. ;e3epvbp. ./ <11.46"5Tv5{" ~ , 48 BACKGROUND OF THE I NVENTION 5 10
15 20 25 1 ) The delivery adwmﬂmlaﬂ,@m the substrate to t he
process &Drﬂjd@l ?‘% as well as the tation of the waf g?%g&%

modul es, (I8 acconplished i f0%%%i mely manner. This tinsly déltvery and
removal of substrate is achieved when the flow of substrate is maintained

in a periodic and Syncr]ﬂﬁ%&?ﬁ'nﬂ@@?ﬁtu; for@?ﬁ%l?r‘ﬂngiﬁ and synchroni zati on
ul'ts wi l

are not maintained, the process r e 1 nconsi stent from substrate
to su the expech@ubkitaRPropesking®ysted r educed. 2) It is

desi ram\m\m“\mm port the substrate in sinmilar process flow paths to avoid
i nconsi st engwed N process results due to variations in the process history
of the substrates. 30 3) zlit~dSpi i that the articles of
manuf acture do 1 Met hodB§‘r9c}t§%ga[riai? ???’g?h%‘/’?gﬁ?@ﬁ’. zing a Substrate
Processi ng System Fi eFididdf thenventy@nt i on The i nvention relates generally to
the field of mcroelectronic Z 3 JuN ZUQB_PCTNS99128593 fabrication. Mre
particul arly, thE&hqinventiongslaies|ggrerallyig the field iof micreclsstrasit i ni zi ng t he

t hr oughput, crel j.ahi hj Lt .0 ' i.cation by
synchroni zi ﬁa&g% é%gogi nMdéréP&ﬁ{a&ﬁlagyg{ggg%%eﬁéogﬁga%ﬁgﬁg%%g@ggPéﬁgﬁ*ggﬁgni Sns
within a fatheitirdhghpat, s3iidbsingy, dhd duabitywd siicoelettrdiefaBetaiondbyArt 1 n t he
process of manufacturjng a .seniconduyctor device such as an integrated
circuit, nufCHORIZNEIRS INGHVidpal PERCESSIS andtiagsposiation Bieshanisgy Within gy m a
deviGe. Thegg.: performed serially on the individual itens of
rranu@gcture&:gﬁé%tﬁg%%%ﬁél nodul es; the itens of manufacture are transferred
bet ween nodul es hy t rRiseyssicn oftlehRelatedBatsuch as robots. In order to achieve
desirable thr Ouglgphlt’ reliabil i%’ .and fabri%fcti on quality, several

condi tions rust BdIHRAOCESIGE MaguidqiuiRe a seracppdjictar deyjice BPBRocess tine
dling i n RS circBicnulbblogb e AB4 A YR SHbebblhd £ ot gOOSSES ar e
per f or med. n% aﬁjd(ilﬁci b’n 0 Bre-[g)prsocessoor pos‘t-pre gess ti neollrﬁ?l t hese

nmodul es degdavites Thede staps\ard parfarined seylafiy on et individuat hempofocess results. For

exanple, in an I C fabricatigon system .if a.substrate is ngt imredi ately
t r anst er r ed™FRYSFAIR N gl&mé‘eﬁgwdﬁf?aif%“ﬁas of ’B%am@ree“%?etrﬁernnl ly cure a

phot or esi St pdrivbdR théi(ds byttpﬁ)s{:@ﬁ HlebhaAGnds'sheR AdYoBEEE BSordbr b ablRedPr €di Ct abl e.
If it is inpossible to total el im nate pre-process and/or post-process
times, theydsshahi¢ thréughput deliabdityaing fabeication quatityi, bdveral eoralitions nwat i ati ons i n
t hese tines can[not be allowed. | O The inability to neet any or all of the
above condi?ﬁ%ﬁs come fromthe failure to resolve transport conflicts.
Conflicts are sipuati onFhyhgivernarkERRotd]®f Medubsifard@mbdrom fhebot within a
tinme span insufficient for the robot to service these nodul es One

con?@nti onal sol ut piepessanadudescamivell aicthe transpartatinmaf theswafgebeteetnt i on of 15

extra process nodul d t &t resources. wever, the size
limtations and ge%’ﬁé?lggé%‘}&gg%g@?n :ﬁﬁ H@Q%P%Sg“h Q@Rn%y %W‘ym' t the
possibility of resgdiwengaddremabavg sabistrhieGoihdhied Mheadidi gy agldi ti onal
process nodul es or transportation resources. The addition of dedicated

transfer arms to tfubaisstels maipiainediing pdedieard pchgnizedmanmsdif es
(hereinafter callegd | iy &a%yddiddkiitbn aeTor nntdiBd e prdcess

25 results will be inconsistent from substrate to substrate, and the

expected throughput may be reduced.

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.

30 3) It is imperative to ensure that the articles of manufacture do

not spend any pre-process or post-process time idling in modules



anot her nethod used to inprove throughput and elimnate sonme of the
preprocess and/or post-process tinmes. However) the additiorg ®fJUNBZIBE al so
has seri qyg oaufpapacks. Dedicated transfer arns conplicate pdEvsaetssend
increase its cost, constrain the position of the nodules, and cannot be
used everywhere in 25 the tool. As a result, the tasks of managing the
substrate flow in tGBelelcAfikal procesas Weigetfofiiéd) Bieriddigioh of Prebprotest hr oughput
and quality and resolving all transport conflicts becone unmanageabl e.
Anot her convent i onabr post-process tims inghese sioghlea degradesmosemistheat e transport

priority rules. Prigr to any, robqt nove, t ontrol, syst also referred
to as 30 the softvva&‘émggﬂ‘gg%’%lfet @F?W%%cs@ﬁseﬁgtteé‘f{?gleo% aéﬁ?strat es in
di fferent nodul es apg:;pdisRSydtémaishehbsateds hbdinfeditdlp pandfasarron t hese
rul es. However, to achieve ¥|I gh 2 WO 00141048 .2 3 JUN ~~~ PCT/ US99/ 28593

t hroughput s, the scthedpinepatmaydulptocy bake modutestp thepmelly eipr pliotot abl e and

vari abl e pre-process .an ost -pracess td.nmes.in critical dul es,. and the
substrates may al Soreggtiﬂgflgg ’{})’8 r?sgﬁing\ﬁla]! tﬁc@e@ﬁf’w# P(g)wlpﬁgé)lﬁ?l’{%olfconpl ete
their process cycl ey jfHaipBisslotctbtdllp@lifffiie pRAFBESS afdf&gsataLm&esgesol ution,
synchroni zation, quality, and path consistency referred to above have not

been fully met. Whatimes thepshedd be randersd as brief asipassile. it eBeous| y addr esses
all of these requi remaﬁts.. 0 SUMVARY g)g'eTl-lI | NVENTI ON A prinmary goal of
the invention is to PRBUIIR BESSHMERFEROL A E’dﬁ’ trate transporting al gorithm

thatyg esol ves anyhe@msilfy & thedhg 6nill 6£hs aBové cohdtiemyconEtFs @ t he
performance and the throughput of a track.system Another prinmary goal of

t he i nventi dailurstotresqlvenvindportiepndliess Ganilints argtsitaionewhendinsgparatée opt i nal

al l ocation of transportati I es | .ancj | gad.anongst
transport n&%ﬁﬁ gﬁ@@%ﬁ\anrc? ﬁ{;‘rm%?%#gnr%?p&ga'fsug@’%ﬁgériq%v}é)ﬁﬁ tgﬁg?"écet 0 enabl e

fl exi bl e syriebs moddies i on of the fabrication system ensuring that substrate

processing and transportation occur at regular, predictable intervals

wi t hout di ni ni shOmgcemientinal polutipigdhe cangeras disted abpye isghe gdditien ef goal s,

therg is a ' I | zes the

fabr]i%cati Onggtgééréﬁsgéngﬂﬁﬁg#d;%a&rﬁﬂ %@6@852&({)@%3@% %P,gﬂ{ ggéns portation always
occurs at pligfitagénsp@idgeometricdl@onsiiatmty 6f a trddkusystemtlinis the poskibitie, gfossi bl e to
si mul t aneously satisfy the above-di scussed, requirenents of 25 conflict

resol ut i on, resokyingrtbepboye difficultigs byadding additinnghpsogess medulaader quality,

which, in tpe oase frcogkf'ce rior art, are mutually contradicting and are not
si mul taneousFr;/S&Bsat f&shfl e \ first aspect of the invention is inplenented in

an enbodi ment t h#he hckiiﬁménﬂ"@ﬂcdinamdrtr@sje:tarmh ¢o tranzfes Substrates betweén second aspect
gfen ie CI 2?’38 jlgqc&):ﬁmlms)dxﬁ(e)s Zh@%ﬁ%‘é}”&ﬁgd &nr%eraé]aye‘PPagsq’lernXI%s, gzhl%tTAlusi isbaSEd on a
another method used to improve throughput and eliminate some of the pre-
process and/or post-process times. However, the addition of IBTAs also has
serious drawbacks. Dedicated transfer arms complicate the tool and increase its
cost, constrain the position of the modules, and cannot be used everywhere in
25 the tool. As a result, the tasks of managing the substrate flow in the track system
while maintaining both high throughput and quality and resolving all transport
conflicts become unmanageable.
Another conventional solution is to assign a set of substrate transport
priority rules. Prior to any robot move, the control system, also referred to as

30 the software scheduler, verifies the status of substrates in different modules and

makes transfer priority decisions based on these rules. However, to achieve high



- 2 3 JUN 2003, WD 00/ 41048 PGI/ US99I1 28593 These, and other, goals and aspects
" of the invention will be better appreciated and understood when consi der ed
- in conjunction with the follow ng description and the accd@pauN a@s

dr aw ”gswdﬁmﬁﬁ&u' d be understood, however, that the follpetmgosissey i ption,
whil e indicating preferred enbodi nents of the 5 invention and numerous
specific details thereof, is given by way of illustration and not of

linitation. thMatyhpatiaihgechediler fifaylpériecat undesirabiy, uhpredizeidledndhiafiablee scope of
the invention wthout departing fromthe spirit thereof, and the invention
i ncl udes al IPrespeohessaed post-arocessdimes dn giitiqaFmpgdgesapd thoNubstratasEnDRAW NGS A

and of the AsnasAeL O T SRR AR A G TRk TRl s W the

invention, wll DbReqBre)ME eequidfienty ofEdl& Résohition SfyRElirofigatich, t he exenpl ary,
and therefore non-limting, enbodinents illustrated in the draw ngs 15

accorfpanyi nquality, 4nd pathregnaistengyreferred 19 aboupbaviemotbaendilly miger What isi ke
ref erence ch ters,(if i e Vi signate the
e part s MRS EEL pllch Sy Alatbiusly halE s bl B NEref il elED | OPEL

drawi ngs are not necessarily drawn to scale. Figure 1 is a tine line
illustrating the points at which wafers are |oaded 20 into a cluster tool,
wherein the points are separated by intervals of one sending period. Figure
2 illustrates the relative and absolute pick-up tinmes of three wafers at a
process i as well as the mantissas of the pick-up tinmes, wherein the

pi ckkOup times are nornmal i S&MMARY¥ OFsTHE INWENS®@Ni ng period. 25 Figure 3

illustrates the varjous dules and transporfati on nmpdules in the cluster
tool. Figure 4 ié%%E?nﬁ&ﬁﬁmd’b‘femé%ﬁﬁﬂpﬁd“{eébﬁygc PRl %"iﬁ‘ﬁf@'the nodul e

baths i n ' NeafdiainglalgAthn ikl @41 %esny Sofitlahbe cohdiidalanabidigny he reci pe of a

cluster tool. 30 Frg I's a grap correspondi ng tab of nodul e

pi ck- up ti mispraiésche parfosmarcas and thernbiionghpue of ttackvdlystemi n t he sendi ng peri od
is broken into 6,4 , W2 00/41048.2.3 JUN 2003 PCI/ US99| 28593 sub-i nterval s,
as there are si xApYher RRmAry g P?Wﬁ%‘?nﬂﬂﬁi“ﬁl’?vg‘gﬁﬂl _‘%é‘miﬂi’&} peri od.

Fi guse 7 i sdae@tiadih@blintd b &aRemef tihsheriiien kdsbutetd Bt bAgnGAR{He Cts that
arise between processes for access to robots, wherein conflicts are

i ndi cat ed V\h_éld ammgmmme@mslsan@md to a robot have pick-up demands within
Wi oh i 11 st r at eAPHES st Bl oBkeasTitn B35 BRI Hefe cont 1 1 cr e between
nmodul es f or synchronization of the fabrication system, ensuring that substrate processing
and transportation occur at regular, predictable intervals without diminishing the
20 throughput.
In accordance with these goals, there is a particular need for an
algorithm that synchronizes the fabrication system, so that each process or
substrate transportation always occurs at precise point in the interval. Thus, it is
rendered possible to simultaneously satisfy the above-discussed requirements of
25 conflict resolution, synchronization, optimized throughput, and wafer quality,
which, in the case of the prior art, are mutually contradicting and are not
simultaneously satisfied.
A first aspect of the invention is implemented in an embodiment that is
based on an algebraic transformation. A second aspect of the invention is

30 implemented in an embodiment that is based on a genetic algorithm.



access to robots. 10 DESCRI PTI ON OF PREFERRED EMBODI MENTS The invention and
the various features and advantaeeous details thereof are exolpy nore .
fully with reference to the non-limting enbodinments that are 1llustrated
in the MNCWHIBMyi ng drawi ngs and detailed in the fol | owi MfFHYSABE¥Fi ption
of preferred enbodi nents. Descriptions of well-known conponents and

processi ng technjques gr omtted, so as Eq}[ to unneC@%s rily obscure the
invention in detdltF 25 °§§h§ﬁ?16ﬁ‘?‘§%s(§’,e_°t€8 F16 18YenRER 811y ﬁget‘o"ﬁh_edyl ers An
aspect of ta?ﬁg%fa?&:eﬂd unBX6Bbd ARerf SR IdePQBin& ofRBSch Witk tHEBS116W/AE NI

t hr oughput quality in a manufacturing system by scheduling events in
t he syst emdescriptivernd teaccpnmpdyngalpdwingas Hisbouldfe ehdesbtood, hatveserconf | i ct s

for system yesources. An exanple of. such a nufact.ur,ing s em conpri ses a
series of 2 atﬁ?%_@’i’é’%""@t%ﬁ%"ﬂngﬁ. W}.“?ff ‘,n%f\"r,a“%?_ '_’"é‘idee“bbé’fif%a%éfs%?)nsecuti vely
on iadivi dyglentidhaid Hﬁméﬁﬂy{ﬁa&wrgetaillheered}zﬂis\gmaqaly WioHeRSsuatligps of the

system are conducted in "nodul es”, or "process chanbers", and the series of
steps is |iatiedt ofilimitdtioac iMany chatgss and fodificatipngmay be wadawisbinithe | udes

ori os: 1 noere L3hE ORI Bat e LR o et 8bdBRay Tesult between
processes lifvdnfign sehiRIeNESR eRfcaions.nodul es demand a robot within a tine

span which insufficient for the robot to WO 00141048 2 3 JUN 2003
PGT/ US99/ 28593 service these nodules. Additionally, it is desirable to

schedul e the systemi j i b hadicity, so that events
in f(ﬂe system are syn%@g%%ﬂﬁé@@u@%;%?w,egpredi ctable intervals.
An enbodi ment ofA tlgr dheRiBh of théaBvAMARds Aal fekarescdneshinhgiie of sel ectively

schedul i ng delays in various steps of the manufacturing process in order to
el i mi nat e dnvensigntend e fheicomponenss ans Qpeggifosrad anqsiel sysmsinrgvided witout

degrading t t L . f

ot 1 ot - AR PARAC AL bR pfe BahifpRite e SRR Sl o of 1o
type of mangdf dgrefoien®nsithitiag) edetddirhdirslilRisaxed irstha didvingd er cluster tool. In
a wafer cluster tool, the nodul es conprise process chanbers, which are

or gbhi zed &FempRIXingrasd Soraring@pat of thisrspseificpting, sty ikesefesnce obot s, to
performa Scﬁgrldgt%?sg(ifgﬁ ﬁéc%ﬁﬁﬁﬁ?o% 8an ond ﬁ%@rq&fgg{eu& el g{&”ﬁer s and exits

the tool throu er callTed a loa cearo retrieves a

waf er fromshodldde nprt ithat tHedeaares llusfated & tHealriwidg S & mehhdcassanlyt hr ough the
series | 5 or' nodules specified in a recipe. The tinme period defined by a
waf er' s entdaie® K8lea nodul e and the wafer's exit fromthe nodule is
referred to as &: l; : i LS I i s the tine
actual Iy spent 3? cggéﬁgﬁ‘?ﬁ‘gé\a&%{é&ﬁ?%&?ﬁé‘% Sﬁga’a%%%@gga?fe over head
ti n20 r equi rietd atcdugterequs whdrkie thegdaints hoer separmacddyi ingralsbffpne kending 20 ( not e

t hat though the wafer cluster tool is described above as passing an

i ndi vi dual PiBP%r between nodules, it will be apparent to one skilled in the

art that the pr @R&ziilﬂl’sﬁ‘r%k %frélﬁtié‘eqé&ﬂi A&éoﬁx@éib}&ﬁﬁkiﬁxe& Qr et er cluster

tool in which a screte set of wafers 1s passed between nodules.) In
certai n noondfers and pobess ¢, as stetiras theahantissakad fatiie piok-mpaimasgwhereinhke 25 processed
waf er may adyersely affect on-wafer ults; such nodules are identified as

A ) re
"critical [ -&gmﬁbgﬁpgggahzea%mttﬁggp %féﬁﬁéindﬂ’tﬂ%“&fie del ays. The nodul e
whope process t'mauwim&%?gwﬁgﬁ_ t o&ﬁés%n@?oﬁa@ioﬁlﬂﬁ]dﬁle‘ﬁﬁ er tool is

identified as the "gating nodu e process tine at I's nodul e
det er m nes thehdustbrtoalghput of the cluster tool. Because the gating nodul e

determ nes the t hr oughput of the cluster tgol. it too cannot tolerate
del ays. The rec%ob%‘"? &ps %g‘%g]? apd Qﬂr’ifél?‘&‘rd“l%@[’lel’ﬁ‘é“t“?“f‘%@er%‘%ﬂk’?%%aﬂ?sn sequenti al
order, al oRg&ieQPusidi®ddl 6 WO 00/41048 2 3 JUN 2003 PCT/ US99Il 28593
Figure S is a table illustrating the recipe of a cluster tool.
30 Figure 6 is a graph and corresponding table of module pick-up times

which arise in a sending period, wherein the sending period is broken into 6



‘respective process tines. The tine required by a robot to transport a wafer
between two nodules is referred to as its transport tirre.z‘é\af ZEJE-!OW
Managen@py odidlodshe C uster Tool Wafer flow managenent, i .@CT/]_}’SLgJﬁzgsgg,
orchestration of wafer processing and wafer transporting in a cluster tool,
determ nes both the throughput and the onwafer results delivered by the
system E“ﬁﬂi?fé?vaY@ﬁ@ﬂheFe'aEB"éi BEGNEBEHot FRAEd WRBinta held Erlifhgneous
satisfaction of the followng two conditions: a wafer which was just
processed iperiode sendi ng nodule and is now ready to nmove 10 should do so
when ( 1 ) the receivi.ng nodule in which the wafer. will_..suhsequently be
processed is enpﬁﬁ‘,‘regdﬁgg?fgtaﬂ‘gC?%ﬁ@?“‘iggﬁa&ﬁee’ggftﬁatwg8?1%8‘??n fers between
those nodul gfeibSiva¥aR prodkisés fol AcdeBLoRbbAS, VMerein ML bRNndicdked Was satisfied
by providing additionhal redundant nodul es. Such a sol ution, however,
conpboni seswhartothedulgs2ysigneditae rabgtdave pickiup demands within agimglenadequat e
nunber 15 of rqbots serving too many nodules or (b) two or nore nodul es nmay
conpet e si r'r?ﬁ”togneousl y for the service of a robot. Wen the two conditions
listed above arerig@eBIionNg&eH andatyipahPing@diités 4l Ghautiges,/wisich t . 1 f such

del ays occur at critical process nodules, they adverselc%/ af fect on-wafer
resul ts. Anidlustratethg insgeionpf qurues to glimingte gaflictipeivernineodulesdgr 20 sl ow down

t hr oughput - achBss ‘%J?J% tsi t is inperative that the transport conditions |listed
above are guaran eea With respect to critical process nodules and the
gatilog nodule. In case (a) wherein nore handling is required than the
robots could provid addi n?(am)re robots can mtifﬁtte t he situation.

However, in case (b_;aD,ESqueIP_E NI RIPRESERKED FMB{aD Fﬁ‘lﬁﬁ of the robot
Service requSt-TﬁéylH&ti&;i’ d‘&e%ﬁg v ﬁa&gé%%ﬁa&\?aﬂza%aﬁ d%lag?g{efeto? case (b),
this is an inadequate solution. Since the recipe prescribe or the cluster

t ool det er naraesplained inbre falle with refeeence bothe nofi-tintitng anbeiihentathatindanent al
solution to resolving the two conditiaons can arise frgmaltering the wafer
recipe to s?ﬁ&ﬁ#ﬁ#%@%?%ommg AEAYEpEY dnd detailed Hythe ?ﬂ@“arpsgori thm

desqsi bed hekehdider bR HHRATYGRD BAAREORYS will LA cBfiSser described
herein can be encoded I n software executed by a computer, erein the
conput er coaydrpreeessivg rEMiques hreromitied sogs hétao sadcessardly obscurdde 00/ 41 048 2 3
JUN 2003 PCT/ USQ9I,z8593 and a CPU for executing the software. In an

enbodi ment GYSHRBIBHERVENt | nvention, the schedul er may be used off |ine
fromthe manufacturing systemto generate a pre-determ ned schedule for the
system Alternatively, the conputer nay be coupled to the nmanufacturing
system so that the schedul er can update 5 the operation of the systemin

real.-tine. nchrani zi water Flow in,the Cluster Tool In an enmbodi nent of
theEBresenté%f@é?ﬂ‘?‘d’ﬁFgag'\f/:\gilefqlgwg;%s‘h%'ﬂém oni zed by sendi ng i ndi vi dual
wafers through tAgagpestslrdle préseht MivemionWdsipats 4 Abod fdtinsaxiRizit €, referred

to as the tool's "sending rate", is expressed in nunber of wafeers per hour,
and paces ttheoughpusiand fealitynintamanyfaetigeg system byjschieduling(€3609ingtbaidi ng r at e)

seconds. Thi s, periaod,. é.efer .ed lt s the sending peri.od_.of the cluster
tool, is the s‘ﬁ&‘alptat%g? '&pr?iﬂ%tagﬁcs}?%fﬂn Wﬁ'&ﬁﬁﬁ‘&ﬁ’é&s\f&? P EMisY¥Tr o i nt r oduced
to the syst@ghuades %%&Mﬂﬂgﬁ 00 SuchNEmaAITE tBEnd§/steBflcon¥ifled sepiedlsf 0

synchroni ze the cluster tool, 15 all process and transport tines are
meaghr ed i rprogess siepstl, s endli whichdws pefformedichesenwtive]y eroindividuekurtitsat t he sane
tasks can be. repeated.-in.succeadin rio the robots in.the cluster tool
are schedul%@%n@?aﬁég% Firs V‘é‘ﬁ p§%‘g§§0§%psr°gjﬁee§'f‘§?’ Herudetsd M ot orred to as
"tasks") wi‘tnddule’”, o Aptoess CRGhigs D aid 8 -serids TURPs istiRRdSY AeReReT.zat i on of
the cluster_tool requires a determnation of 1 the 20 total nunber of
tasks that HiednyBEFHIrESY iemiaise includesdarsnyrgss fordeanapaating the Heitsofact nonent
within a s i ' s ise. . These. hal |

her eaft er gg%‘@%é‘??é t%’li g@&?lhgﬁfﬁe %na?#ééth%%efr%ﬁuécef g‘?ﬁé@%&%ﬁﬁgks. The
congepts of sendisnfliemayp ebuidbetvwayn prcesses i the Bysidne whed sephratet ed i n Figure
1. The tinmeline 100 has an origin 102, which denotes the nonment when 25 the
first wafermpdulessismand p Fahot MiEIn? time span which insyfficienyfarithrrobeigoi s denar cat ed
in units of one sending period 110. Each demarcation 104 106 108 i ndi cates,

respectively, the tinmes at which the second, third, and fourth wafers are
| oaded into the cluster tool. 5



A principal characteristic of synchronization is periodicity: the present
30 invention ensures that for each task i, i=1, . . ., n, H}ﬁ Qikzwj-up tines
for any wafer undergoing that task are i dentical . Thus eag u inthe
cl ust e'W@@@#1048n 8 WD 001 41048 2 3 JUN 2003 PCT/ US99! 2%5685H&3¥soci at ed
with a relative pick-up tine denoted T;, where T, is normalized in units of
the sending period ure 2 depicts this feature of periodicity. Three

waf ers, vvageéﬂcelthzwnomgweﬁdélt@ndly, Birdesirride tgschedulg the Sdétﬁmdﬂéd on the

vertical T 0. The
origin of %%@g?%cg %ﬂ?gt (gd?&?f o '!h?ﬁevgﬁ@rlrlg&%ts&mg %@f‘%? c?s | oaded
into the Qb%@&tﬁ'ratﬁgﬂd)dlc Bﬁ&ilﬁtsﬁlakﬁmlplExkembodxmmsoﬂ'the ptesérask i 200 are

identical for each wafer. Because the wafers thenselves are introduced at
i nt erval s igyensiga lB@H@ﬁsr@ge‘ﬁ’@HuﬁGfSeéqqﬁvﬁiﬁ‘ifkfﬂ“b‘i‘&%lﬁﬁ IR VARQUS §iepS separ at ed by

unigs of o tinction
bet%/veen re{ﬁ??@éﬂ{;ﬂfﬁ%uﬂﬁ%k fssl 5 %h% %\ %li %&éﬁ Eﬁlﬁ:%’ ?5‘?}%12 The rel ative
pi ck-up tidmeorod pmdma%ssthbutlcﬁgld&mgt}edughpuﬂ' or cﬁ.ﬁﬁty dithesgystehe rel ative

pick-up time is neasured fromthe tinme a wafer is introduced into the wafer
cluster tool, the relative pick-up tine is identical for each wafer, wafer

1 208, wafger m@{ BEni3RGE : WWa feh ks tdP 214 is
measur ed fro%%?ﬁ@q%%ﬁ? Rgsfoﬁlﬁg{;n\ﬂf}egn vvas&}ol-\gg egcﬁn%o :trhlélgES cl uster
tool 201. SinceAt bxamyé of hieaype olfrrtanufdmuénlg systanm tiescrib¢dsabwive e sendi ng
period, it follows that for an t he absol ute pick-up tinme of

waf®r w atWagiRipstes topls In g, viafgr c S*Fr ‘0?[\ jthe ’B@&IH‘ISH“{WPTF Precedy | ustrated in the
figure 2I n ar ?ﬁ[‘?d nization is
desi gnat eS: hgl% Q%lﬁeaé{;ﬁbo , Ih %%%%?OSIXSO fq’v:dfél'{@ls‘ljdl\rlﬂrn%%%?d}E&\Ahe re INT (T,)
is a functdrmobctmab penﬁmmﬂase‘ﬁueml:euﬁpmoess kepsiemthestafemtiegafer enterst he fraction
of T~ that has, el apsed since e b of the c rrent sendi ng peri od.
These par: Fé’r‘%thfd‘éﬁa}i”@“&! §B“ qr|°@§8@39@{]3? nefa w 9‘ regieNesa t he T, val ues
ar e i dent iGatr frOh 2985 phB R wafBid rdmp §h553§qh&ﬁ1amft}?r5§g}?ﬁ1@ séfkserted at
interval s of one sendihg perlod the val ues of T, 206 are 1dentical for
eath waf eror niddadss specified i mrasrpcqu The:tmjg peiod3iefined by Nwafm’isrehs’mct:he tim ngs of

t he tasks the ots acco n a.se riod. The nunber of
| hoks N o RS TGS VR Ee Bor s Bttt RAgted 1o ASe FBANE. of 't e
transport pr&!c%ﬁm-g“ﬂ'l@pHE@ssQWHM{x&Ts'tm“ﬂ@aétﬁaﬂ)}"ﬁ)ehttﬁo@@ﬂ% theof the 30

process tines ] =1, ; and the robot transport tinmes 9 2 3
JUN 2003 \mfaonm@msdmsﬂ wsma* m8598h¢ad time regipzed3to, prepare they\gafert foll ows that
for any

vva}f t he relatkve pick-up tinme at nodule i is: _~p +~r~;
r=1, 3,3 pr_rpcefs§1n§|a§6pf IYPows that the timng of the tasks r =1,2,3...N

isg = T. ('noleNiﬂat(t]ioﬂgh“mb wafer tluster Bolis Heschibdd athbvé ab passingzh, 2. 3. N (1) ~_~
Si nce trans‘gort times t, are fixed for a given cluster tool, it is appar ent

f r om Equatindiwidpaliwyfex bmveetmociulm nyilbbe apngoant taene skilled ldetp@mdent solely on

T g:n'?ir ?icgijat lkenperese[x)lt invention i3 %crulxa y applmalglg?o E%V%é% clusgégto%?gr{ W xcﬁI ty and Vafer

discrete set of wafers is passed between modules.)
In certain modules of the cluster tool, a delay in picking up the
25 processed wafer may adversely affect on-wafer results; such modules are
identified as “critical process modules,” as they cannot tolerate delays. The
module whose process time is longest amongst all modules in the cluster tool is
identified as the “gating module”; the process time at this module determines
the throughput of the cluster tool. Because the gating module determines the
30 throughput of the cluster tool. it too cannot tolerate delays. The recipe for a

wafer cluster tool lists the modules in sequential order, alongside their



-The .property .of periodicity also enables the identification of wafers in
the cluster tool. As elaborated infra, the synchroni zed scheglyjyfr2ensures

t hat la‘%’ the wafers are |oaded into the cluster tool in ig_g#%%#%g order at
i nt er vaV@ 08#1MBe 15 sending period, and 2) each wafer |& t he
cluster tool undergoes identical events at the sane tines, as neasured
relative to the nonent they are |oaded.. A c nse%%gnce of these two

condi t i onsTasBecting Progagsdimeschiedimeizgu! r3 To2gt URBERATER Vet he cl uster t ool
in the ord i gl |1¥ 2t RaG8RnoRtinient €r val s of one sending

peri od. Asgésth‘;g .é%%\@h&dg%lg?éfgﬁédatxﬁogu?e Bca)m ) g 20 identified sinply by
tracking the order in which they entered or exited that nodule. This

feature of the synchroni zed scheduler js referred to as wafer

i dent i fi caWYaiay Flow Nenagement inythe '.““‘F%lb@?hg and Modul e Paths 25 In an
enbqdi nent of t rtﬁﬁ'f j ti ONhe SRR TABEEES WOR dsiih® ahdre cl uster
too? follows a g%ﬁ%i cu Q%ndg%l%] le ’pa? h", 1.e., a par i?:ljl agaset of nodul es
whi ch cor r eafep ndndportingdn phsessek detarnihes it gteghrongigdut afdths oheat ure of the

present invention 1l Hgt rated i nEgﬁegure 4 n this enbodi nent) each

[
process inwf‘f?é"b‘Plﬁ%S%‘r"efe p UeSERe S Rl RN Anageliat at ed with it
wher ei n t g MRLEES sRtahOus OB AMBofoRintk DA RRBRE! 9} 28503
processed. "I; e nodul es for each process are ordered in a sequence such that
when waf er whizhrwasgustiprackssed prtbesading minsiplecand iphew eehdy to mhee cor r espondi ng

les in_th t der . (f O] has t

corBecponariaydi whed dhurfspliteiae frikh RoBE I eo to the first

nodul e, thﬁ:b%&ﬁﬁﬁdywﬁ%e@&ﬁgeﬁ tyt Bl @5 8REbdTRsIERed tb Réndpbitr d Wafer enters
ul e,

the first nod the fourth water enters the second nodule, etc.) As a
consequencwaferhizerweansthoseundsiutes &f aviadahle- elnghe Reonark conditr @) wasy fol l ow i s

constrained t e |least c | t.1 0l t of, modul es

corr espondf%ﬁgfég)égr@ﬁ“ﬁ?%acdggg’%llﬁé%g%@5‘? orfdglil > gggﬂgéjﬁgtgonagx&ygv?rs illustrated
by exanpl ecémiproiisss @orditid 2 indwb vads:q AP EFesaltSRGMERSRqGHte RIrSRSS st eps, VP
400, VPC 402, CT 404, SB 406, SBC 408, PEB 410) PEBC 412, DEV 4l 4, HB 416,
HBG5418. Ackiphbisiseryingtopmanrmedulessqs (Bhiwo-aranerg madyles maygameeteor r espondi ng
to the process,.sStep. J£0or inst e he process CT 404 has three nodul es,
and corPesf}S’r‘l‘ZIf”rﬁ‘auglyﬁrtéf/?ﬁ)r?)lf:g%fca tappgars three times 404. Above each
process step i sWHeg tutwReondifiomflistddbbwsart 06mpidaiisedl dslosSn vafp 420. In this
exanmpl e) the | east common nultiple of the nunber of nodules is:

LCM 2, 2, 3, BicB-up resuls, 3f such delays qqeiyaé critiqad prosessreodulss, thewadversslyer t ool
rescribes I d , } i 4 olumm in the
Pobi o 22 FRRrortriR e EAE msuchYefs Bhchy o Bt moe BT {1

regpect i vesiowdiowe thiuhpubs At besheit &rimptrativey ehapths siahdperymahdiriossvery twel fth

waf er follgws the sane m)dule,ﬁath. As suc?, by idengﬁfyi ng a wafer and the
order in whiftehabaveReseyarnipsd Wit resPeqi &0 eididnal progess grodutss and Wgent i on enabl es

t he determ [ - l,-,ggf\g 25 Addi ng
Queues to ﬁ%:ﬁg@@é&ﬁﬁ:?@?&sﬂ e%(‘)r?ﬁl%}rlal{]ag%lor a? ?ﬁwé{g%g\lﬁ?{:@émff a recipe

gi ves ri secduld providet adubng raprecobvpedan myjtigate vecsituatin Blowevérpin caser t i cul ar
robots, it | d desjraple to, resqglve the conflicts not by adding nore
robot s, buﬁbv)\ffﬁf H@R’?%‘}/f%ﬂﬂ? WP%‘gmt“ﬁé’?ﬁEde%‘ Serderatesn MG gdhean: scheme to
modisf y thexnro?é:l'oBSts'cﬁn 519 hl%i@?&?@ﬁb@ﬁhﬂs@@&%@d Bh@¥%Sltifer eafter called
queues q) , 30 to the non-critical "process steps in order to achieve tinming
whi ch resol ves Bimaé theaqedpapreseabrd footipe chustes tovd deteenines thei imings ofr  on- waf er
resul ts deli ver ed b}/ 11 WO 08/4I (‘)f{k? Intie JUN %0.03 P /US99/.78593 the tool.
Such a schiifEo0qiSery 5 ReRGH 3, fipdamen PRI R OR"E the t)",o.ci"gd'f‘ﬂ‘és basis for
the "synchegneis rkdifferink e wald ré&ﬁea@,sg'ﬁ’c}ﬁ-&ﬁhé)@itﬁ%a&rr'nghﬁéhlx prescri bed
may introduce conpeting service requests which result in delays at critical
process anschgadulingplgarishrs deschbeddippein pepferttissych symchwahizatiepual i ty and

t hrgughput of the 5 single-wafer cluster too]. .The aimof "synchronous
algorithnt is t ‘isﬁwflflgf%ts\é\rﬁqeﬁ&ﬁﬁfn %ﬁ’ﬁfgf _def'P?fE’WT Pregpt §¥Bcess steps in
order to epgsthButkf)¥heftth HELAYBUACeHpridds LmhéhbSdbor REAEEDE sShwae, or gating
steps, and thereby ensure guarantees of

7



t hroughput and wafer quality. 10 Sol ving For The Queues W shall now -
denonstrate how to solve for the delays, or qj. Let z be 2[3eJON r2003g of
robot tasksags di ctated by a prescribed recipe per Equatp@fiubssksiss By

addi ng queues q, to the process tine p, to nodify the recipe, the new
timngr * is given by: 1 1-1 1 1-1 15 Tr =~~P~+~~+~tm NT ~~Pni't' ~)+~ti | =1
j=1ju=l ] ateNTn & BmbGdimtnt of the Pesait ~t, (2) The

obj ecti Vea%r%agg%%t;ohaxegﬁtsxré%fh%fsognveﬁesnq, to uen Pn%ertg%sgt the non-critical
process stigpatict) e schaduldrineayt benmsed utfdm\teﬂoxﬂmte\/mmufmwringmyswndml es k and m
k=1, 2, 3, ...N and 20 m= ere npd and nodule mare
assi gned tgéneﬁ?&?/é Pf%@?‘?"%?deﬁcge‘iﬂl?:%@éépws%w t@@@%ﬁ@&&%ﬂmﬁ%ﬂgreat er than
the trans R[S ol oY JIiTe M QUL per Li (Badiot erval s
sufficient ox H@e(ﬁ) ot to Sgtiu\l;xln%_ af\f@rml% fﬂgss an trﬁus vdg?d having to
serye nor eheldparationef thedystemdh real-ggmeen ti me. However, the queues so derived
nmust al so be small enough to avoid excessive 25 idling of nodules. And

t here should be no queues at critical process nodul es or the gating nodul e.
12 éﬂ‘gﬂ&m & FI8 lgqﬁy@-ﬁ‘swrl—foot)e sol ved for using Equation (2).
Thi s vyi eI st em of |near equations (r' - T) _ ~a.,q, ; Wwhere a,,
is a |l ower tr| knmrabodmtmmf tha pzrhseal; inverQion, mferlﬂoqusync:hmmmd— , for i > |
i iOllg -(!)- gs%jxd@lglmiwidufl Ua%rsothﬁ)ugh the clustéll_'dfool atacgpstﬁn r%o 1qi (2) g \(])URI 00

2008 PGT/ L399 REePD ds3he tool’s “sending rate”, is eRpressbddn Aushbdr dfwafe@ AN ° 1 1 1 1

111 1 The constraint that no delays shoul d occur at critical nodules is
now appl i @er tour, Eqd@me@mhe(@;fer flow Vﬂ&bammﬂr@dlqityrmdallte (304edditig are critical,

Equation (3 sho be nodified to the ar e ons as_shown below. T.'
- T.10 %a%?%c%‘ IS perodyrefére ‘E)aﬁq’é FREPHIG %‘ttk BR8N 0 0 0 0 1 0

000 X e heartbf.Qt 9f the system. Individull Wafer units are fntdodlced ¥ the dystenr? O 1 1 1 0

Tv' - THgN11 1’1 1 In Equation (4) above, the timngs r as
prescri bedt lbspr‘tdhssofcnnﬁgﬂmhmg p@mdpe‘\rdrlaORdemsynfh@ntang@clustcrriongs r * are set
to al ues mnate conflicts b tween ak (5‘HDdUI es .using the sane

t, as B?GF?S@QQ tr@ﬁ?ﬂoi"[etfmcsﬂﬁﬁg’cﬁq§ JP UBH S FBHMEA 8 known val ues. The

vector 0, FufihdrRffe, Sénsark tmrthé)éan&rtegmlcm Bé Vdg@ﬁke&_fn succdedin t h the inverse of
the nodified constraint matrix as shown in quati on (513,\5be| ow. Adding this
a.

set of g~ pcmctsh@cmhomgphm@lnﬁgrtnobm echpdvdedzysaqcpmhﬁl grvicgynchr oni ze

wafer tr arr‘sqtl)x(e)srtst heret er teterred £ asQ‘%asis” w1thm a single sending period. As

such, the synchronization of the cluster tool requires a determination of 1) the
20 total number of tasks that are performed within a sending period and 2) the
exact moment within a sending period that these tasks arise. These moments
shall hereafter be referred to as the “timings” of the respective tasks.
The concepts of sending periods and synchronization are illustrated in
Figure 1. The timeline 100 has an origin 102, which denotes the moment when
25 the first wafer is loaded into the cluster tool. The timeline 100 is demarcated in
units of one sending period 110. Each demarcation 104 106 108 indicates,
respectively, the times at which the second, third, and fourth wafers are loaded
into the cluster tool.
A principal characteristic of synchronization is periodicity: the present
30 invention ensures that for each task i, i=1, . . ., n, the pick-up times for any

wafer undergoing that task are identical. Thus each task i in the cluster tool can



.2 3, JUN 2003 WD 00/ 41048 PCT/ US99/ 28593 | 000OCOCO T, -

TI 1000000 g=T, - Ts00100000g~0g~000100000. . 00. .. ... 00....gN =T~~~ -'_~ Tv
-gN11OA 11 0T. ~- Tv11OA 111 J 10 IS 20 25 An Application ggééggyﬁgg@hronous
Al gorit WR084E4Bf i ¢ enbodi ments of the invention will now er
described by the follow ng, nonlimting exanple which will serve to

|t endeq et BIORd Pa A AP E PR Bt STTRA Hig ST Ry SOTRRIR B Cho T
i nvention W%mhpﬁ?ﬁh{gcp%ﬂo@.nﬂighﬁ"j &%ﬁ&?ﬁ@ﬂﬁ@xk@oﬂﬁ'&?ﬁﬂi&?. SKiréd in the art

to practice the invention. Accordingly, the exanple should not be construed

as |im ti ngvafdrs vedfape2Q8f wafee 2i200.cmtiveafer IThIR arg depicsdiondbd vmiell waf er

transport wt r, proce inaclu t Q0 il now be.il ]l ustrated
usi ng a spé@isngaiﬁ% Z@“‘&?ﬁ‘ée ‘?"’Iplf& Q‘F%@(ﬁ g‘%#%%nrthes&i‘%n 3Fg’&snaé%ati c for a
concept ual 2p) fichteR Wheim@athAhiE wifep§ aS Fialldl MRPEAE dludter tddIETheSI St coat i ng

and devel opi ng nodul es are identified as CT 300 and DEV 302 respectively.
Al so shown rélativieipiek-ep Bmas E; at task H2GG ase ddentipa] er eashiwader. Bepanse hei ne (VP) 304,

S0 PP e Pk RO 5 e mealSh e, () 1

adj acent baicR-ipenésitrd bepRebd lyunit® Bf 68esthdingetid.er bay transfer arms,
| BTAs 312, that transfer the substrate between these nodules. As a result,

the | ocations oFigurealsedketrastridisincionderuaen relpave adatacwal oF t hei r
coryespondi. ool s 1P A T- 3 ] &Y 3l 4 shown
in [ e fi gu%%oﬁl?éarﬁsl?@lﬂlgﬁ@ﬁ%s rar'? ggﬁfﬁ%%ugggn%%ﬂtffllgg%sz%ssetep é&g%g station.
The st eppelT, 204. eSificecrire (eHtiverpidkaip (khé id measafednfsors tzstimeat evaferdsm and to the
stepper interface., The I/QO npdule 318 i? a b‘%&f er . zope for the substrate

t r anspor t edntfagduegddntortheywater chuster ogh ghe relatiye Pigkap Hee Brigetkaldessary. The
mai n robot I u # E Ve all ot her
modul es sugﬁ&g@a%%%?“g???r’eswgc‘%ﬁ?W(%B%R’Iatfeté@?ze% ?t%’teé“ggc?u%sre.iﬁ 5,7 273 I
2003 WO 0048 4 RChbSARd R therh@hiere the fist wafee hambdaded fros tHehe waf er process
flow., As can be seen fromthe schematic, when the transport nmeans is the

| BT t he s@&Bister 1pok2Q) | Jingedbe walersare Heradyesd intarvalsefongderdinggr am This is

t he case ' I . ' ake 400 to
vapor pr i e o e B R AT 0 i T obot
t he substratmoddelid have several options. For exanple, when a substrate is
renoved froma res]'hs(tgl_ coat nodule 404, it can be transported to any of the
soft bake modul 84-18d shown in Fi gure 4. 10 The Synchroni zation Al gorithm
Ve wi |l nowndleRRRBs twah & iliheratdanh kfedid@0 204, the synchroni zation algorithmto
this cluster tool as a series of four steps: Step 1 Input The Recipe And
Thr2ughput RequiAmethenpararfi¢teswhiick iusBicehinspfichrenizasioniigdesignatediyi s st ep

comrences i nserti he. 15 reci .n a.tab . The first two colums
502 |i st tﬁ}éSFXF%BLES?&{%‘H@W"sg'qﬂ@ﬁi@“\‘he&“ekﬁﬁﬂg‘%% Hop 1Bat i od) al so
referred t 160 t. Ll e le tines, also
known as rrg%]'g’l %&?gﬁrﬁﬁ%?}e&ggﬁgt{cgﬁmég fé%{t%? ggqugﬁatg}%gﬁla%gul e in the
"Modul e typmte thelbdginning 2f the cansntrsendiag peritald (Ttesd pdthmeterss206sard ess t han t he

systemtakt time. The 20 npdule ta tjme fqQr each process step is |isted
in a col umdisedigstrpted HbFl,guﬁce?d5%&?&6%&%%?%?%&@4@66&% Waleud nodul e t akt

ti As Wi t: i i : . cess step:
No- Pbdul o8 "R G L el R Rl oy e R i e Bl s i
exanpl e, nM86 awndentiesl foraoh mafeprithead ftactiomsat, iretluyGant Nmothprise The nunber

of modul es required.for each process step.js listed in a colum 508.
Step 2 Det & gsl'?lfe‘[’f_@é'éfs Fr‘%‘?é‘ W@Fcoﬁgﬁﬁgbﬂwqaﬁ@déf&?%& 30 earlier,

the "l oad" of aThoRGhbdrekeisks mnahﬁmmg%m%s Tohdtitht® tRFlRgslul ed make as
well as the tinmes allotted for the robot to perform 15 WO 00/ 41048

of the transport. Since Ti is the accumulation up to the ith module of the

30 process times p jrJ= 1,2,3...1; and the robot transport times



2 3 JUN 2~3 , PGI/US99I 28593 t hese noves, as neasured from the begi nning of
the current sending period. The determ nation of the robdg 314M20038 depicted
in thewahhsio890 in Figure 6. This cluster apparatus of pbi/msyssal e has
twel ve process steps. The tim ngs of the twelve correspondi ng robot noves
are 5 determned as follows. Counting the tinme fromthe nonment the wafer

| eaves the, | 0a re S, Ll of each nodul e
and transp%#f'?Fﬁg§yquﬁ%ﬁgﬁéﬁ%%gﬁggygghﬁﬁﬁggg@$88§%§“§§§§%le, for the
modul e codgpdiaa®ss: VP 602 (hereafter all nodul es are coded), it is (62+6) =
68 sec; for nodule VPC 604, it is (68+65+5) = 138 sec. The 10 actual
timngs in secopds<for 1 robot noves are #gst din a colum marked
"Actual " 606. TO'TRLB Midd the relative fibk3ufNtines T the actual tines
are divided by the’Actual™ sending period. For exanple, < dividing the
actual pi dkaldp foildvasthefthy/BmadoMBERls, ther, AL ] issendi ng period of 45 sec
results, respectively, in normalized pick-up tinmes 1.511 15 and 3.067. The
norimal i zed picka¢ﬂ3PUN§£Rbor each of the twelve process steps are listed
under the columm "T; Nornalized" 608. Subtracting the integer portion of
the T, values re Itséﬁn t -~ vakies, .i.e€, hge tinme the available tine
the respective Taddt 8 AaeH e afed=hy-+obbts, as(Peasured fromthe
begi nni ng of sendi'ng périod, ‘dild 26™ekpressed in units of one sending
period. Tgihdd tisdspértk Bmek Reard fix¥dFat@szivdh MBier fdI VDS appBeft-fROB and 0. 067,

whi ch indicates that VP nust be serviced within .511 intervals of one
sendi ng pdfquetion fhdhayte timing dfeotas task Fets dapendent soph7on hegracgss of one
sendi ng period. The |i. f .nar ized i; values are listed in a colum
610. The gﬁgar5h$ﬁ¥5“?§g%8§§Q6F§a%riaI representation of the load: a tota
of ;¢ wel ve noves and the tinme they have to be served within a sending
period. Figure 7 shows the sanme information from anot her perspective. Since
t he robot Reriodigitr and Wader Edentificationd 5 & 6 seconds, the nunmber of nove one

bot ke it hi di ng. period,pf .45 i s (45/86)7; 6 t
be on the 30" cotfearoririyal TRl sk Sl e e fer o R ttinen i o the
graph 700.thd\iasret 18], I okA&] FBdUhe SydtaroRie sihddSieF dRGreBYhatt1y Obot fal |

within one 16 2 3 JUN 2003 WO 001 41048 PGI/ US99/ 28593 interval, such as
SBC 702. MWzl arsiipagedinte the oizstes seal én seqeyntial ordexfatjtenyhlsiodehe i nt o one

interval 710:. it npeans at,th are.c etin or the sane nove of the
roL%t at asegﬁh{}%ﬁe?? .d%J(;eaéngﬁg%é?aéj?d?rg%echlggéioéﬁP S ¥ nor e tasks which
use one r Gidiicalévdnis fat theQarhe Vidled &8 rdasirbefetariva $dthe nrhen® tHeptafz Oone of the 6
intervals, it neans that there is insufficient time for the robot to

servi ce eaeadeds A epasganencsyofitbgse twp penditionyliethat wafensiepier ard dgpertween t he tasks
for use of l. escribed .in.th ubsequent steps. 10
Step 3 A Ie(%%:lg‘t%gaﬁﬁgﬁ %r%h%ﬁ%??oqﬂ%gng&%gwg S”fesr? O%%lg%lxtl(gg?%s%tl ve conflicts in
t he manuf agtetiialsngf ony Séiiig Seriod. A suelaletehi Widfed iBAGN&IREdnYbeaNONg robots in
order to achieve a bal anced transport |oad. Although conflicts are recipe
deffbndent dentidied simly prwaekipg theorgerin whishtheytentered ervited thahe chance for
conflict. V6: ikl .Of I [ng.the | i S 15 dependent on
The. 1 ayour i s kffirB8F Bl e e PRABREI ek fo ST, 1 o

accessi bi lidényificatiom duveker byggiagot s and nakes bal anced | oads difficult to
attain. In this exanple, the layout is such that tw robots, CES and SI,
can each only serve two nodul es, | eaving the bulk of the load to the nain
robot CG1 -ngfg%ﬂ i robots known as I BTA 20 (Inter Bay Transfer
Arm . TheT%Bg{ a oca??gﬂﬁgﬁgtransport | oad, under the constraints of the

| @3fout) is as Sheawembodifiegtiofithe preSint invealidng sachWiferdddded Qo fHed, SBC 716,
PEBC 718, EEV 720, and HB 722 are allocated to the main robot C-1 with
three of €l tagiéolloys\z pasculps “srndyletnahy, kora Raseculasset fimaedilesr obot , as

di scussed L L&t i St ing as
denonst rat‘@gg H| énoq{eﬁ%c;l;@@?’ egé}géésgééﬁ g}? %&gﬂg%“ﬁnaﬁ‘gg%%ggéﬁ%@g#g@t ion. The

i nformat i inmvention islltafhe iBPiLwe 4 Flgthisentbodinént, Bdtipioyessfin thead al | ocat i on
from Step 3. Cnl¥ t he six nodul es served by main robot C|, i.e., VPC 802,
CT 804, SBEsEHENO!hes eneme nerg modgtles @ssoviagd withat, svhereimthe vafess B consi der ed
for queuing. The remaini ng nodul es shoul d not experience conflicts since
each has 17 10



2.3 JUN 20QB .. WD 00/ 4] 048 PGINS99n8593 dedi cated robot, i.e., an |IBTA,
serving them In the Target Columm 814, the target tinming profile is set
for the 6 nodul es. For each of the nodules listed in the tafPeJUl 2003
correspoMD o048 ue is set for z*, where T* is an updat edPGEUIPAEE T which
elimnates conflicts between tasks for 5 robots. Since only 3 of these 6
nodul es, SBC 806, DEV 810, and HB 812 are in conflict, only two, DEV and
HB, need t oprmessed.i Thewodulegfor sacdtiprdogsseme ofdersehin dsequenagisuel thabl ues for |

i bed by th i.pe. T tim t tg. listed,. | 814,
PG ar e set WgR e Erope Brarish ML fied iflhE roufpShsn rieiBhe 6 modu es
is larger thQame rséel{%@ﬁtiél lofdes Pfef é.g}@fi[%rﬂ&sﬁ rf/téh CortepSndingd AR d @b, files ences

bet ween the targ and the originally prescribed timng profiles are
referred tofiss walee imthesysierd gaesstodberiiust mddulé,ahesscondwaebgoeThethe are shown

pictorially in the  graph 818 .. ad]age to e .tabl e ot her objective of
t he gsynchr8%85@“§F®8ﬂ5fHﬂvﬁwgkf%Hgﬁgﬁ?%“fWEPEh8w3§W§§gé§F@%Fﬁtroduced at
critical praeessondineifule, bid.)t A5 & cdfequen¥a Y t6ial Minhber 6AmoRLIRGRGS Steps are
step 3 804, step 4 806, and step 7 %09. No queues shoul d be added to

nmodul es cor thaspdiater myytellaw issensirained to thedeast ¢amamemmybitple ofitheig f or t hese
nodul es shoul e rescri val ues. The gaps conputed in
the Gap coIﬂ%ﬁbgfgkggﬁﬁggﬁfgﬁoéﬁﬁ%BV%@%@gggg to Equation (3) to solve for

t he queues that Thé émbddimentdeasidved @b@apsillubieneMar exainplesinFigige 2er o del ays at
the critical_ process nodules, the matrix_ 818 relatina%?ags and queues nust
be hBdi fi edFigtire Eshorsiasaayenye efprgeasesianse VR MBdYRE 402.rkat AV4 S80.

Pre-nul ti pl yg f i A heg | rse of the
modi 11 ed e B P PER A10RRES SR LT B s B R AR 0,0 The
sol uti on f oof 4 preceps elep appearsXor ¢dach mufdeleroetesponding xeethEptacess step. The
solution, which is in units Q%é%pe sending period, is converted to actual

time in an BeRINSIANCS fEe PRI hasdpree, modelss, apgk corFRSPOSKiRg: thfh. The queues
det erm ned | DRV d I; I time of the
ori gi nal re%?{}?)@l%‘prﬁ?saaf’ga’to fggnéczuég' A58y 2%3%5&%&6%?@1%5‘3%@@ 991 28593

verify if cofrhbdudésfohtepbesnsepddd.ved. This is in fact the case as shown

in the figure. bot Assign t 5 Anot her .aspect of the, scheduling problem
whi ch er i ts aut BrisisRmPRetE pFéS‘a“?gW&?d’éHPP of P mber of %53?5@%& For

exanple, in stepreff£9,3l3$s8% #Ppve; a recipe was chosen which assigned a
tnd i ﬁ =979

kb 4

singl e robot between each pair of consecutive nodels; this allocation is
shown i n t hEemecthpeedipesfoetheiciusfer tnol preFeribEhoveive modulé pathsyadichhasen anongst

many possibl.e all.ocatjons. 10 In ge |, there is need for an algorithm
that deter ‘ﬁ%‘?é?n%ﬁbfﬁﬁm%ﬂ&‘a@gg%ﬁﬁﬁﬂ? n}}ﬂd,ulgrnulrrgae{ ﬁﬁ%ﬁ’ét ernination of
queyes. ThepRead sfeflin e ¢tspadtiva ntfule A, VA4 dhex!@%réiwm%togﬁs@%athn t he

fol | ow ng exanpl e.” Suppose we have a sinplified track system consisting of
t hr ee nodul esry tvedbih wefeMdlows Mosamemobdubaith. Shppob.cwidedtfyimgtano r obot s,

Robot| and Ropot 2, . both of i ch can 15, servic |1 three npdul es. Let the
sendi ng per V88" t Ga &Y ﬁﬁlt%l\éfwgw W%zoﬂqﬁc?l“é%ﬁhét INERSHRE VIR 0, T2 0. 6,
T3=0.7, in sHables tfdeteRRirahelbNlie RRIILRGathABHoWeHHIORE wWalte. 1 Obots can nove in

0.3, inunits of SP. There are four possible robot allocations: Assignnment
Modl to Mod 2 Mbd2 to Mbd3 20 1. Robot 1 Robot 1 2. Robot2 Robot2 3. Robot

1 t2 4. ,Rebot2 Robot.l 25 Uponi t] | ' ts 3 and 4
viafte. 1 n ATERE GueiRE fe e RRR AR RE TrRRbr 3oy BESRFRT 700 6 and T3-0. 7
is 0.1 sending pEhirQsise gidiresh to Sinlubsseotil RBmb&tfheQediceqB4licsd foer i ods required

for a robot to nove. Hence the optimal allocations are, in this case)
assi gnment Restienlaf retbts, dswel@ be desirablgtereselve thespniliets not bhedding/al ues have

sufficient distance, this robot,.assignnent.obyviates the need to 30 insert
del ays. Och’@?rechF?%rblqu%E?’af’%og"gwgé rieﬁ‘P%“faﬁf\é CBPHWH%{?F‘@}?”& an opti nal
robot assi gamRstify tﬁ@feclﬁé%i@Hﬁ@odd@éHélﬂﬁl‘d?@dél?@%rea‘ﬁ!@ﬁé&l%é'qBéheE@!',OUthUt_- An
19 WO 00/41048 2 3 JUN 2003 PGI/ US99/z8593 algorithmis necessary which
wouB@ det erteithehon-eriticabprocase stepivrmpder ¢aaabit vt himing Whick resplvie$ i ed exanpl e
above, an opti.oal_ robot assignnent. One net hod o erformn uch an

assi gnment '°§‘ﬂgﬁ%71ﬁ|‘§°‘§ﬁ°r8%?£8§‘{‘$9]§ ‘Fgﬁﬁ}ﬂuhﬁe‘?n'ﬁ&%&ﬂ@ i&ﬁ“ﬁ%ﬁ%i bl e robot
assignnents, and determne the validity of 5 each assignnent) i.e., ensure
that all nodul es assigned to a robot differ sufficiently in their T val ues
to permt the robot to service them ThE assi gnnents thus generated may

al so be selected on additional criteria, such as | oad bal ancing. 10 Sol ving
for Updated Timngs (i')



Anot her feature of the synchronization that nerits automation is the .
derivation of the updated timngs) given by T'. To el abora}fe Ni tep 4 of
t he al bddigagout | i ned earlier, the algorithmwas fed umﬁ,@ﬁ ﬁ%es of T*,
where for any two nodul es which shared a robot, the respective T val ues
differed by 15 enough tinme to allow the robot to nove between them There
is a need Bdnsd t K One such

t echni que t$§ﬁg§f§%p5§m I’—'S%E%elggﬁjﬁ)%%ﬁ wv{/lmt%%ghggﬁ?f ;Ect'? yg&%’ﬁ@ the T val ue
for each ale 'lsyachrorchuk elgorifhor.” é‘mhcapomcrmtascongnfallytpeseancd\/mhyjes sort the i
val ues from |l owest to 20 hjghest. r each %t?s,:d list of z val ues:

Proceed sdR{tRINES SOMREUNG SETYIS ’?%‘85‘? H’Ihﬁ‘é%‘“f‘ 613F B\ELical Soffsghest |

Det er m ne I ?ﬁql eone that
pr ecedes |aw§§m%f$&{sﬁggﬁlb*b§éeg¥ enlgbelthi S es Qltl%;}rlllatt%% I meBg otted for the
robot to ningk-wafetclasremboll The Rim af tsynclubfiousiabguirithm” isGo itsertnext z val ue.

When this aIEl%orlthmfl nds an. ugdat ed set. of . T val ues for 8 8i ven robot that
el i mi nat edMEBHR] dalays af prsentical ByAEess stepsin prder 19 enuethIENACISY, that if a

conflict o ned above
ST g S ggmggagy@cgg% SRPs R S B Ry B BB o T

Al gor i t hnehrétnghpmy archwafiar quatiiyon, r obot assi gnnent, and derivati on probl ens
can al so be solved by use of a genetic algorithm (GA). A GAis an iterative
process 5 that starts out with an initial population of genes, which encode
pogsi bl e ssq)p,q,e,spgltﬂ,hgﬁgﬁgbl em This population is systematically inproved
with each iteration rough a process of-selective breeding. To perform
sel ective breemesj}alltnhe/@monsmhqmtcas)ol‘cteﬁr de?fﬁe's,cﬁravyabtteribsti cs of a

speci es, nd.b. j udge ecil it ness Characteri.stics . of a Species A
speci e is é‘gltgf&feg’%% ﬁ“cg%‘ﬁdeéy Belscrblif rfﬁ’B%P ﬁ‘#ql\ﬁé 'hglé &% types of
genes, On%dclxﬁg g@&feﬁ[efﬁthEBQcéﬁb%e P& BEUTB he rédisk, tHeened fiRling @ queue
segnent. Consider the exanple used in the description of the earlier

al gori t| ~urt isginenrbybot assi gnnent will range from1 to 4, indicating which
robot will work on a particular nodul e. Queue segnent is 15 also an integer
i ndi cati ng how many j'time zoneg-} i.e., (rqbot m)ve perjods) are to be added
to a nodule's arri ime {n er to conf n fobot assignnent.

| nllur earlier %xﬁi{pfﬂmﬁﬁo | s~ VY g (ersh% fﬂs_erbe t time zones) as
shown in figure 6 If a ti zone s he arri of |, for instance,
five nodul es, a confFhct resulis! The a diitli on of a Jl]créu segnent to one of
the 20 nodules will push the arrlval ime o the xt t| me zone and hence
resol ve the confll M, sof pCI % efltness by the
reci procal of & 1y eé es% In T Xﬁ"a be nmeasured by a

wei ght ed sum of t e 25 degree of confl i ct ind t He nber of added queue
segments. An i Jhabbjsabeiies firl aseeof izt Beoinsdtbddt trgiRRrRicaland resul ts
in no conflict in robot assignment. To derive the fitness function, we scan
each ti e PRSHS Siapa Suqhihat theféme lirignus! bstweep @y Hmmodulss kwd s for each
robot. The. {ezsgltﬁ\,aa;lg sumed for all robots and all tine zones. Call this
sums. We pro¢éeeéd t’'o count the number

20 m =k, k+1,...,N, where module k and module m are assigned to have their

wafers picked up by the same robot, is greater than the transport time of the
robot. This would allow for time intervals sufficient for the robot to service all
modules and thus avoid having to serve more than one module at a given time.
However, the queues so derived must also be small enough to avoid excessive
25 idling of modules. And there should be no queues at critical process modules or

the gating module.
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30'of added queue segnents, and call it t. The fitness function is then 21
2 3 JUN 2003 WO 00/ 41048 PCT/ US99/ 28593 .r~s~t~ ~1+wlS+l v~t~ where the
weights w, and w, are assigned according to the rel ative2i3npoi t2803ce of s
over t. Wiheo/4§104%2goi ng description of a preferred enbodi n¢T/@§9928R3
invention 5 has been presented for purposes of illustration and
description. It is not intended to be exhaustive or to limt the invention
to the precise flbeaes ofifesiedwillibe slvadolos nsing Fgnstianda). f Tayiebisa and
va:iations will be apparent to praclitioners skilled in this an. It is
i ntended t hakerh 3¢ 1iR&PEG1afbnS (28 4 laQ: WRerde], 1198 0bwbet filtuiR! | OWi ng cl ai ms
and their eg%tﬁval elnts.@uzz 983 1?\652}2 03 23 What is cla?errggd CLAIMS 5 1. A
met hod of optim zing throughput and performance in a wafer processing
system whéasinwithe 8§ &Y I 5riocd@ds#id. &fdt%efi i ncl udes a plurality of nodul es
for processing individual fers in a sequenege of wafers, and the wafer
processi ng |{sygtemr nc!riujés\,& &upalotﬁo%tbans’p t3dtion resources for
transporting a.wafer uni§ fyom agfigstgmpdulpg ijn thg plurality of nodul es
to a subsequehAt mdul ¢ {n t{1e plurality of nodyl €& |[the method 10
conpri singy firxiag:a topdtant Isefdi Bg (%erﬂ o8 |f gr geduential I'y di spatching
wafers into the wafer|p ilnglsyéteUn Oth@ senfygng period remaining fixed
g
)

1%

f ocess
t hr oughout |t he sequente gf ﬁvafers; expr essi ng (i mes for( pickup of the wafer
froman ith nodfie, (T;)e i€h @wni bs of & he sendijng®pgri od; 15 expressing a
plurality of tines (T|)jallotted for a wafer ftrlanspgrter to arrive at a
nodul e frofinidiatiop p* & cdrr&nt®sehdi®ng®der|i o8 flor transportation of a
waf er from|& mbdulf®-1|tpja yroqul ¢ iyl asia pqrt|i h'df the sending period,
and; selectivgty_ ipcrenenting at |east one irn tthpI urality of times (T;)
to arrive at a solutipn|bf kidesl(T) It hdt Ilngri ns i xed at constant val ues
t hroughout the sequence of wafers, the 20 solution of tines (i,) assuring
avaid abi | ity of Thteonswraipethatng dstays shaiddecquaat eticabmaditlesis now.  The met hod of
claim1l, ' ; ald i 4 ] Y1 ed to
accomdargﬁ{%ﬁgg%ggﬁtlﬁh@f gro ; %()xraggcpéssi nggdug%:{ éﬁ%‘a&éﬁé?@’?%@ . The net hod
of cl ai m | (3)sheulébenmodifiep kaithallinkar eqhationdiaf slewvit betew. (~;) are updated in
real tinme. 4. The nethod of claim1, wherein the plurality of nodified
tines (t;) [ape _updated o G ali 0ttt 8 Mgcpvgry of the wafer processing
system af{er .deviatignf rompnemamabh @derating 30 conditions. 2 3 JUN
Zal 3 24 5. | The et hod .of c abm 1, V\,Eere' " $hé nodified times (T;) are
determ ned|of fOlin Polfh the o;ger%t né) of q:he¢ wafer processing system 6.
The net hod|of 8l ai 0 Whel el nOopt i Grall |i nc¥eents for the plurality of
pick-up tifmes are $7dgt grrg ngd by, ap it|&f abi ye prcft*)ess.

L]
11001 11 0%
1

11001 11

i o o 0 0O o o e
Tv-1 —=Tv-y

L ™ =1

.

In Equation (4) above, the timings 7 as prescribed by the original recipe
10 are known. The target timings 7 * are set to values which eliminate conflicts
between all modules using the same robot, as described earlier. Thus LHS of
Equation (4) are known values. The vector ¢. is then solved for by pre-
multiplying (z" —7) with the inverse of the modified constraint matrix as shown
in Equation (5) below. Adding this set of ¢ to the corresponding module

15 process time p. will synchronize wafer transport with wafer process.
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7. The nethod of claim1, wherein optinmal increnents for the pl urallty of ~
pi ck-up tines are determned by an algorithmin linear tinme. 10 8. The -
met hod of claim 1, wherein the difference between any two d@ddded0®i nes (i
*) is gveabesioshan or equal to the sending period divi dedP@J/USI%A8HB f or one
robot transfer. 9. The nethod of claim8, wherein the difference is
normalized in units of the sendi ng period. 15 10. The nethod of claim1,
wherei n at Fleast qneq_ofo aopbur ?tb of .individyal scalars in a vector of

e 11 o]

del ays is ZzZefo. he net ho cI a| T0,"Whdrein a linear transformation
is used to tt;ar]sfdrrn‘trpe Qebt & 9 elrgysy, 12. The nethod of claim 11,
wherein the i egro toansfor gatg 001 0 u ed t,0 ddrive optinmal pickup tines.
25 13. An apg at {) r sg ﬁdLbllb"l cation qf a plurality of

transport atji rgsou cé)s et'ween s of a dequenti al;syaf er

manuf act urind gr deess, coddmpri =i ny: © rmry regource for storing an

al gorithm flore sche.du].l o ¢ he Rlugalijtylof terangportation resources; a
central prdcesdin it cou Ied L he meet % -rlesource; 30 an input/out put
i nterface coéplled 1to at® 1%adt lonk 8 ezceemMq gl processing unit and the
menory resource, [tiheli @pud/ dutlput i te face addpted, respectively, to input
par amet ers describing the sequential wafer manufacturing process and to

out put schedules for allocation of transportation resources, the out put
schedul es [ [ 2003 25 transportation

resour ces gﬁ%ﬂhkpg?t?n&ﬁggaguégﬁtc%{ﬂo OUSA o:}ﬂcfl‘]'#ﬂg\l period and a plurality of
times (z;) all OtSp‘eéﬁﬁfc(Hmhdekﬁérﬂfoﬁthaﬁﬁ'ﬁmidrﬂvllh&)»ﬁbd‘ furtheredesaribeddyl e from
initiation of a current sending period for transportation of a wafer froma
nodul e it dhafolleding nonkimitig qm@wétaluehwlbﬁe%w U%Fﬁ}ﬂé@meﬂﬂﬁ@ process
remain fix t f 5 14. The
appar at us gg gjlgaf%%ﬁg%a&{vﬁ\é 1&%‘3? ﬂezfl%ggg %‘%ﬁ@g?‘%ﬁg %fa a%%’l ty of wafer
trans portatdnaerstaﬁdxﬂ'grdflwayeup@heh&heahvdﬁxloamav bepractioed azalpaﬁa’thts of claim 14,
wherein the nmenory resource and the central processing unit 10 are external
to the tra@ﬁwﬁmsr%eﬁslﬂ@gbme@étsto PIgstica e la‘ffﬁngatﬁéﬂ’é‘im&lDaﬁhﬁ 14, wherein the
algorithmi Jefdh oul d not 111G 11
del ays and g%hpt Eﬂmbg rﬁ&g?lsghjrrlr% g%ﬁhé fﬁg’érg?o{ﬂl on of delays. 15
17.100rhe appar at aﬁleeyndirammﬂcﬁx,ofwmreians;tdmwah gafer plutessripk oljustea | i near
transformatiqn ,to dete_rm' neﬁqﬁhe appropriate delays to elipminate conflicts

for the pl deddwithnowtbe Hingaies vsing 8 srecdicsxppls of mf%rm LnBeHEP  or
synchroni zi;0g s HRLE ForP4 9&1% hé] 1§y‘§é»€%¥a%?ér$¥&e§sh% Liefus PrRCESSI Ng
system conprises one or ered sequence of s t he net hod
conpri si ng:resecoating andodnvslbgmg nsc&imthbsragp jdentifted aoiCTt 300 asxelq).IEhBOhI processi ng

system that renmmins fixed thrQ.l |t a seduence of wafers, the constant
sendi ng pefFHEE. Y. 4H5® shogyp in fi §S aEﬂ‘thSld’sfg?ﬁ E@ker‘é?@]“%‘p%&?ﬂ%%m ng a
plufality I r @g t I b3 at
corggspondgggs %%%3 lgglag% %ejogn%a%éﬁ%é%%ggp E{B§3§8e’qa§g%%§ o} grmdul es as a
plurality ¢HBpO1O,asweelbds théiecaendomiingehiil acbhduleacFheallodss evmaregtitg e al | ot t ed

for wafer transporters. renainj fi xed at,a gonstant ~-~al t hroughout a
sequence ofd gt Pake ant afgl! mpdles gspesanihe infer by vanstenseme IPRASwat or

Lr ansport eng) 4hs ARSAREE dustalihitl Suiphe a0 8. A6 2t HEI MO RgbRequence of

nodul es i n er to mnimze conflicts tween t or access to
t he waf er tof drespbakeensdules @ndtraid 1He 18¢atid8 of their correspondmg chill plate.

20 The cassette end station (CES) robot 314 shown in the figure transfers
substrates from and to the cassette end station. The stepper interface (SI) robot
316 transfers substrate from and to the stepper interface. The I/0 module 318 is
a buffer zone for the substrate transported to the stepper interface if and when
becomes necessary. The main robot 320 is the means to transport the substrate

25 between all other modules such as vapor prime chill (VPC) to resist coat (CT.)
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, 20..The nethod of claim 18, where an ordered series of wafer sets is
) processed by the wafer processing system and a rank of a waf er t wthin

the ordered series of wafer sets identifies a nodule path 21301V by the
waf er sav00®41248 The net hod of claim 20, wherein the nodub@I/EEOR8IBI | owed
by the wafer set is an ordered sequence of nodules fromthe one or nore
ordered sequence of nodules. 22. The nmethod of claim 21, wherein the wafer
processi ng syst eRigareisiaselentatic fartherwaérprocssfew, Asicah k& saemben of nodul es
correspondi to each of the one or nor s 10 2 The net hod of
claim 22, \M‘i‘gﬁ%‘??f‘apﬁ ti}? “EJ‘?SB%Q?FWQI%QQ ﬁ@%ﬂ*&s g Fha¥€ nodul e pat hs
equal to a &ﬁg%he GOUBIRR (e BiaBrat. mhﬁs w@.@e whikn fRAUb&AeGer F esponding to
each of the onhe or nore processes. .

. AHf 9. Ay. A tha@Bpdiited fromb vAporman_baAe AGO Agva]opupmne/chxll 402. Bov8verASSr . ASN. AasY.
A AN. A&(% 147 e/cz . .

*~ytdj e_ZU %ﬁf’c‘&gjffeaﬁpeﬁ]%%ﬁ‘&5]‘13%]“81&]fesﬁ]‘és\f‘ébéfﬁfi’?éﬂ}@]h%] seYefaba) c: a] ca] ca] ca
1 ca] ca] ca] cglieab. ok eRdmhpt GiMléhal ebatdCRIEAbMd fromATedivRbat Rédule
zupkfa\ W] ca] caj ca ca] ca] ca] ca] ca] ca] cal] ca] caUl] lﬁ ca] ca] ca] ca] ca] ca] ca] ca
] Ca] Ca] ca] c44c it]com pe trps@p @@pga}'ﬁ)&lsoﬁ bake modules 406 shown in Figure

:1t6[ <|ywmhc”Y] ]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] cal] ca] ca] caJ ca] ca

1 ca] ca] ca] c‘:{\i,]r ca] ca]ca]ca] ca]ca]ca] ca]ca]ca]calgq)oG Y Strrrrree
Ut SRR ##SRSzupkf a\ W] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] cal] caU
] ca] ca] ca] ca] ca] ca] ca] ca] ca]gga] ca] ca] ca] ca] ca] ca] ca! R$$$9%NYG W& &&&;
(((@0(*+\ ++The BynchgpnizatigmAleprithingb] X] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca]ca] ca] ca calc a cal ca] cal! 11112224¢g
4556_666N788 Or 9 @ﬁ%%a%lno%lt?a% ﬁ)@]asgﬁc%?il)g%kﬁl%]sg clhrglll%%ﬂo
(<U<<yt ni dn Ygd}h]@ﬂt])]ﬂlgalh&teﬁdosladsaawlwdmbﬂ ga;u} cal] ca] ca] ca] ca] ca] ca] ca]ca] ca
] ca] ca] ca] caj ca] ca] ca] ca] ca] ca]c mﬁh a] caU ca <<>=>>

@Y @t AAABBBBYEXED ropgipuetRequiresens] thifcal cal cal cal cal ¢

1 D5 KKK 2L ATBERTOT E‘?{E""%&%‘f o AR GRERE B R E R LA |l oh ca
] cajiga] ca] caV] caecipe in a table 500. The first two columns 502 list the process steps in

c”al caV] ca] ca] cal caV] cal ca]l caV] caU] cal.cal calca] caV]ca]calca]lca]cal]ca]calc
;q ca &Q;GS/ S] ]squ]Jenn;GIordgr T]he séx/lldmngcno]d al]so re]fem!d to!]s the] sys]temlcakt] Jca] cal

SWsUU@/h \ |
Jcal cal cal cal ca) €3] CATESFCS] o (ol a6 P b AR AR L S el cal |
<NZNt AN 3 6 [aréd then falculatgd }'or ‘eadikinothiib lnbﬂi&CMMhi{é apd! o 50BdY] ca] ca] ca] ca

U] ca] ca] ca] ca] ca] ca] ca] ca]%& V] ca] caV]

WV] ca] ca] caV] ca]®ave E%ﬂhc‘a? }re%]s(’lgﬂsc’thrt e system takt time. The

7¢DcJcPcVcZ
gg#d2d4d7gl g| \(/:vqkf ZUkt ?\;ﬁgg{?g%%\}/? tep S A Lﬁdclallj c(?zl;l,]'n(l:aﬁﬁécal]fca‘] cal] ca] caV]c
a] cal] ca] ca] ca\qrc@.wfﬁaxa]mca]umpwad]dc&a]mﬂ]xm]lom &k} dmv] @avaHVEcal de8e<e>eAeC
o) e A I e Y o e Bol gVl ol calt cal cal) ca] ca] cal
Unf Ml 7h8hNhCh™ hb
m{]hﬁ?ﬂ |C?]O|Cg|U]6|Cg} CIaSI U Xi[i A%%&%wﬁ%?g%%?gﬁﬁﬁgd&%feﬁ ]cg]acaU] ca] cal]
ca] ca] ca] ca] ca] ¢mjda] ca] ca] cal] ca] cal] ca] caU] ca] cal] ca] caU] ca] caV] ca] cal] ca
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in Figure 6. This cluster apparatus of IhlS example has twelve process
steps. The timings of the twelve corresponding robot moves are

5 determined as follows. Counting the time from the moment 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,
for the module code-named VP 602 (hereafter all modules are coded), it
is (62+6) = 68 sec; for module VPC 604, it is (68+65+5) = 138 sec. The

10 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,
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

15 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; values,
i.e., the time the available time the respective modules have to be served
by robots, as measured from the beginning of sending period, and

20 expressed in units of one sending period. To illustrate, the 1, values of
VP and VPC are 0.511 and 0.067. which indicates that VP must be
serviced within .511 intervals of one sending period, and VPC must be
serviced within .067 intervals of one sending period. The list of
normalized T, values are listed in a column 610. The diagram 612 isa

25 pictorial representation of the load: a total of twelve moves and the time
they have to be served within a sending period. Figure 7 shows the same
information from another perspective. Since the robot transport times
are around 5 & 6 seconds, the number of move one robot can make
within a sending period of 45 sec is (45/6)~7; say 6 moves to be on the

30 conservative side. Thus 6 vertical lines are drawn in the graph 700.

" When the times the modules have to be served by a robot fall within one
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10 . Step 3 Allocate The Transport Load. The first step to resolve conflicts
in the manufacturing system is to allocaté 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

IS5 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

20 (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

25 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
six modules served by main robot C-1, i.e., VPC 802, CT 804, SBC 806,
30 PEBC 808, DEV 810, and HB 812, need to be considered for queuing.

The remaining modules should not experience conflicts since each has
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adjacent to the table. Another objective of the "synchronous algorithm"

is to ensure that no delays are introduced at critical process steps. In this
15 ' example, critical process steps are step 3 804, step 4 806, and step 7 809.
No queues should be added to modules corresponding to these steps, i.e.,
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
20 gaps. However, to ensure zero delays at the critical process modules, the
matrix 818 relating gaps and queues must be modified per Equation (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
25 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 Column

828.

. Step 5 Check The Solution. The queues determined in Step 4 are now

30 added to the module processing time of the original recipe. This is to
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10Bi &{ ccccccaB?/AﬂdI&”r(h@paﬁt ¢ thﬁ(&cﬂ%d&ir(g)prbbﬂem, thmm(r)ts automation, is
10%&0)- t@ %g@n%enz of ro c(;/tos% rgn%)dglgs dIgor example 1n step three listed above, a
recipe was chosen which assigned a single robot between each pair of
consecutive models; this allocation is shown in the recipe listed in figure 7. The
allocation was chosen amongst many possible allocations.
10 In general, there is a need for an algorithm that determines an optimal
robot assignment prior to the determination of queues. The need for such an
algorithm will be demonstrated in the following example. Suppose we have a
simplified track system, consisting of three modules, labeled Mod1, Mod2 and
Mod3. Suppose we have two robots, Robotl and Robot2, both of which can
15 service all three modules. Let the sending period be designated by the variable
SP. Suppose 1,=0.0, t,=0.6, 1,=0.7, in units of the sending period, and suppose

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

allocations:
Assignment Modl to Mod 2 Mod2 to Mod3
20 1. Robotl Robot!
2. Robot2 Robot2
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 1,=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 1 values have sufficient distance, this robot assignment obviates the need to
30 insert delays. Other criteria may also enter into the determination of an optimal

robot assignment, for instance, balancing loads, increasing throughput. An
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5 each assignment, i.e., ensure that all modules assigned to a robot differ
sufficiently in their t values to permit the robot to service them. The
assignments thus generated may also be selected on additional criteria, such as

load balancing.

10 Solving for Updated Timings (t°)

Another feature of the synchronization that merits automation is the
derivation of the updated timings, given by t°. To elaborate, in step 4 of the
algorithm outlined earlier, the algorithm was fed updated values of t*, where for
any two modules which shared a robot, the respective 1° values differed by

15 enough time to allow the robot to move between them. There is a need for an
automated method of deriving these 1°
values. One such technique is as follows:
For each robot with a conflict, take the 1 value for each of its modules.
For each combination of these t values, sort the t values from lowest to
20 highest. For each sorted list of 7 values:
e Proceed sequentially through the t values, from lowest to
highest.
e Determine the difference between the given T value and the
one that precedes it
25 o Ifthe difference is less than the time allotted for the robot to
move, increment the t value sufficiently.
e 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-

30 free group of ©°* values exist, the algorithm outlined above will find it.
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The synchronization, robot assignment, and derivation problems can
also be solved by use of a genetic algorithm (GA). A GA is an iterative process
that starts out with an initial population of genes, which encode possible states
of the problem. This population is systematically improved with each iteration,

through a process of selective breeding. To perform selective breeding, the GA

} h~hhhhheC&>

needs to a) define the characteristics of a species, and b) judge a species’ fitness.

Characteristics of a Species A specie is characterized by n genes.
For our problem, we use two types of genes, one 1o represent the robot
assignment, and the other. a queue segment. Consider the example used in the
description of the earlier algorithim. The robot assignment will range from 1 to
4, indicating which robot will work on a particular module. Queue segment is
also an integer indicating how many “time zones”, i.e., robot move periods, are
to be added to a module’s arrival time in order to avoid conflict in robot
assignment. In our earlier example, the modules arrive in six different time
zones, as shown in figure 6 612. If a time zone sees the arrival of, for instance,
five modules, a conflict results. The addition of a queue segment to one of the
modules will push the arrival time to the next time zone and hence resolve the

conflict.

Fitness of a Species We can measure fitness by the reciprocal of a
species ‘badness’. In turn, badness can be measured by a weighted sum of the
degree of conflict and the number of added queue segments. An ideal species is
one that has no added segments, and results in no conflict in robot assignment.

To derive the fitness function, we scan each time zone and count the
number of redundant assignments for each robot. The results are summed for
all robots and all time zones. Call this sum s. We proceed to count the number

of added queue segments, and call it #. The fitness function is then
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The foregoing description of a preferred embodiment of the invention
has been presented for purposes of illustration and description. It is not
intended to be exhaustive or to limit the invention to the precise forms
disclosed. Obviously, many modifications and variations will be apparent to
practitioners skilled in this art. It is intended that the scope of the invention be

defined by the following claims and their equivalents.
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CLAIMS

1. A method of optimizing throughput and performance in a wafer processing system,
wherein the wafer processing system includes a plurality of modules for processing
individual wafers in a sequence of wafers, and the wafer processing system includes a
plurality of transportation resources for transporting a wafer unit from a first module in the
plurality of modules to a subsequent module in the plurality of modules, the method
comprising:

fixing a constant sending period for sequentially dispatching wafers into the wafer
processing system, the sending period remaining fixed throughout the sequence of wafers;

expressing times for pickup of the wafer from an ith module, (1), in units of the
sending period,;

expressing a plurality of times (t;) allotted for a wafer transporter to arrive at a module
from initiation of a current sending period for transportation of a wafer from a module i to a
module i+l as a portion of the sending period, and;

selectively incrementing at least one in the plurality of times (7;) to arrive at a solution
of times (t;) that remains fixed at constant values throughout the sequence of wafers, the

solution of times (,) assuring availability of the plurality of transportation resources.

2. The method of claim 1, wherein the plurality of modified times (1) are updated to

accommodate changes in wafer processing system parameters.

3. The method of claim 1, wherein the plurality of modified times (t;) are updated in real-

time.

4. The method of claim 1, wherein the plurality of modified times (t;) are updated to

facilitate recovery of the wafer processing system, after deviation from nominal operating

conditions.
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6. The method of claim 1, wherein optimal increments for the plurality of pick-up times are

determined by an iterative process.

7. The method of claim 1, wherein optimal increments for the plurality of pick-up times are

determined by an algorithm in linear time.

8. The method of claim 1, wherein the difference between any two updated times (t;*) is

greater than or equal to the sending period divided by a time for one robot transfer,

9. The method of claim 8, wherein the difference is normalized in units of the sending

period.

10. The method of claim 1, wherein at least one of a plurality of individual scalars in a

vector of delays is zero.

11. The method of claim 10, wherein a linear transformation is used to transform the vector

of delays.

12. The method of claim 11, wherein the linear transformation is used to derive optimal

pickup times.

13. An apparatus for scheduling allocation of a plurality of transportation resources
between modules of a sequential wafer manufacturing process, comprising:

a memory resource for storing an algorithm for scheduling the plurality of
transportation resources;

a central processing unit coupled to the memory resource;

an input/output interface coupled to at least one of the central processing unit and the

memory resource, the input/output interface adapted, respectively, to input parameters

describing the sequential wafer manufacturing process and to output schedules for -

allocation of transportation resources, the output schedules assuring availability of
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15
17. The apparatus of claim 16, wherein the algorithm employs a linear transformation to
determine the appropriate delays to eliminate conflicts for the plurality of transportation

resources.

20  18. A method for synchronizing a wafer processing system, wherein the wafer processing
system comprises one or more ordered sequence of modules, the method comprising:
setting a constant sending period of the sequential processing system that remains fixed
throughout a sequence of wafers, the constant sending period equaling an inverse of a
sending rate;
25 expressing a plurality of times allotted for wafer transporters to arrive at corresponding
modules of the one or more ordered sequence of modules as a plurality of portions of the
sending period, each and every time allotted for wafer transporters remaining fixed at a

. constant value throughout a sequence of wafers.

30 19. The method of claim 18, where the wafer transporters are assigned to individual
modules of the ordered sequence of modules in order to minimize conflicts between the

modules for access to the wafer transporters.
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