 5
assi gnnent s t humteptiosal akelagts atnonadriioallpross stefisad ooder dahistiedhatinoaieidysr i a,
such as | oad bal anci ng.. Sol ving for Updated Timngs. (zi) Another feature of
The 'synchr oni 2 SPRBhe SEEA RPTSEStSTR BT RCR S B FORPFBICST, he
updat ed ti m ngsthr@ighpit Ao wafer qlaligl aborate, in step 4 of the algorithm
outlined earlier, the algorithmwas fed updated val ues of T*, where for any
two nodul es?$hhi ch shared a robot, the respective T* values differed by
enough tinme to ghlymy FdierELORtuds® MOVe between them There is a need for an

aut omat ed net hod of deriving these i* 15 values. One such technique is as
foll ows: For each roBétshall nhwalemonstiatehbow tasodvet floethe delaysiorgorLasache of its

Towest 1o i ghodtt RRF oE bk Bal axEREy Do ¥ Brebihedallte dPRabadLUTTRY P01

through the T vaddiggqudueoy {@m@EiocESQ tithe by @hasdify thPedcipetiRaeWnemidigf f er ence
bet ween the ?i ven T value and the one that precedes it- If the difference

is less thaldthe& *isgivenbyotted for the robot to nove, increment the s val ue
sufficiently. 25 Go to next i value. Wen this algorithmfinds an updated
set of i values for & Egi ven robotlthat elli M nates conf+lctls, these becone

i~ values. It can b &\I’.‘?,.nq})tlaiftj 2 fEEPJ'*'qi)'*‘ztf

Ti
j:l _]=1 _]=1 _]=1

=ﬁ.iq—INT(i@,+q)+ioJ+INT[2p;+§:t;] )

i J= =l jt
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free group of ~~ values exist, the algorithmoutlined above will find it.
30 Genetic Al gorithnms The synchronl zation, robot assignnent, and derivation
probl ens can al so be sol ved by usé of a genetic algorithm (GA). A GAis an
iterative process 19 WO 01/ 67493 PCT/ US00/ 16794 that starts out with an
initial popwadtisas3of genes, which encode possi bl e states opct/iisopsmial em
This population is systematically inproved wth each iteration, through a
process of selective breeding. To perform sel ective breeding, the GA needs
to a) define thé"bswaj@dveisitcsﬁh@e seffof queyse gi te e immetted &f)th¢ netgeritcabpeci es'
fitness. 5 Charact sttlscs of; ?Hh%@eci.ets AE ecie is, charc@?t ri §Ed by n
genes. For our Sr °P\A$5°*h'£‘8 "F)}B(S‘évab SRR ?ﬁgb‘}“ dBnt "t he
robot assi gnnentk-lazl,dz t hN; @idher, a queue segnent. Consider the exanple used
in the description k4[< ﬁhe earlier orchhm The robqt assignment will

range frem1 to™D ndNea‘g’F’f?d“ Batulgim pre\issignegiio Bays4heir cul ar

nodul e. Queus swfasbldk%a;bspt&rsametr@aﬁns gfadtesﬁiahriﬂe@aiebmame oft¥e zones”
i.e., robot nove periods, are to be added to a nodule's arrival time in

order to avoid &enet iThis wowld aliny f@é@tgntcmds sulfﬁmemrfoeas: rqbet tocserwied d!  t he
rodulies arfive wbddes M HhR o0k sl f MRS moRSn Al O Inbdlud LA GeryB2 11 @
ti ne zone sees e arriva nst ance I've no conflict
results. The adclHdwemar dlfe qa.zeqcmeieﬂegmmmt also harsmadifenblh@ tordoidescassive push
the arrival tinme . to the next ti zane.and hence resol ve the conflict.

Fi tness of a spddines tj\}@m@"gﬁﬁ‘ r@é‘&gﬁ‘?’sgﬁw‘ﬁ@%@ BYFUER & ﬁﬂ&&?ﬁﬂf%‘i?aﬁ mggules Qe ci es
20 " badness'10 | fhd ghting thaliess can be neasured by a wei ghted sum of the
degree of conflict an the nunber of added queue _segments. An jdeal species
is one that has no a %QH@’{?PW“5ﬁ8°W€%fﬂW§mB@qH@)“%’dﬁ}IT*B% yieKsaobot
assignnent. To derive the fitness functign, we scan each tine zone and
count the nunbelsysnémroedinmlaqmatmns(gn-rm)ﬁifdaq,,eraeﬂa d,oib atlowdrfiftarpebat] t s are
summed for 25 all robots and all tinme zomes. Call this sums. W proceed to

count the nunbe;nagé)(gd%eg gu%ﬂ,e Q?V\gﬁ?& d gall it t. The fitness

function is then - éet‘hé wei ghts w, and w2 are
assi gned accordimg to the eI ga rrgprbanse (5)f over t. 30 20 WO
sca q{

01/ 67J93 PCT/ L1$00/7167§’ R CI ing An enbodj nenys of the invention
al l ows the clusfer ggbalpto crdngb f0 o alf i OstOr dk

whil e preserving perjodicity, an e hat t
critical points| TRBs—@#s0cC _dL ? ]Ir']e;b(rarﬂ 26 sdq
Cascadi ng i nvol yes zénptmi ng 4 1f| [styl gt of @/af@rq) erggafiter called the
exiting lot, off a cluster &gol, and sinultaneousl and sleri@hly popul ating
the cluster tool with®anotherd® of of Waf & s® Heréaf tler ®cal | ed the entering
lot. The procedyre wiél he perfognegd Wt ng dgl qys fineurred at critical
process steps; argd_W Lhyng|additional robots and Sy jmodul es ot her than
those called for 10 by the|redi p¢ ahd It hﬂou@hpht 1 qwd nts of the
entering and the eXitiAgvl ot g. _TFe fnt eri ng f |'so have different

reci pe and throdghput requdrd c}m tlhe ex ot .

15  The constraint that no delays should occur at critical modules is now applied to

e 0@ second reci pe,
rie aref no del ays t
recigee 5 cascadi ng.

'D

Equation (3). For example if module #3 and #4 are critical, Equation (3) should

be modified to the linear equations as shown below.

Cpion 1 (1000000 0] F g
Ty — 1 110 00 0O00O0 'qz
0 0010000 0[]
0 000100O0TO qs
- I @
bt o ¢ 0 0 o o o @ L4
B o o 0 0 o o o o L
v-1 —Tv-1 Qn .1
oot roo01 11 ool
! Ittroo01 11 1)L
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Notation 15 The followi ng paraneters will be enployed in our discussion of
reci pe cascadi ng: m s= nunber of process steps, superscript (en, ex)
hereafter denotes entering or exiting lot. n = nunber of exiting wafers to
fully enpty, or of enter wafers to fully 20 populate the cluster tool. sp ~
= Send period of the ith wafer which is the tinme interval between the

| aunchi ng ofV@RESTP3 1)th and ith wafer. SP,~ = Send period BfTURWIGH er s
during steady state. 25 SP,#,, = The delay in the launching of the, | st

waf er of the entering.lof top acgommodate t he change-pver .at the jth process
nmodul e of the exfntli'l:%%n?%{“) aggj@,_ i HRINES ﬁt%l?é?%??%&ﬁ%%“ﬁ‘ﬂ@ FYPF YFocess
modul e of the exkddwif THalta@¥Oimings & *B¥s&tqs D%G&-wlﬁéﬁelinﬁn%t@%oﬁﬂiﬂwa' tinme of

the ith wafer at the jth nodule transported by 30 the kth robot. T, ~~" =
The departure tibaweén alhmodulps yaingsthe Szroerrabes 2f de¢scribriidadierr FhesdddS efl by t he

kt h robot 21 01/67,0 93 = Process.tine of jt roce tep of the
exiting |ot. PC\'I/'\%)%‘@_“LZ@?@? knoyn__vth\egnjg MECP} ﬁe‘sgbe?’\ﬁ@@ﬁgfcir-sw % and jth
process step of ifoihd (AL Nk B i3 eHas _ i t the
jth process sjt)ep;n(l:)lft lpﬁﬁ{éé y):l tiji)(r}gn%g\egt“fe tureeﬁg ﬁgé%%é?ls{ég@aﬁé‘%tgié:ggéﬁ Igure 9
illustrates a tyjpiEqhtisre@)beloR0Udditg tipaet bf &Stotticopregadmganstiuly anspor t
tasks and the timng of each task to be perforned on a wafer as the wafer
goes through a cpuesgsetimeop| willTgynghronig¢ wafen trgnspap it wafed preeashit , 10
succeeding wafers are sent through the cluster tool at a constant send
period, as illusfrated i n0Fi0gut e01®. Orh0s$ send-peridd SP 1000 is given by
SP = 3600 WPH 15| wnef el \WPH igs ¢ hg tohrepughput requirement in wafer per hour.
By the nth wafer &n gduitzr ¢o§l vvidl e fufty opul ated with wafers. For
every wafer exit|rg cPudtet Pod Ctferelis a wafer ‘entering to
replenish it. Al| rpcessOad tranpadt 0f asks pérfornmed on the wafers occur
in a periodic faghioffi| §hg perdodi ity peing delimtted by t h&)send peri od.
When the system PO, 1 ches this stage, itf i$ said to be in steady state.
The nunmber of wafgf.sin *euifr ey fofutl 9 |po ;&I_@f_euglre cluster tool and ranp
up to a steady paq’,,o icl statoe @ silgilven by the expregsion n n=1+IN- , (A
where n is the tptal pEISC?S.SP a@dltrlanlsp t {ife pé"fforrred on a wafer as 25
indicated in Figure 9 2. The synbol” | Nf() denotes a function that rounds
a

oo =

10  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
15 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
20 resist coating and 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
25  arms, IBTAs 312, that transfer the substrate between these modules. As a result,

the locations of these bake modules constrain the location of their

13



nunber down to the nearest integer. The above equation also applies for the
nunber of wafers for a lot to ranp down froma steady state and fully enpty
out the cluster tool. In the steady state, every wafer has identi cal
process and transport tasks perfornmed on it at identical time intervals.
There is t hwoafgi¥3no 30 need to keep track of the novenentPCIUSKEEHE
inside the cluster tool. 22 WO 01/ 67.t93 PCT/US00/ 1679.t During the

reci pe cascadi ng, however, the wafers are in transition fromthe steady
state of the :excbrréspgndiug chill pldtie Beecaugttesndtstation (CEB) mbore3rﬁ4rsgomiq thas
illustrated in ure het ansition SWI|| be
processed ' and %fsesg‘g%tﬁaé%r 5‘?%6"‘{% ﬂ?%%a's?cé%leﬁgn%n%ns ecft?@r od

pr esc;I i bed for hidﬁﬁf&eQSI)txbm3|1@gansférh&[b‘§ﬁatwﬁoh1hﬂmw ﬂm@dﬁtélcé ransported
according to t cribed_ for the enterin ot. Periodicity
therefore can ng-h §§ #HP??%&&‘J%@&FH% fog the sypsirpte “ed&WFPﬁeEFE%‘ ref er
to two situasi Ofigerslds PR @ﬁénqﬁéce@eg cb &80 18 GiSiin FOE b2 1 thd andRd CT S
have to be processed sequenti a e same process nodule wthin an

i nterval short etranspart thhsubstrase éstsve:m atbothér moditlesispck asyapor primpghidt her
situation calle S two wafers have to be transported
sequentially by?Y}[Fueﬂs&arQn‘gé{Etrcggp@wthl n an interval shorter than the robot
transport tinme. One §|gtmﬂusrasohemmn‘ﬂormbsvafes-ptmneadﬂbwmscammmﬂsfmnd
robots. This solution is c and no er S tionis to
devi se a set of TFgC ?TP%H»,,{N?} h{ nl’Pr"t?F‘ P'Fe"h?fgh °nsé1§? gl a[ﬁmto react
to the conflipct sniyRaeaption bf the ISwddBRAr A is &he dh@éWh&;tHéthstﬁ&hytl on
generates huge conbi nation of outcones that eventual Ir#lHLead t o chaos and

unpr edi ct abi | i t FanspREed REMEAPCHPIIEE Pakei40H t9 ¥aros PEMe Q. ElgWeYsTct s
conpl et el y t hr Oyglan ReARispdr] R i helnitRb e WS Bhid e Gkl N9 | Of
and insertion of |ntent|ona ays at the non-critical process steps of
both the exiti ngptons. E@n@cﬂ-mnty wbt:n a Julistate & mmvwﬁmlapr@stm@hﬁm@dMQam pe
cascadi ng descri rei s el waf er s
in transition. f)@f?tn%%tb‘r%at{r%g?{lrggww @b eX| gHO {&468& y| nggt\%l | e the
entering | ot5is4popul ating the cluster tool. The nunber of wafers invol ved
in the transition can be estinated by usi ng Equation (A}. The algorithmfor
t he estimationis as follows. ~r" 0 Fort=1, 2. m‘" 30 ,r~l = ~r + .r +!~
P~ Next i n" = irhgs nchr‘o’ﬁ&atmﬁ&lgoﬁ@u@l/ 67.93 ~ a" For i =1, 2. n" ~ cn
= ~rn + an + I en r Next i " i NT=n" [/ SP; "~ PCT/ USOO/ 1679 1 Step
2: Estimate the | owe %Uﬂh’ép"bfie@@“&?‘e themmh?atwméthﬁrsynamﬁ@mw the wafers
of the entering,| ?E&hﬁt@thﬁ@lﬁ%ﬂod{%h?é}l E()fﬁ)%p .ble for conflict

t he unc

occurrence. Ther &fore rtimn es is inportant.
Addi ti onal | g0 10 theStQmi Eqméffhlbzllmmmw ThroughpetReqificementeTbisf t er cal | ed

the "delay’. shoul d BRoauel R olrial OVEESIh IS bR g e daghanoe @

process nodul e over new set cal erl ot. So
t hat when the first raﬁmrmcaftattlhéO(enTl&rﬁmtg-wbamlmms‘@esxstﬁalaepm:hsmmsdmer is

many el ays® a5 ¢ e SHURBA opier Bt Bk ArHRD ARG EIEE e 1A Fle FHFeByAthe.
reci pe of the enteri giche!® alsol iced 504, r@'ﬂ‘]&iméshﬁﬁbkﬁomﬁsfn@wét&@uﬂﬁsﬁ t he
del ay. Any anpount of delay contenplated for conflict resolution nust be

greater thaR’the | owere hesalculated &repgigmedileinghe eMedulettyre™colygn ¥8uRd can

be derived as fol | 0Wansure 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)



w(~/~ SP~.xJ +~,~PI" +tr"J-CO.j +~~r +ti 20 r~r ..r i ~-r an er er sn en

SPrr,,i =CQ) +~~p, +t, ~-~~P, +I~r o SP,b,, = marx~SP;".,, SP;

.1, SPy .., ... SP, b1, ~ = L2 ~ (B) The foIIovmng is the algorithm

for estimating the | ower bound of deI ay per Equation (B) 25 Forj =1, 2.

m-' SPI s<, i orl—l 2...p nrlr r- cr er sn on SPi,. lpc/ 355 E70k + ~r

+Jr J-y +W rr&gg7ﬁ£xt 1 24 WD OL/ 6793 PCTI US00/ 16791 1 N -CT@D 1)

S~.i:SP,,.,,"+r| nextJ SPi ~~, = max~SP,;.,"., , SP, ~a, SP,,.",.~
S I R I K dlediRyEar: dtvvafers

in transition The rmverren % ee??%lgﬁﬂ?@“‘é%m?ﬁon can&nlzg)ie trgdgﬁ‘e%ﬁ

arrival tine Tit of trhedid tﬂ‘hmaiuerbeadzfmdmbllqstrhqumdlfbxeea@h aresessistepds histed he kt h

robot is the departure tllims K " _,ir fromthe prior (j-1)th process nodul e
plus the transport ti'fhé Pumf“rg%the (j-1)th to the jth nodule: 10 'n W Tit
T~l _1h-t Ii In turn, the departure tinme fromthe jth nodule is the

arrlval tinme plus t he_processing and e | berately Lnserted for
conflict resél ution: Step %,Dﬁtqrm;nq-%pgio %Wajer?—ﬁr@npg 3?96%%# mul ae of
Equations (C) and (7)eaare9\fﬁeﬂssm&faqmt&aewt&%n{beﬁommng of the
wafers in transition. Thus, rreasurlngutlrre fromwhen the 20 | ast wafer of

the exiting ot is | zghesdisd tamake puyw @stbhns@ge%otteééer the gAhoktoperforfe
arrival and depart ureﬂil%f &V@@fﬁhe%&id@&ﬁ%m Lol &gl ated per

the al gorithm bel ow e arrival and departure ti e outS|§e of
transition are not cqrsiodeThedaenhitdtion ef tegobaidesds denitted mrtgeta:bbigéﬁq ve

ol ves, FOr eLer o igad)! TRl LU b BB Gy 25 1

v-q

Sum - ~n ~ - i)' SRyepsi The tm-urIQs ,of the tﬁ/@lveubrrék’@ondxidpdﬂol ﬁBv&&ré
PCT/ usoo/ 1679~ T rd~lr mif ~T, Jk S ~ n)l ~T.i~" SO
.-ao , T,Jt determmed as follows Counting , the time from the morent the wafer

leaves the load port (cassette), cumulate the process times of each
module and transport times up to the module of interest. For example, -

15 . for the module cede-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.c., 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 t; 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 twelvc moves and the time

they have to be served within a sending period. Figure 7 shows the
' 15



out; next j 5 next i For wafers of the entering lot, Sum=0 10 Fori =

~n"+l ), ~n+2~. .. ~n"-1+n""), ~n ~+n"') Sum = Sum +sp"" (Note: sp, " a del ay)
(F) ,_ " Psum= SumFor j =, 2... m" Psum= Psum+ p~" + g;|l' +r~" (G 15
. T~~ " =Psum- rJ nif j =m" , goto outl In au en Tri~~r- TJe +rJ
Qutl: next) wexlis749320 Step 4: ldentify conflicts. Having deper/asdagshol he
arrival time T,~k and the departure tine T,J;' , one can check for

conflicts. A process conflict occurs when a process nodule at the jth

process step is call eamemfbenaton freasarrtittd @eispedtivy. Sinpaihe refot Waheyort t he nth
and the nth, within a tinme interyval shorcger than the process 25 tine. In
other words, the nth tREsare apynd A& G3ecands. the aumper QfgRQyes QagEbekcan om t he

nmodul e. Thus confl i ClmRe Ghihen 4 fentiliy defibl @94 5 Gecti§ (4576327, sPReANRles Ipe~ > To~~
) ~To~~ ~ L~n )~ AND[ ~To~~ s Lo~~ ) (Too'" > T-n ~~"mk njk ~\ n~k mk ~
mk njk ~ njk njk 30 treconsemntiye/sgieo Thech vengalines zg-drayn isthagragbove | ogic
st atenent togexam ne 1 ' ' ' ' r all
process stepg, al | pr@é’eggggzmﬁllﬁ%%%@ﬁ{%ﬂ?vcfgtﬁtb%?%%’%ﬁbﬁgkgﬁ%tga%l to ~ni""
+m ") Fornme= 1 to (n"-within JneSinteoval,rsuch s $BCMO2, BVI7D4,HB 706, AndADdRYeftd | ~' ' 2
T ~k™ ) . (T,1~"" Z T bt ] (T~ ~k g T ,"r.) , (J.Tjt Z T,~k )~ =
TRUE next m next n 1§O§i%4f¥¢¢®a§["gﬁ°£ﬁ§b‘ggﬁvak@&’It%It‘f“%thi#‘Ey #ien a robot,
the kth robot, is calb@gettiy fopthelsais Bjve of BRUEHItt fived MeWabQilfbordd)e Nt h
and the nth, within a time interval shorter than the transport tinme. In
ot her words, the tinél ereaFs/BYC Ganqre dasks whichuse org robet, andeif the vawesofand t he
departure ofiat he nth ' r, o N t..me. Thus
transport cégfl i ct Oé%%%gaﬁlﬁﬁ%l@o?@?Ibg%er?glﬂfégvaf[iéggg‘:iéa@éﬁﬁ]ﬁzre}k_I_~ ~ 1 <gqg,
ITmk - Te k | < g yTmsufficienttime'fot the r@bat td Fmyike tach of theltwe oBma2Ordbntst he
above, the synbol ~ ~ denpgtes ahsol pie valuye and."g" is.th i e al |l ocated
for the robot to make one Fszfng%’gﬁftsnhwee“l%ﬁ@Rﬁ@rgﬁﬂ"of@eﬁb@;ﬁa@? or equal
to the transport timgesefvetl aedésokibdd inBie sifbséfheat®ps. | 0gi ¢ statenent to
exam ne all possible conbination of (m n) pairs for all process steps, all
transport conflicts may be determ ned: 25 For J =1to~nt + n¥ Forne 1 to
(n+n ") Fonsn 5 1 t@té@:iA?IQc@‘fﬁk MehndgorfBodd. Thelfirst sted tb resolveconflietd T~
T'~<1Tm -T~ I<J=TRUE mk ejt g ~mkekg~mlrnkg-~] jk 27

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
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WD 01/6p93 . .next mnext n PCT/US00/16791 'S ' ,Step 5: Resolve conflict
t hrough proper queuing and | aunching. Note that in Equations (E) through
(G, there are three yet undeterm ned variables used in the cal cul ati on of
arrival and departure tinme of a wafer at a process nodule by a particul ar
robot. Thesg§oagrfohe i ntentional delays called queues 9 J ,pcqiusooadyd; t he
timng of launching the wafer of the entering lot SP," . Optim zation
procedures 10 are used to find the best conbination of these three

variabl es such that tiRen&iules s&Qe&E?Ha’irthobalet he, vetab2q0e8es, IET B4 M zed.
Genetic Algorithns are one such optim zation procedure Cther's will be

apparent to one skil PEBG Wstﬁgvﬁkop afﬂﬂ’éstd?éyéﬁﬁfngj‘é@é#dFWﬂlf@frﬂ\@ﬂmﬁarl ous
enbodi nents of the | FERMInd IR RACRAUAGihOL AMAROSAS Qbh hos

illustration and description I'S not Inten o 15 mt thelnventlon
to the precise for nsd@ﬁlmﬂmédtalwamyIBMiSEtvmﬂwns Itaﬂu '@qgnt(iahethM

arrangenents_w | | bea 9 clainmed is:
BT U200r 1676 1 1. atRIRRk thine BRofie %%53??%53 r‘%‘s??%hg‘?fs"i‘oam ng a
first plurality of \A@foaﬁres listk@irptheedthy, a@bﬁ@psﬁdmgomue et o i tieerd<f i r st
plurality of wafers are |oaded into tY~e cluster tool individuall y at

intervals delinited Isanapiatedvalye fofi mihipleelinipates nenfliets hetieprtaskfforhe fir st
plurality of wafers | se r i f ast

reci pe including a ffofbgf %g'ﬁ H@’géf%ﬁg éﬂl'ggé‘ﬂgi’g%g%%fp st pl’maa rty of
process tinmes, whereBlR aadﬂncqnﬁbaesﬂyS\be,ﬂ)E‘v\ahdhEIBlﬁea‘dtb&hvsmqugnmgetsf
process ste has a res ond n yocess tlrrem first ality of
process ti m@é | oadi agzﬁ’é"”é gpg’r"é” yes Sor TRee ‘ﬁ‘n’f B‘ee{eﬂg? ufh <l uster
tool, wherein the seﬁﬁﬂ&gmgefsadrehyte@fnym@ﬁﬁsm @nll @Adedsuch it taigingst er
tool individually at .. 1 nt ervals delimted by a second sendi ng period, and

each wafer in the seieral beGvesnuAnyIPRir pf e Giaediiles i kargar seangslael TREERATI ng to
a second recipe, they Q@/q LEEH ghﬁ}gwﬁgvﬁné@g&qﬂe aRefeOf process
steps; a second plur |ty o? process nes, erelrn each process step in
t he second sequence on‘lgxpalbjcpsscrghedpmm@moﬁles@rcrre&gmddm agthpigapsewd aré me i n

the 20 seco pl ural rocess ti . wherein th uster as a
{raneit;on §rbod. -akrPRgeame R EibY st B g5t pRRcBLL T BF stBR 818 e
wafers fromthe fi I Shdjpédat fl thé yabld. Amﬁl@d’r%bﬁeﬁwdithg“siyﬁcﬁrb@olfslatgbhtmﬂb| pe and
one or nore wafers fromthe secon | ur al |tg of, waf.ers according, to. the

second recipe. 25 2. StREDFHEE FRHNQ felaysArsnirodyged At pritiqaf, Bropess StEPsn cond

sequences of processegiffs, c%’h@al'ﬂ@égsé §eps: @uﬂb@o%&éﬂim afid sf7 8o9.Wher ei n
the first sending period and the second 30 sending period are equal. 29
WD 0116p93 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



PCT/ US00/ 1679~ 4. The method of claim 2, wherein the first and second
plurality of wafers are processed in a wafer cluster tool. 5. . The. nethod
of claim4, wherein the wafer cluster tool includes a 5 ; ' plurality of
processi ng chanbers. 6. The nmethod of claim5, wherein each process step
fromthe fiVOUOV683dence of process steps is performed in aPROTAISOHS6704
chanber fromthe plurality of processing chanbers. 10 7. The net hod of
claim6, wherein each wafer of the first plurality of wafers is released
fromthe wafer clust &rifydbgonglicts havebeen rselued. nThiets ik fact the chse astshewndi ng
period. 1 S 8. The npiod.ef claim7, wherein each wafer of the second
plurality of wafers 1Is Fefeased fromthe wafer cluster tool at intervals
delimted by a second sending period. 9. A conputer program product for
scheduling a wa ocessing system 20 the conputer program product
conpri si ng: resglﬁpggéssf%ﬁm?rc}hedul ing the wafer processing systemduring a
first time period) waasthenaspedtiof the spheduihg bobRim, WaMid Herits aloRfa8859¢ during
the first time periqd, and_each of the first plurality of wafers is
processed accor HeRgsEynept of fabptstagjoduleso Eor examples Bssterghres distedabpyry 2t he

waf er processi NgscitShAPhedshiviHicPassighN Sl sih IR0 bhlen WG EIHra Second
plurality of wafers is processed during the second tinme period, and each of

t he second pl ur eQuisegutive medelsy thisiallogativnds showvrein dior Wtipg listed & Bigomrit r eci pe;

resources for s ' ' systemduring a third tinme 30
peri od, wherei n‘i;'gg%3 |c? pﬁ%ﬁ%ﬁ?‘%ﬂ%&%@é@s&%@%&@&ng@ﬁ during the third
time periodl0 such thogenenak tiore smrreedddramnsaldoriokim thae déteimtidesdn bimdl y ar e
processed accorgoibngasto thet first rglc'.oei and one orrﬂlore fers fromthe
third plural ity sre2sHEBTEERaer I 05 SgieHginaton praususso fde nged 195 sugh an o

01/ 6793 PCT/ LTSA@ardhEOwill Beldembastratediithe fol Wy SEmpled Biphoef wehaled 9,

wherei n the conput b@ro%am product, resides on a server coupled to the
waf er processi W pEHRCksSY§iem, qansistipgat these edesalebeled lpdl, Moddrad m 10,

wher ei n the waf gfodpr Sﬁﬁpﬁ&%hwémowt\%ﬁfgb}?ﬁaﬁe o ,bS{hUtfftvﬁﬁcﬁ&Qx'- 12. The

conput er - program-product of claim 11, _ . wat'er cluster tool
i ncl udes a ’pﬁqurmlﬁfyalbﬁhfm@itéesf diet thessanding péningl tierdesignated by thecaridbleand

third 10 plural gy ehsSy .13.« The conput er. .or agr.am product of claim 12,
wherein the wafgel?' %'%’s?%%r' P'(%))ofz ﬁ‘r?cﬁj es‘mﬁfsﬁfﬁwg&w p%?%ﬂ&% SURtfbers for
processing the thetstors GAME, in 813¢id litsbf SPUMhkietaye flur pesdISrobsp 14. The

conput er program product of claim 13, wherein the conputer program product

schedul es the pUdSyster tool to eliminate conflicts anongst the
plurality of prRsgssndnanielstd Mbdese Oofvbierpgpl ity of robots. 20 15.
The conputer program product of claim 11, ereln the conputer program

product schédul bs the wafRebopk ocessing Rabotimin real -time during the

first, second, sand third 4| peri ods. e conput er programproduct of
clai m 10, wher e?'n t he corr%{’}{ggzr jlﬁobo-@

3. Robotl 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 t3=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 assignment.
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25 program product uses a genetic algorithmto schedule the wafer

processi ng system 17. The conputer program product of claim 10, wherein

t he conputer program product uses a linear transformation to schedul e the
waf er processing 30 system 18. The conputer program product of claim 10,
wher ei n t hewapsiiedr program product uses a first |inear trerafsosngdi on to
schedul e the wafer 31 WO 01/ 67.t93 PCT/ U500/ 16791 processing system
during the first tinme period, uses a second linear transformation to

schedul e the wafer preassthoWofPesfoRfiingYadHa: éhgnﬁ&ﬁwﬁmbiyf% R8hlsfde and
uses a genetic algorithmto schedule The wafer processing systemduring

flue third tinet§saniqye: genemme allmossiblgrphnt essignmegisaandiesermene be vaidityraf 10,
wherein the fir ity . of I Jq const ant
rate. 20. The c%%rcp}ﬁ%sg{ pre ;(%?'gﬁ%%%taﬁﬁoﬁ[eg%%&%g\kﬁ%F%loﬁlal?%{é second
plurality 10 of sufficéantlydn ¢heprrroaires edpeainitahsSebottd seroitettieent. Tt e, 21. A

nmet hod of operating a wafer cluster tool, wherein the wafer cluster tool

i ncl udes a pgurml RneHts Bius genstated A alse by %?ﬂ“tfr‘id’(!’éég}tw\éﬁé"&rﬁ‘r SHeREy of
wafers, the nmet oM gaddRmgsi ng: 15 loading the plurality of wafers into the
waf er cluster tool, wherein each wafer of the plurality of wafers is |oaded
after an end of one sending period, the sending period conprising a uniform
time interval; ' iy of wafers in the cluster tool,
whérein the pl u%’ﬁiﬁﬁgﬂﬁe\&a‘{}g?ghg{ngLH%cessed concurrently in the cluster
tool according to a hothenfaatire gf the syrehigmeationtat mertsaawmatien ispthe of t he
plurality of recipes.includes a pluyrality of process tines faor the process
chanbers” i n Phe d.eamt&n %I%?@Ptefi ngspgiverrfn T gk GaPogate.an gich* #f thepher ei n
the plurality ofyinehehdulliheh UARS: IR WS MAhBHSMLIGE &, Rhgeessed
according to a fallére@t re(l:l% pe in the p}é&?la Ity @@5 reecépes, 1:a’n‘g two or nore
waf ers whi ch ar dopanydesseetiulesodrich shgretia rabstethe nedpeative p& vatues dfepddisyal ity of
reci pes. 23. The nethod of claim 22, wherein the waf cl. uster, _tool

i ncl udes a pl ur &PPYSP HRe L HIAVsthe Babot fofARYeheryerg thefl hAFE IS BP0 MR ¢ he

plurality of prQgesamtealmeiisdbedsSividy thig twafer cluster tool. 32 WO O1/ 6793
PCT/ | TS00/ 1679~ 24. The nmethod of claim?23, wherein a nunber of robots in

the pluralitly ofvalughoPae suchiteshniquh isrsfollawsder of process chanmbers in the

plurality of process han?gr . 5.25. Th t hod of ¢l ai further
conprising: rel easi né:%f R Pﬁ?tﬂlﬂﬁlcogﬁlﬁﬁggertgefy %H‘F ?%@a%%ép 'B?‘l{.}li?s(‘er t ool ,
wherein each wafer offol BhRlotibaatiby oPthestod Rlss, sortitipd nsed ffondlwelaoc! ust er
tool at the end of one sending period. 10 26. A nethod of scheduling a

waf er cl uster t &ighestaher eifior each spm¢cblist of uyaluesit ool is coupled to a conputer
system for scheduling the clyster, tool .. the nethod c rdsing: jpputting a
plurality of recipes int 0t hgmﬁ?fﬂﬁﬁ?‘gph?b'sﬁé%ﬁg%etrvéf%g’e%%ﬂ?‘g'éeé* tﬁe of the

plurality of2oreci pes incl udegighespl urality of process tines for the 15
cluster tool; ~ ° outputting_a schedule for the wafer cluster tool, such
that the schedul e enabl es * hBetgapiae the|differencetbshyeenshgiversvalye aditha ity of
waf ers concurrently using th rall .of reci pes, wherein each wafer of
the plurality of wafers is pg%ect}géspg%fea%@'lg uniformrate. 20 27. The net hod
of claim 26, wherein the schHdhs differeataiddss thaplthe thihe alijoted fpd thkrahpt to nes f or

a plurality of robots in the cluster tool 28, The nethod of claim 2,
wherein the plurality of picPOYUp RITFRELS ‘rﬁa}l‘%ftsé‘?fﬁe’ﬁlé’nfl icts for the

plurality ofysrobots. ¢ Go to next t value.
When this algorithm finds an updated set of t values for a given robot that
eliminates conflicts, these become t~ values. It can be proven 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



29. The nethod of claim 26, wherein the schedule is conputed by the
conputer systemwhile the plurality of wafers is being processed. 30 30.
The method of claim28, wherein a genetic algorithmis used to determ ne

t he schedul e. 33 WO O1/67.93 PCT/ US00116791 31. The nethod of claim 28,
wherein aWY®PE&E#9: ransformation is used to detem ne the s@GEGIOE1678.  The
met hod of claim 28, wherein a linear transformation and a genetic 5

algorithmare pysed to determ.ne the schedule. 33. A wafer c|uster tool
conprising: a %?%Siotufzwé aﬂr“_@i%‘é@?ﬂ@“%%ﬁﬂ?@i’% "f%B?h WBG%B%%SWSG Wt urality
of wafers, Vmeth@pﬁoBﬁnQ'Fﬁi@héﬁuYati@ﬁ iVERAMiSAIS IPAREPRSRith SfchPerttiBg, t0 a
plurality of recipes, 10 such that each recipé of the plurality of recipes

specifies a plthiosghepregespeigelestivetirepding: o perfaameselectivmbrepding|the GAI ty of
waf ers; a.pl urgbj f f.or. t [ e ality of
waf ers bet ween t ﬂée%pa?ggfe@ésﬁ% ﬁ%ﬂ%@%ﬁ%ﬁ%ﬁ%ﬁ’é&a@éﬁg{%a Qg%&%}hgm\ﬁ% er
cluster todl, the scheduler including a 15 conputer program naning on a

conput er system ein the s ul er ensures that the cluster tool
processes the pl u%ﬁ??cg?ls\ﬁé%@?a?pﬁﬁiu%fﬂ’l”ﬂe)}?C actqyized BYFEEENES ust er t ool
of claim 33, JHweoat probleen, sehaduhetypeedfaentd)0fe o preehtltie: fobst t he cl uster
tool by use of a genetic t%l ggéithm encoded in the 20 conput er program 35.
The wafer cl ust8pg  angt the pthier, 2 gyeue segmenty Gongidst thegrtmplegstdintihies a
schedul e for tdagersdt i i ﬁ{@j eefg% in the
conput er progr amr?ﬂzigﬁt??gl.’thﬁﬁghe\ﬁg gij&?}ﬁ&ﬁtpbiﬂ%ﬁé?@gﬁéc all%gn%, g(r%eii n the
schedul er 18et & indieating vduetewwbotevitlovork e aatisutar mastile. i Quene aégmentis, whi | e
the plurality : ‘ | yst ) Q 37, The wafer
cluster tool oagocéggli‘%?%@a@ﬁ@rgg‘%ﬁﬁ@%g \t/i:/a éegoq’g?dg'? ér%‘%%&%"ﬁﬂ’ g%%%saerg each
waf er of the pbbeatldddtoafmovhiies srizbl taneiini drdermo mabdid. coBllict inkBbEN/ 67193
PCTI USO0/ 1679~ ’Big ;I'rtl'{elwafer cl uster 'Egggl ﬁf claim erei.n at | east one
' e

.33,
waf er transporter TromtRe e[?f'lllf’rr SFaRle; les VﬁéﬁB’?‘td\é%}%re?tsmﬁ% ed by two

35 Ry A Ay A AN B A R T R e e er s

y2. Aonb. AdS, EeamoconnGoite el Bhe sddhli DigmgheninsoBment o o oF e

y, - AYuy. AN. A" (o dies36i\ piisB kehrrivabtite to the next time zone and hence resolve the

Q wngb] X] ca] ca] caU] ca] cRa] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]sca] ca] cal ca] ca]

ca] ca] ca] ca] c&paflicta] ca] ca] cRaU] ca] ca! @]k

~@ { bt w&t s*"Mp7| w mhc”Y] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca! 7ZLu< \ n

ISITT@ " " %ts#Fitgsgof 3G pediesa] Wacemneasucniimajscs] tha reciproed| ofih spdetes] ca] ca] ca] ¢
| H#HHAH+S $' U<%hY 9!

O a2, e R B R B e e e PR B B deRFE o o] o c

] ca] ca] ca] ca] zahfli} ekl tha'dhmblcaaddddaiktaispnjent] Cag tdrbl spagiests.onk tiat $0t 001b11

52 222A3h445\ 5 5ij SXS | 77889: ; . L. .

;5 {vql gb] X] ] &} AP FRSMEAPE 255uky Baoccopdlist dnjabotpsignEEka] ca] ca] ca] ca] ¢

al] ca] ca] ca] ca] ca] crl &eve MERhERIFGREBA we scan each time zone and count the
<=, >>>>>@ @@GFAAA7 BNBB? CDD#ES EL FGGSH3H@HEHHHPH' HH| wr mob] X] | ca] ca] cay] ca] ca]

ca] ca] ca] ca] camawee of redadant aspigainents &uajeaet) bt al bafesullsead swhmad &a] cal] ca] ca
] ca] ca] cabgHl/ all! BESEKERE time zones. Call _this sum s. We proceed to count the number

of added queue segments, and call it ¢#. The fitness function is then

. )
: ACL) B (1+ wys +wot) ;

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

of s over ¢,
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heh+ h. hoh: hehAnCHEHRAGh Rt SHREY UG T EROf RRIFiodig e g ppspring tha

uv{ ca\'j]] ca] cal] cahera efeori detdyk epdrivitl ﬁoa&t\@}am@b@a&ﬂreﬁ]xgﬁgk@@d Esfd[ctﬁi?%ca] ca] cay]

ca] cal] ca c aV]jc .a m, i nn oVogoopUpqgqgqq,rérbrrrss u

u=uuuzupkf gy{?\w] %{gﬂaéﬁ?lcﬁ%cé?’ég]r‘%‘é‘gﬁFW%ﬁ g ATtk ehyatsrse herpaligrealiediy) ca] ca]

ca] ca] ca] ca] ca] ad¢ ealirelof ARl CA6R] &R GRALIMHS LY ndsedaiy gagaﬁa
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over to a new setting.

7,» =The arrival time of the ith wafer at the jth module transported by |
30  the kth robot.
T,i" = The departure time of the ith wafer from the jth module

transported by the kth robot
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gy = queues added to the ith wafer at the jth process step of the exiting
5 lot.
Nature of Recipe Cascading
Figure 9 illustrates a typical recipe 900. It specifies the process and
transport tasks and the timing of each task to be performed on a wafer as the
wafer goes through a cluster tool. To satisfy throughput requirement,
10 succeeding wafers are sent through the cluster tool at a constant send period, as

illustrated in Figure 10. This send period SP 1000 is given by

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=l +INT(51P]; | (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 o

30 need to keep track of the movement of wafers inside the cluster tool.
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illustrated in Figure 11. During the transition, some wafers will be processed
and transported according to the recipe and send period prescribed for the
exiting lot; others, will be processed and transported according to the recipe
preséribed for the entering lot. Periodicity therefore can not be maintained. |
“Conflicts” will occur. “Conflicts” refer to two situations. In one situation
called process conflict, two wafers have to be processed sequentially by the
same process module within an interval shorter than the process time of that
step. In the other situation called transport conflict, two wafers have to be
transported sequentially by the same robot within an interval shorter than the
robot transport time.

One solution to conflicts is to add more modules and robots. This
solutlon is costly and not practxcal Another solution is to devise a set of
pnonty rule and 1mplemcnt “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
process steps of both the exiting and entering lot. This is the principle behind

recipe cascading described herein.

Procedure
Stép 1:Estimate the number of wafers in transition. During transition, the
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. '

7=

Fori=1,2...m*

7 =7+ pf +1

Next i

n® = INT(z* /SP=)
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5 n® = INT(z" /sp*)

Step 2: Estimate the lower bound of “delay”. The timing of launching the
* wafers of the entering lot is a primary variable responsible for conflict
occurrence. Therefore proper timing of the launches is important. Additionaily,
10 the timing of launching the first wafer, hereafter called the “delay”, should be
such that it provides the time needed to change a process module over to a. new
setting called for by the entering lot. So that when the first wafer of the entering
lot arrives, the change over is complete and the process module is ready to
aceept 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 tc.> F i.gurc 12, the lower bound

can be derived as follows.

572, + 31 (o1 +17)= 0, + 2 (or +17)
20 ' I=1
SP

s =CO, +Z(p"+l,. Z(p,‘”+t, )

inf

SPin, = max(SP, SPLY , SP . SPE . j=12,.m")  (B)

The following is the algorithm for estimating the lower bound of delay per
Equation (B)
25 Forj=1,2...m*
SPy ;= CO,
For/=1,2...
SRy =SB+ or +17)-(pr +17)

next /
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5  Step 3: Track the movement of wafers in transition. The movement of

wafers in transition can be tracked. The arrival time 7; of the ith wafer at the jth

module transported by the kth robot is the departure time 7,7, , from the prior

i( j=1)k

(-1)th process module plus the transport time ¢, from the (-1)th to the jth

module:
10
lel: = 7;71”-/» 1 (9]
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

T;;:’=7:;:+P;+‘IU (D)

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"‘.
T =—o
Sum=0
Forj=1,2...m*
Sum = Sum + p¥'+g4; (E)
30 T = Sum ~ (n* -i)* SP=
ifj= m*, go to out
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5 next i

_For wafers of the entering lot,

Sum =0 _

10 Fori= (n= +1),(n= +2}...(«*" =14 ™), (n= + n*")
Sum = Sum +5P", (Note: SP”" =delay) ®
Psum = Sum

Forj=1,2...m"

Psum = Psum + py" +q;" +¢% (€}
15 o TR'=Psum- ()"

ifj= m*, go to outl

T'i;l’r;+l)k= Ta' +t)

Outl: nextj

nexti

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 »th, within a time interval shorter than the 'process
25  time. Inother words, the nth wafer arrives before the mth wafer departs from

the module. Thus conflict occurs if the following is true:
orfannfrar =) (g 2 s )| anofrat <) (et 2]

30
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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 waferis
15  shorter than the transport time. Thus transport conflict occurs if the following is
true:

ORB m)k njk I < g |Tr:;l; T::rk < g]

<g ,|’I'“;]k - To

njk

<g l mjk Trll;‘k

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

transport conflicts may be determined:

25
Forj=1to (m* +m")
Form=1to (n®+n*)
Forn=1to rh-l
30 Conflict if
oaﬂ*r;‘,: ~Toe| <8 J|Ton - Tl <8 |Ti, - Tow| <g |Ti, ~Tia <g]=TRUE
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nextin

37 Step 5: Resolve conflict through proper queuing and launching. Note that
in Equations (E) through (G), there are three yet undetermined variables used in

the calculation of arrival and departure time of a wafer at a process module by a

' particular robot. These are the intentional delays called queues ¢;*,4;" and the

timing of launching the wafer of the entering lot SP™ . Optimization procedures
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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delimited by a first sending penod and each wafcr of the first plurality o

wafers is processed according to a first recipe, the first recipe including
a first sequence of process steps
a first plurality of process times, wherein each process step in the
10 first sequence of process steps has a corresponding process time in the first
plurality of process times; |
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 .
in_térva.ls delimited by a ~se:cond sehding 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 secon_d

30  sending period are equal.
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sequence of process steps is performed in a processing chamber from the

plurality of processing chambers.

10 _
7. The method of claim 6, wherein each wafer of the first plurality of
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 proceséed 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- dun'ng the second
time period, and each of the second plurality of wafers is processed according to
a second recipe;

resources folr 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 pluraiity are

processed according to the second recipe
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5 1l.  The computer program product of claiin 10, wherein the wafer

processing system comprises a wafer cluster tool.

12.  The computer program preduct 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 computer program product of claim 12, wherein the wafer cluster
tool includes a plurality of process chambers for processing the first, second,
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 prdduct 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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10

during the third time period.

19.  The computer program product of claim IO, wherein the first plurality of

wafers are processed at a first constant rate.

20.  The computer program product of claim 19 wherein the second plurality

of wafers are processed at a second constant rate.

21l. A method of operating a wafer cluster tool, wherein the wafer cluster

. tool includes a plurality of process chambers for processing a plurality of

15

20

25

30

wafers, the method comprising:
~ loading the pluraiity 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 thé
plurality of wafers are processed concurrently in the cluster tool according to a
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
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

chambers in the wafer cluster tool.
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chambers.

5 25.  The method of claim 24, further comprising:
releasing the plurality of wafers from the wafer cluster tool, wherein
each wafer of the plurality of wafers is released from the cluster tool at the end

of one sending period.

10 26. A method of scheduliﬁg a wafer cluster tool, wherein the wafer cluster
tool is coupled to a computer system for scheduling the cluster tool, the method
comprising: '

inputting a plurality of recipes into the computer system, wherein each
recipe of the plurality of recipes includes a pluralify of process times for the

15 cluétcr 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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(,.) 32. ('I)he method of cﬁugx)ZS wheSr%I(i)léqgh near transformatlon and a genetic

5  algorithm are used to determine the schedule.

33. A wafer cluster tool comprising;:
‘a plurality of processing chambers for processing a plurality of wafers,
wherein the plurality of wafers are processed according to a plurality of recipes,
10 such that each recipe of the plurality of recipes specifies a plurality of process
times for a wafer from the plurality of wafers;
a plurality of wafer transporters for transporting the plurality of wafers
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.

3s. 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 program.

25 .
36. The wafer cluster tool of claim 33, wherein the scheduler detcrminés 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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