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BACKGROUND OF THE INVENTION 5 Field of the Invention This invention
relates to %GI}éﬁ; of ‘'waf er processing. - In particular, the invention
relates to scheduling techniques for wafer cluster tools. DecGousptismn of
the Related Art 10 In the process of manufacturing a seniconductor device

such as an integrated C.PrE@i'.P. , - Ste Qf . mcro-fabrication are
performed to forma device. %&&%@%@“ﬁ%@eﬁ%?&@@%m@ ly on the
i ndividual itenms of manufacture in ind§sygdgrgd nodul es; the itens of

“manufacture are transferred between nodul es by transport nechani snms such
as robots. In order to achieve 15 desirable throughput, reliability, and

fabricati,on quality, several Bgondiko®ReD G4S Ebﬁﬂ%ﬁrg The delivery and
renmoval of tge jﬁgbstrate to and fromthe pr%%less rma‘:) s, as well as the
n

transportati eldipf thpfnventien weeri nodul es, nust be acconplished in a
tinely manner. This tishy [ d rempval of substrate is achieved
when the flow of substrat eelflﬂiig’h r%gﬁ%%%ogtﬁﬁgégioﬁwg?ﬁ%’f‘?cﬁﬁﬁ’%&a\[ﬁd’agVH@hrﬂ%i zed
manner. |f peri deHeptioy relajescto sylmdhlimmnicziatiies faeaBodiudigig4iai ned, the process.
results will be inconsistent fromsubstrate to substrate, and the expected
t hroughput may be reduced. 25 2) It is desirable to transport the

substrate in si Bebaiptiomoefahs Rieladvd et hs to avoid i nconsi stency in process
results due process history of the substrates. 3) It

is inperati \I/(iO ;/gr :a-ﬁ j &g?’fc;‘igfst"tqﬁ%aﬂ&ﬁcﬂléﬂnég sefuicondurteradenice sath 8@h  spend any
pre-process or pRciatld 6FaSE nhhBRul &L-ﬁm ﬂ:j@roUBchl:a%%n\{a@eelge%fonned to form a

device. These steps are performed scrfally on the individual items of

manufacture in individual modules; the items of manufacture are transferred

beWeen modules by transport mechanisms such as robots. In order to achieve

15 desirable throughput, rciiability, and fabrication quality, several conditions must
. be met:

_1) - The delivery and removal of the substrate to and from the process
modules, as well as the transportation of the wafer between moduleé,
must be accomplished in a timely manner. This timely delivery and

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

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

3)- ~ Itisimperative to ensure that the articles of manufacture do got
spend any pre-process or post-process time idliﬁg in modules where

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

system, if a substrate is not immediately transferred from the spin
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iti : ition of pre-process or
30'cr|t|cal prpcessestﬁ;gepﬁ;ga{ggdaegrgdggdhoi only Phe Phroughput but
P50 The o ocese. res | t For exanple, in an IC fabrication system if a
'2L32t£2$ep{gcﬁgﬁbﬁﬁ%§diZiély transfer}ed fromthe spin WO 01/P6TA%80/16794
PCT/ US00/ 16791 coat nDduIehto a b??snnngylﬁltﬁigﬂﬁggglkzlfugg a
ool ceatl e 11 it e ’°°%"ﬁ’§%‘iﬁ%f’°ea l?acggﬂ?fi%f’ltgi thermplineitre aphetopedaddm and/ or
unpredictable. If it is i . P . NPy
Variations 1n 5 these 1 res cannot o ot Fouess YR RRBR R et any or
variations in ese tit ¢ K o t
all of the above conditi Hﬁ-go%%toftp%Pmmaf?rbgﬁffsﬂﬁndmﬂ?gf%é%dﬁfﬁgﬁ?’ ot
cont 1 oL, Conf 11 ots ar eul ol aas-iiR L iaeRaLahs, e demnd o 1 ob
?%tgkg goabgﬁéfgﬁglIQEFL%%;%EEQSmmaothnﬂbmm&.Iisted above is the addition
I urces. However, the size
i mi tati ons and. - geomorraaitysh HEERHE alo? serpaticanyisioansbmafbmithe
Im.a.l. ) - . . . .. - dditional
D ot ol s ot pe e hamoncotichl coditEa: oAl AINELE
Ito ; g(r:mgfs Zr m;(rjﬁlsets 0 ‘?déﬁa%?déli“%% B&ehol pethinyetinie span inslificentfombe ubtes 1o deevied naf t er
_ . t
called Inter Bay tHssanfkieles Arms, or IBTA?) Ls ?g?thsgcggghggdygfd 0
i nprove throq hput and elim nate some of the p p _
post - process ? i mes H&%@E?Yerﬁlﬁéaléémﬂvnt!rthef:orldaﬁﬂstw&kil&eoﬁ%ﬁ_thesa%ltf?:ﬂ%ift s 20
‘ i : s lLicate the tpol and increase
oot constrain the Mobadh &l RRRIHE Rugieesahave

258 ; e
cost, constrain the position o velpkiegiged ever ywhere

_ ) . : LW i he
- andtgeemeabconfiraing a0k Beck H8tealBStRd S kb Lo t
{PacLheS;S?Lﬁ1aﬁiﬁ?ﬁéaﬁkégﬁﬂjQﬂ&QPhh-Ei%gfthaiﬁggggtoaggnﬂﬁﬁkgg¥ ahd
resolving all transport conflicts bHeCHAEDM BOES |
transportation resources. . .
15 The addition of dedicated transfer arms to transfer substrates between

-adjacent modules (hereinafier called Inter Bay Transfer Arms, or IBTAs) is
another method used to improve throughput and eliminate some of the pre-
process and/or post-process times. However, the addition of IBTAs also has
serious drawbacks. Dedicated tra:isfcr arms complicate the tool and increase its
20 cost, constrain the position of the modules, and cannot.be nsed everywhere in -
the tool. As a result, the tasks of managing the substrate flow in the track
system while maintaining both high throughput and quality and resolving all
- transport confhicts become unmanageable. ‘ |
Another conventional solution is to assign a set of substrate transport
25  priority rules. Prior to any robot move, the control system, also referred to as
the software scheduler, verifies the status of substrates in different modules and
makes transfer priority decisions based on these rules. However, to achieve
high throughputs, the scheduler may generate undesirable, unpredictable and
variable pre-process and post-process times in critical modules, and the

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

* process cycle.




| Anot her conventional solution is to assign a set of substrate transport
~ 25 priority rules. Prior to any robot nove,.the control system also
referred to as the software scheduler, verifies the status of substrates
in different nodul es and makes transfer priority decisions based on these
rul es. However, to achieve high throughputs, the schedul er may generate
undesirabl e, unpredictable and variable pre-process and post-process tines
in critwoali/emosiul es, and the 30 substrates nmay al so be g@nrygadnt@sf ol | ow
different flow paths to conplete their process cycle. 2 WO 01/67493
PCT/ USOQ' 16794 Heretofore, the requirenments of conflict resolution,
synchroni zat i on, Hak@fbreyshea@ghiRlehts ©OEHRA PALItT0R! §/chfdniAngPove have not
been fully met. Wiat is needed is a solution that “simultanedusly addresses
al | of theseaualisgand pathgpnsistergyvriarsd ORbTKHENIVRVENPtONUlly netb8dianisnt  of t he
i nvention . LI first recipe to a second
reci pe, mh?+%£%f€§€§b¥§§?%%%ﬁ@gPﬁgF@ggﬁg%%ﬁé%ﬁ?ﬁ&“?%ﬁﬁ“?ﬂ@? ‘are no del ays
at critical points. This procedure is referred to as reci pe cascadi ng.
Cascadi ng involves enptying a first lot of wafers off a cluster tool and
popul ating the cluster tool wth another |ot of wafers, serially and
si mul t aneously. The procedurﬁ;ﬂmép@ﬁﬁﬂvg foy del ays incurred at
Itiona

critical process steps; and with no a robots and process nodul es

ot her than thoag em8bdifeht bPthe Rerdtdf allo®s b RREstBNGol td %t?é%%a fiégrgﬂg{/ tg qents of

the entering and the exiting lots. The entering

di fferent &&pi REpANHhlL Bt aRPHrioliEHMnk SNBSS R &Qﬁ? ﬁ@e% LGPt -

According to an enbodi ment of the present invention re 1s Tncluded a
comput er - pBRBINAB B Hrokla SADREHL LAGuR WAL ELRLSBRSS LR SR M, the
conput er program product conpri sing: resotirces 1 rgenerating a first

schedul e {oPfa®sbdulis@iobliad phBliE BE SaSLAg1 SR hidRer MY bE 0GR Lhfishod L T

period, wherein a first plurality © ers 1s processed r'ing

time per isabaAcy R pr0ledkdaf: ek RhiE bl it Bl FoBLORG S5

according to a first recipe
“and with no additional robots and process modules other than those calied for by the recipe and

throughput requirements of the entering and the exiting lots. The entering lot may also have

different recipe and throughput requirements from the exiting lot.

According to an embodiment of the present invention, there is included a computer
program product for scheduling a wafer processing system, the computer program product
comprising: resources for generating a first schedule for scheduling the wafer processing system
during a first time period, wherein a first plurality of wafers is processed during the first time
period, and each of the first plurality of wafers is processed according to a first recipe, wherein
the substrate processing system comprises a plurality of modules for processing individual
wafers in a sequence of wafers, a plurality of transportation resources for transporting a wafer
from a first module in the plurality of modules to a subseguent module in the plurality of
modules; resources for g_encr_aﬁng a second schedule for scheduling the wafer processing svstem

during a second time period, wherein a second plurality of wafers is processed during the sccond

time period, and each of the second plurality of wafers is processed according to a second recipe;




the substrate Processing systemconprises a plurality of nodul es
forprocessing individual wafers in a sequence of wafers, a. plurality of
transportation resources for transporting a wafer froma first nodule in
the plurality of nodules to a subsequent nodule in the plurality of '
nodul es;, resources for generating a second schedule for scheduling the

waf er processing system during, a second tinme period, wherein a second
plurality of wafers is processed during the second tinme period, and each
of the second plurality of wafers isprocessed according to a second recipe
3 resources forgenerating a third schedule for scheduling the wafer
processing systemduring a third time period wherein a third plurality of
wafers is processed during the third time period such that one or nore
wafers fromthe third plurality are processed according to the first

reci pe, and one or nore wafers fromthe third plurality are processed
according to the second recipe, wherein the first, second. and third
schedul es conprise a first, second, and third sending periods for the

| oadi ng, unl oadi ng, and transporting of the first, second, and

t hi r dpl ur adsbiiryes 6fr geefainga third sehiadhld foosthetling tRswarsgilodeSirgl3gstdnk thging asecond,

and third_reci pes. respectively, wherein wafers from_ the first, second and
Ehird ol ul S 5o HEGPE o I ol it B R R B bR et om

i ndi vi duakicl that onic 0t @6r¢ alagerciednd thi thérd phiyalitshie rotesded acoRitado tha figkt febipe,d sendi ng
periods, r ectively, wherein.the first, second,. and third sending

peri ods a?%%sdgf)%rf’&g{? Wé@@lfgf’metﬁﬁgfr@@“{ HérqAresetaceeing o tB?—-S‘-"&(—m%ir?%Qe: second, -
aﬂ-d Ej hi r dwhatin the Cfiimll:}dedoﬁds and mﬁmmedu;m lcc)i%priA@Sﬁﬁ;L Ee(:fuhiemfd thisd sendiggpundds and f ‘
thir gati pe ules are the nodul e vi ngt he |0 t progess tinmes o
"¢ ne s B, bRt padanstogitg ftine Bt e ep Bl g Ve oo

r F_s pect i yaid;&om\n#nfa_nbk tised hethé ﬁxfsﬁ §epoxlﬁlemlml¢;d r&f&?&;,tr&dgéﬁﬁv&?;hﬂ&tﬂhﬁﬁafeﬂ% @sml t in
elimnati conflict t he rality Q ules and transportation
resourcesﬁgﬁﬁhg?@ﬁﬁmﬁéﬁgﬁﬁ@?@y8?@”%??ﬁgFﬁ t°&%éﬁ@?ﬁ“§$ﬁ§$§@@ﬁhndules
denmand a ihdigideo bt indeivald dEIRSRd be the fitdt,IsbdoRd, and thiv® seh@iap périvas kdsh&tiaa; for the
transportation resource to, service these nodul es. An enbodi nent of the

i nvention” eWéﬁ%ﬁé@géﬁcﬂ% SCRHRE RANPFTGreAPRRRKiEatel squtlde the BEOPeSs ilgfer ei n t he
waf er cl ugt @st, k@ohd, birChidg £Bind mplklEsekgetively; WERGE &S fied 36RRE,2nd Bird Pr OCESSI NG
a pluralit of, wafers the nethod cqpprising: | oading the plurality of

waf ers i REreduigsare theapaquleshaving ghe longgyt progeshtimeg of alhgcapodales ke fisflyr al ity of

vaf ers i sedop@d@rthid pr8tesdfly REPesOfesRAR KON GFst, 9kond, ARd thit€ RALAEs Per i od

conprising a.uniformtine interval; Eroce55|ng theplurality of wafers in
the cl usPal mehpmatingropticl ampre e pafiy o medulcianéraispiration skwrssd
concur r eRdhbiinicBafliii€aré kitlatisds wheRlin separate modules demand a transportation resource

within a time span insufficient for the transportation resource to service these modules.

An embodiment of the invention includes a method of operating a wafer cluster tool,
wherein the wafer cluster tool includes a plurality of process chambers for processing a plurality
of wafers, the method comvrising: loading the plurality of wafers into the wafer cluster tool,
wherein each wafer of the plurality of wafers is loaded after an end of one sending veriod, the
sending period comprising a uniform time interval; processing the plurality of wafers in the
cluster tool, wherein the plurality of wafers are processed concurrently in the cluster fool
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. wherein the sending
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according to aplurality of recipes, wherein each recipe of the plurality of
reci pes includes a plurality ofprocess tines for theprocess chanbers in
the wafer cluster tool wherein the sending 3a period is approximtely equal
to the process tine of a Rating nodule, wherein the gating nodule is the
nodul e having the | ongest process tine of all the nodules in the processing
reci pe of the wafer being | oaded for processing. An enbodi nent of the
invention also includes a nmethod of scheduling a wafer cluster tool,
wherein the wafer cluster tool is coupled to a conputer system for
scheduling the cluster tool, the nethod conprising: inputting a plurality
of recipes into the conputer system wherein each recipe of the plurality
of recipes includes a plurality ofprocess tinmes for the cluster tool,
wherein the cluster tool conprises a plurality of nodul es for processing
i ndividual wafers in a sequence of wafers, a plurality of transportation
resources for transporting a wafer froma first nodule in the-plurality of
nodul es to a subsequent nodule in the plurality of nodules; outputting a
schedul e fQor. fer cluster tool, such that the schedul e enables the
waf er cl usl% er ‘mt(?i %D\c,\rﬁ%{.lm?t?}v 6%“6‘@852‘3 nEoGshs fima of ¢ gatige mpdyle vhereinfheipationmpdulasi ng
the pl ur alis thy nofiule bevingels: longas peictss €ide BT alVAE R6dMs i M6 pRbdttiad i Hfmvaf ers is
processed %ﬂ%dagkgghg1rate of a sending peri od for the selecCte reci pe
of each waier, wherern tHECS®Adi ne period i sapproxi mateiv equal to the
process tinme of a gating nodule, wherein the gating nodule is the nodul e
havi ng the | ongest process tine of all the nodules in the processing
recipe of the Amémifodineenbe tpyiveatsedso iMNake] ﬁqtﬁ&fof@éﬁe@tﬂf};ﬁ%afe% ﬁlﬂs‘?gu' e

t

conpri ses .del ays in nodul es ot her an the eating

gLl vel vy i nserte ;
nodul e, an%‘in Wé%ﬂ%g Btk ihcpict togcompiten sysiem fir schedwling thsichuster i t i cal
nodul es  cwhilicsietiot deth@iniNinpdiiih plelehAYSredibts WA Bk Q&%ﬂﬁ?&g\%ﬁ,ﬁ m@é@ ly affect
on- waf er §£ulgs. Mngaln %he,selectlvely.|nserted_ el ays-generate a
periodici%y'gfpfﬂ% ¥ PR ostrat iaclpdes & plyfrlityod prRggse Hmegpfonibe shusterdocy st em

cor r esponaharein the cluker 166 l&d{hﬁlﬁkcpﬁglhﬁﬂﬁy oY"Hlbhlﬁesrfm&glg(}&fNih&a?ﬁgfeégn 4 I me

sensitive critical —nodules. Enbodiments of the invention also include a
waf er cl ugg%epg%og&afegoﬁglﬂa@‘y Rty fransgorition wpqurags foF trpnspetings weforfaombefist
f or pr ocessédugs ia thelplirdit éfndalicWRS EiBseqhEAGAR it BE pRthAlfnloh.RL Wafers are
3b outputting a schedule for the wafer cluster tool, such that the schedule cenables the wafer cluster
tool to process a plurality of wafers concurrentlv using the plurality of recipes. wherein each
wafer of the vlurality of wafers is processed at a uniform rate of a sending period for the selected
recipe of each wafer, wherein the sending period is approximately eiual to the process time of a
gating module, wherein the gating module is the module having the longest process time of all
the modules in the nrocessing recipe of the wafer to be processed, wherein the outputted
schedule comprises selectively inserted delays in modules other than the eating module, and in
modules other than in critical modules, wherein critical modules comprise modules in which
delays in wafer pick-ups adversely affect on-wafer results, wherein the selectively inserted
delays generate a periodicity of the flow of wafers through the wafer processing system

corresponding to the sending period, while reducing conflicts at time sensitive critical modules.

Embodiments of the invention also include a wafer cluster tool comprising; a plurality of

processing chambers for processing a plurality of wafers, wherein the plurality of wafers are
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processed according to a plurality of recipes, such that each reci pe of the
plurality of recipes specifies a plurality of process tines for a wafer
fromthe plurality of wafers: a plurality of wafer transporters for
transporting theplurality of wafers between the process chanbers; a
schedul er coupled to the wafer cluster tool, the scheduler including a
conputer programrunning on a conputer system wherein the schedul er
ensures-that-the cluster tool processes the plurality of wafers
concurrently, wherein the schedul er ensures that each wafer of the
plurality of wafers is processed at a rate corresponding to a sendi ng
period for the selected recipe of each wafer, wherein the sending period
is approximtely equal to the process tine of a gating processing chanber,
wherein the-gating processing chanber is the processing chanber having the
| ongest process tinme of all theprocessing chanbers in the processing
reci pe of the wafer to be processed, wherein the scheduler selectively
inserts delays into the schedul e of processing chanbers other than the
gating processing chanber, and selectively inserts delays into the schedul e
of pr ocesgirngssedasriog & aqiihity biratipds/bucH thitiead kipe 068 blighlighadedks, Wwherein

critical processi .chanbers. conprise processin h ers if i ch del ays
vt or BPOL pECRIGRTERR upfet wiSraR ol o SR A Rt
Sﬁ| ect ihvelﬁlyansipn?m foetangygrirtirig shegpturel i@bﬁvﬁe@wﬁ@dg@ip&qcegfchﬁﬁimmtJ;whedmd_ fer waf e(r]I S
t hrough the e rocessin stem.carresponding to the sendin eri od,
whi e r ed e 1 fos NpFr apler L e Shedpan e AP e Ao S BRBISE O b odi nent s |
0}‘ t hle' | Nyenpta Rystans ehéreia _Elift(?l&_1e§ulg;c ensures that the clugyt3édd m&&@&aftl;leﬁjlxﬁ]iﬂltyaf f :
urality_ g rocessi ng, chapgbers for progessin ndi.vi du rs. o
ARt e R R e T e
accor di ngptooesgedpat aaglcotrgsp@iding @€ a8ing p&ide for tRaélet@licbeind ehdhevagdr, t he
plurality_of recipes sgecﬂfies a Iuralgt ofrgéoceSf times for, a wafer
From the VBPEiR G s poostiambroningiety pabe t fhe Srockss DF of  BATBBIOERHEE f or
transpor t ciagmbtdehdpdinithaliting pacessial elizmbelie thep@Bestiec MBS Gne ha HAEsE; a
schedul er coug}eqw¥ﬁ t he waf er rocesiéqg Ségten1 the schedul er including
a conput ePEFOYPLthal theRresessua c}é‘f%@&' tthe progessinedeps pfdhcar afontp be weestGter
progr am 3@hqpein thd etheduddr selednecly lusdi delaysihid theREHREAS 61 PGt e SRR O SES "
resour ces fqé s%hedulin t he waf er processing systemduring a first tine
peri od, &S fAiRE propessine ghambar; and selectiyely mserts delaysyingp the sehedule of prorgssinge f i r st

time peridgmbeadthé? aah inQritibd) Broblsking bbb viHedinQhitihd bR Ssing ciRhegs sed
according to.a first recipe, wherein the resources for scheduling
gener at e<ORPRiCPEIcessip shambers iy hiply dedays jn waterpickapsggiversely affect on-wafer

results, wherein the selectively inserted delays generate a periodicity of the flow of wafers
through the wafer processing system corresponding to the sending period, while reducing

conflicts at time sensitive critical modules.

_ | Embodiments of the invention a_iso include a wafer processing svstem comprising: a
plurality of processing chambers for processing individual wafers of a plurality of wafers, -
wherein the plurality of wafers are processed according to a plurality of recipes, such that each
recipe of the plurality of recipes specifies a plurality of process times for a wafer from the
plurality of wafe_r_s; a plurality of wafer transporters for trangporting the plurality of wafers
between the process chambers; a scheduler coupled to the wafer processing system, the scheduler

including a computer program running on a computer system, wherein the computer program
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period for the |oading. unloading, and transporting of the first plurality
of wafers to and from processing chanbers used in the fast recipe; wherein
the first schedule conprises a first |loading schedule for |oading wafers
fromthe first plurality of wafers into the waferjroces sing system
individually at intervals-delimted by the first sending period; wherein
the first sending period is approximtely equal to the process tine of a
first gating processing chanbers wherein the first gating processing
chanber is the-processi ng chanber having the | ongestprocess tinme of all the
processi ng chanbers in the first processing recipe; resources for
schedul i ngt he wafer -Processing systemduring a second tinme period,
wherein a second plurality of wafers is processed during the second tine
peri od, and each of the second plurality of wafers is processed according
to a second recipe; wherein the resources for scheduling generates a
second schedul e having a second sending period for the |oading, unloading,
and transporting of the second plurality of wafers to and from

i he second recipe; wherein wafers fromthe

processingchgnQ?rs uaaggln X

second pl BFSPTHEST SEEdRiRg a water pracessingpusiem qemprishre reppatass fop sebedsding thg weiest em

i ndi vi dual psoasing systern\atisy SRk dicpesbd, RYerbia EHARM, SERGIAY; RELLQd: Wher ein
t he seconddseng¢gﬁggerlod i s approxi mately equal tg the process tine of a
second gat { HYEHTS ®RE"Wrandisedh-of the St plralityeof el ntproeessed gccpriogessi ng

chanber i Sftshvecips, 0BRSS scltaMidihoh icd sIRASSLRIORERS o fSerlly | 1 N0

processing__chamhers in the second processing recipe: resolrces for
schedul i ngpet“ﬂg?%é?ad‘ﬁﬁd’ég’é@ﬂ%ﬁn%%ﬁwmﬂgdﬁﬁe. t pluralifyofl wefersdo pekfiand, wher ei n

a third plamabdiachatbetnisalis tieTpl ACRE SRttt Ak LRBkRbEHEL IB- BEELOD, such
t hat one orf%p{ wafers fromthe third plurality are pr cessed accéﬁdlng to
the first “pgg "'S%”,IO"&W& vk fnm the fiest plamlity of Walermintote wafer progissingdystey ar e

processed indiGiaill AdinfeRak RQinSRE 8P G ffE ﬁgﬁ@ Pl rces. for
schedulin% enerates a third scﬂegule ﬁgéf g ag?ﬁF?Qm§§§§§§§“gB%Pﬁgd for
the | oadi 51.9“’ AlGYFarR) to theRroseseiiaq s eyt gatin prdcessing thacibpt, wherbintthe foft waf er s
to and fr qainkchrdbisthl/cRabitdsis e hiddaldQt 141 i chanmper s din the
first and second rg%fpes:&herein_ag%ersé%%%ngﬁﬁgﬁﬁﬁgpr“ﬁgg?%Pgﬁﬁgsof

waf er s ar BFCESHE GLaMRe it the fipkareqepningecins; resousees foe sahidviing ihel wafer yroadssignt er val s

del | t et difing b bl pRAAAE BEkH Aot RRNR, SN Feksgadung per 1 od 1o

approxi mately equal to theprocess tine g

chanber; ¥5e¥dme rered. apd eagiyefithawgeqnd pbwndity ofgvatiisiyhetesied atdvgding to a second

recipe; wherein the resources for scheduling generates a second schedule having a second

and from processing chambers used in the second recipe; wherein wafers from the second
plurality of wafers are loaded into the wafer processing system individually at intervals delimited
by the second sending pcri_od; wherein the second sending period is approximately egual to the
process time of a second pating processing chamber; wherein the second gating processing
' chambqr is the processing chamber having the longest process time of all the processing
chambers in the second processing recipe; resources for schéduling the wafer progessing system
during a third time per_io_d; wherein a third plurality of wafers is processed during the third time
period, such that one or more wafers from the third plurality are processed according to the first
recipe. and one or more wafers from the third plurality are brocessed according to the second
recipe; wherein the resources for scheduling generates a third schedule having a third sending

period for the loading, unloading, and transporting of the third plurality of wafers to and from
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5 processing chanber having the | ongestprocess tine of all the processing
chanmbers between both the first and the second processing recipes; wherein
the first, sewan@lyssgdd third schedules result in elimnating conflicts
among the plurality of wafer processing devices wherein conf%FEF@m%F%g‘
situations wherein separate processing chanbers demand a robot within a
time span insufficient for the robot to service these processing chanbers.
10 BRI EF DESCRI PHPeRFgehamperysed jntls first gud sseondiresings: twhemin v afes frd)d_l_ﬂﬁttﬁiﬁ{%ﬂﬂlity
e

t he points at whifchfaredreloadedt [a) rokddd: I ISt e ogl, wherein
oadedfifflo Jh ag&gp oéeggnﬁs Stgﬂgl'fl%l‘fbdélfl%ﬁ_voag mtf-{%alsr_({egﬁqtai%, the

points are separtgjléfd ﬁ%{\;Di nterval s of ‘one sendin
illustrates the K¢ DEresinds visem the Birgsenfingipertod iseppokinaflyegual WohepScodb tide

process i,. as welfh &g b iRBdsing SRSHES: . RiGk-up .t mes, . wherein_ the.
pi ck-up ti nesm(;lre nor na]!lthi%zed i_ngt er r"r'srf‘(‘)‘?‘glglﬁ@le(s\t@ﬁdé%%ﬁ“ég%8?#38@‘:%?3?1&&?@93

i | lustrates t e REPFBESARSe hagiae the dongeshprogesy time ofail tmtate@ iy chambeR®elebS bt
tool. 20 Figur e ti firs add @& SRbhdIRSte SR ' le illustrating.the )
modul e paths in the,. cluster tool . g?%gjfgéé)%@%g%%ea@gb?egmldﬂ“ tird setiedyes gt in
recipe of a cl uStBipatingspntligts apgng the olusaliy efrveafis parecksing Hevie OMeieRGoA B re0f
nmodul e -pi ck- up tituakshs whkreiReRfateSHodold; | erio erein the sending
period is brokeE0 intqQ 6 25?%%%%?3‘5?@?13%}5’2@ Fﬁ%d;aemgqlglt R tsSequdpiticigsbt
moves within a 9 A§reossenisgthess@rdcessing Fiagbes. 7 i s a graph and
correspondinqotabLe illustrating conflicts that arise between processes
for access to robots, wherein conflicts are indicated when two nodul es

assigned to a robot have pi mggg@mﬂy%ﬁﬁ@%ﬂgwfﬁo period. Figure
i

8 is a graph and_acgogpanying t abl es and nmatrices, illustrate the
insertion of queues't IélFfFﬁiiﬁﬁﬁl@eé!omﬂlmtatmghhctpﬂSﬁn amovilich @mfdrosre 18418SS tO

robots. into a cluster tool, wherein the points are separated by intervals of one sending
period.

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

Figure 3 illustrates the various modules and transportation modules in
- the cluster tool. ._
20 - -Figure 4 is a graph and corresponding table iltustrating the module paths
in the cluster tool.

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

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

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

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

" 30  perod.

Figure 8 is a graph and accompanyiﬁg tables and matrices, which

illustrate the insertion of queues to eliminate conflicts between modules for

access to robots,




4 WD 01/67493 PCT/US00/ 16791 Figure 9 illustrates recipes and recipe tines
ina cluster tool. Figure 10 illustrates wafer flowin steady state in a
cluster tool. Figure 11 illustrates a transition period; in which the

cl uster tool wopseresses an entering lot and an exiting lot. 5:Fiqure 12
illustrates the timing of the first wafer of the entering | otc VoA
cluster tool according to an enbodi nent of the invention. DETAILED

DESCRI PTI ON  Synchr oniEiggs 9 ObifriteCiecipes Sha/telthe SEREHY SlSe QA0 aspect of
the present invention conprises a nethod for "maxi m zing throughput and
qual ity in a manuf act Ji§4gl SykstEatssiyatee Aewin shedyermning dustédieol. system in a

periodic, predictablefashi om,which £l conflicts for system .
resources,” An exanple of such a mnut?%{ém@%%ﬁgggygf‘%’fﬁh eh’f)l}’ftgre@gla series of
process steps 1, Processepan qutirilg latrandpardkaingddt. consecuti vel y on i ndi vi dual

units 15 of nynufacturng Thenindividual .process steps of the systemare
conducted in ~"nodul es™ %&mlﬁér}%aéeesstgegﬁlé‘%o‘éfﬁgegr%ﬁa of pithe gpteEng ot istheps i s
listed in a "recPlyeter tooTheontanub as koibodignay 6 @@lg6d Ncl udes 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 genEO By DERYPFIN @ tinme span which is
insufficient for_the robot to_ _service these n%?u#llgshfn Additionally, it is

desirable to sche¥ffmopred GpeflishResolyingSahedniewhi ch exhi bits periodicity,
so that eventes in theag .zed to occu eri odic,
predictabl e intervals. ﬁ&eg{n%c%eiepn%%e{%g{vgﬁ%n %Orr%psf’éﬁstamfz%@%‘fr?’fiﬁ“m’rﬁqﬁjdes a
t echni que of sel ©EQYaheyyAnd ghadityin anpadelaatysing Bysea bpbthedllRpevems &f thk he

R e (L e
An Exanpl e of Cowgdurcts. Resshmble@f Sycicimanifa st Hes sys M Qi sush 8lel gp! S |
process steps 1,. ., N, which are performed consecutively on individual units
15 - of manufacture. The individual pi‘ocess steps of the system are conducted in
“modules”, or “process chambers”, and the series of steps is listed in'a “recipe”.
The manufacturing system also includes resources for transporting the units of
manufacture between modules in the series; these resources may include robots.
_ Conflicts may result between processes in the systemn when separate
20 modules demand a robot within a time span which is insufficient for the robot to
service these modules. Additionally, it is desirable to schedule the system in a
manner which exhibits periodicity, so that events in the system are synchronized
| to occur at periodic, predictable intervals. An embodiment of the présent
invention includes a technique of selectively scheduling delays in various steps
25 of the manufacturing process in order to eliminate all such conflicts, as well

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

An Exampie of Coﬁﬂict-Resolving Synchronization: Wafer Cluster Tools
An example of the type of manufacturing system described above is a
30 wafer ciuste; tool. Ina wafer cluster tool, the modules comprise process
chambers, whjch are organized around a group of wafer transporting rcso,urcés,
Or robots, to perform a sequence of process steps on the wafer. A wafer enters

and exits the tool through a buffer called a load port. Once a robot retrieves a

5




An exanpl e of the type of manufacturing system descri bed above is a 30
wafer cluster ‘tool. In a wafer cluster tool, the nodul es conprise process
chanbers, whiyehoggesorgani zed around a group of wafer transportin
resources, or robots, to performa sequence of process stepgcyﬁls‘%ﬂém\fvaf er.
A wafer enters and exits the tool through a buffer called a | oad port.

CEE 15 Lo e D T B Rl

port, the wafer is transported sequentially throu

specified in a r &émedulessrecifiadenpartipel Dreftinmentrivg dafined By h veEMtdARERe tO a
nmodul e and the ! [ s dule is.referred to as a nodul e
process tine. T\rl:?ésg%ﬁgglgéghttqiﬁgﬁﬁ]gl%ﬁlggrgmttﬁ%mf’%md’i?#ﬁ‘éﬁdltS}a§ﬁé’i‘ﬂdu¥§r ocessi ng
the 5 wafer in tipeocatsdine Tass probdss simet incudey elchangladthdlB 5&%&@&5%%&repare
the wafer fog proagess' nggacgg gﬁicélg. ( note that though the wafer cluster
tool is described abdyEeACPHRE Wi antheiokdhsrd dima requires toimendse thervodul es, it
wi Il be apparent férgrasessifkidd gidkup. the art that the present invention is

equal |y applicable to a wafer cluster tool in which a 10 discrete set of
wafers i s passed (BYF et hongh theowaler clpptertoplindescribaidtese of padsimgoust er t ool |

a delay in picki iividiat Dafer e fer n adver sel f.f ect on-wafer

results; such modul es arecr_i dgﬁé'[%lﬁil egwghl?@mﬁpgﬁenﬁoogé’s%ﬂ dBfEant as

t hey cannot t ol eft&e geasetdnvenition inophalipaplicatde pr D@RRS clhistéRtdos il RGeSt

anongst al | du .t uster tpol is 15 identified as the "gating
o ozt dSufiel 3} vt darailasncs

nmodul e"; the process tine a t he t hroughput of the

cluster tool. Becausdntda&aiglahbdlgeﬁmuéauﬂ&tt@dlmBﬁéylﬁ‘ﬁckihgru@{ﬂé"pm of the
cluster tool, it_too cannot tol (ﬁratez del ays. The recipe fora wafer
cluster tool |is{=’f§°“tsﬁeé‘.%fg— LM@Y 2fFersRy aHert Prarwagar desults;adush geidatestaree 1

respective proceRsntifledRs “critigul bid¥esd BEMIIL:E s Ry, nspert a wafer
20 between two nodules is ref e?r ed to as Sits te aﬁé%%%l a?efréé.lgz-s‘ p@\ﬁfer Fl ow

Managenent in thB° 1%&"4‘%?3 PIgfss Visifeds [drnigewamangsy elrerudules i the diineer tool is
orchestrati ors of jqwafn aPHROCE2EL S Ehoﬁﬂg“; the process time at this module determines

~ the throughput of the cluster tool. Because the gating module determines the
throughput of the cluster tooL, it too cannot tolerate delays. The recipe for a
walfer cluster tool lists the modules in sequential order, aloﬁgsicic their
respective process times. The time required by a robot to transport a vs.;afcr

20 between two modules is referred 1o as its transport time.

Wafer Flow Management in the Cluster Tool |

Wafer flow rnanagérnent, i.e., the orchestration of wafer proéessing and

wafer transporting in a cluster tool, determines both the throughput and the on-

25 wafer results delivered by the system. Effective wafer flow management
requires the simultaneous satisfaction of the following two 'com.iitions:' a wafch
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
subsequcqtly be processed is empty; and (2) the robof assigned to transport

30 wafers between those modules is available. In the prior art, condition (1) was
satisfied by providing additional redundant modules. Such alsolution, however,

|91 0% 4

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




waf er transporting in a cluster tool, determ nes both the throughput and
the on- 25 wafer results delivered by the system Effective wafer flow

- managenent requires the sinultaneous satisfaction of the follow ng two
condi ti ons: aVQAIEHI3 whi ch was just processed in the sendi ngP@pgéH\Rﬁﬁ d is
now ready to nove should do so when (lI) the receiving nodule In Ich the
wafer will subsequently be.processed is enpty; and (2) the robot assigned

to transport 30 viifrebass freving e mhmsmodbeldras) vl ik alBLE i or
art, condition (1y ) EShyE%gﬁ?é

sfied b ovj ding additional redun
nodul es. Such a SO?U@IC‘S?II,?S?#‘I% estgf‘”gec‘%rrﬁff’ P ses condition (2) in tw ways:

(2) 1t results in an iWheletisake couaas lisfhd W RLAOLASABETL UBOOL 16794, of
ul es e

robots seyving too many lngLi’ll es or (b) two or noreé EbHP

si mul taneously f dFoARRISW At suchufelays osers et coitfrahprobress moduleqnibist ddeBrselyi St ed
above are conpr onfsethn-WetANsSy : ick-up result.. |f such del ays
occur at critical _ process “modul es‘%ﬂ?c{tlﬁé%/chgfg\ga ?ggcluf/at tge B3RS RO Wasrer

results. And if sStichdens tyensbpeurAssuch, ieis gapéragvematithSiardspey cSldpisdown

throughput. As SyYgfid ablvd Se | jve that the transport conditions |isted
above are guar ant eed avxf? ‘felhé? Eé%%%?édt Vg%bp[s;chea IRl sy Bt lesandithe t he

gating modul e. | atasmodal. Iamseid) whete hoAhiithd S itk 180 dBR.Lhe
robots could prg%%lg Vaéjdlﬂgcg noreeeﬁr%gbots can mtigate the situatron.
However, in case %Eﬁ 195 RETDR DOFEitPee siniedtigate the situatipn. nHowtver hia cagdot
servi ce requé8t . (BWNvihk@rattsh RGideF™H Qe ki ' al | evi at ase.(b),
this is an inadequate sol ution. Si ngelﬁ?%eéfrtggfb&gt %%élg%ll.’l B %I’ etaﬁglg?él ust er

tool determnes LI9E TPRISGHR2I5p allyvinte pash Gh), s isian énadequesdojutianf undament al
solution to resol Vi NgSinRe tHeWoki L1 £La ri.s romaltering the wafer
reci pe to synchrgnize wth wafllgfﬁ?%ééfr?g%gorrt .EQM%T§°@CC{?§&mﬂeﬁﬁleé1fﬁ‘égf £hm
descri bed herei ng‘ﬁéPl?%F?ﬁk’l%l!i%qvcstyﬁlm&nbmattsjohnionﬂﬂire‘solsiﬁlg&ww cdd@f ok bed
herein can be engpdgd.i : cuted by a-conputer, wherein the
conputer conprises a ?mﬁerrglrs%{eho _ [%t‘ggr%igrrfﬁc?ﬁéo %'BFWI\R&HZ%,W‘&&Y?@E%TWW-%
executing the sofehoduliag algerithm énfodtediensin Obribhes REESERAronization. -

This scheduler described herein can be encoded in software executed by

a computer, wherein the computer cdmprises a memory for storing the software,

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

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

may be coupled to the manufacturing system so that the scheduler can update
the operation of the system in real-time.

Synchrnnizing 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 comﬁnt 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 equaI. to (3600/sending
rate) seconds. This period; referred to as the seﬁding'pcﬂod of the cluster tool, is

30 the heartbeat of the system. Individual wafer units are introduced to the system

at mtervals of one sending period. And in order to synchronize the clustér toc-)l,
ali process and transport times are measured in units of sending period.

Furthermeore, to ensure that the same tasks can be repeated in succeeding

7




i nvention, the scheduler may be used off-line fromthe manufacturing system
to 20 generate a pre-determ ned schedule for the system Alternatively,

t he conput eryoMBY-¢ coupled to the manufacturing systemso that the
schedul er can up (7;1‘-{36 the operation of the systemin real -tihgl/US00/16794
Synchroni zing Wafer Flow in the Custer Tool 25 In an enbodi nent of the
present inventi of,.wafe i ronjze endi ng..i.ndj vi dual wafers
t hr ough the cl us?eer} t’oo%rﬁoﬁgncﬁen%%{%%{ko?a E.S&Fﬁ\aéd%raﬁf ,gll’sé‘fagl'?eé‘ﬂceto as the
t ool 's "sendi ng reguests, hersabareessd w‘tﬁnkﬂ’b@itt@:iam%e&éadiﬁg? erfiUrAs and
paces the wafer fdcg\é!hwith a_ per.i od%‘&i t% eé;ilual to.(3600/sending rate)
seconds. This peliOuR® FEIRFFREIPR OFf thedlusted doplireriinges A¥ermynationeolcl) thet er
tool, is 30 the teantmdatofthsks i B3SIRBmbddhitindualq; [5&{ 145 R e
introduced to the system at intervals of one snend%lnﬁé]l\é1 er?%d%\rﬁgi n order
to synchroni zZe tRECCNe@eERyWithigp sending periascibetdhens dasks anmep dhese immesatar e

measured in unit f i I EupL her nm to ensure that the sanme
tasks can be rep%g{;ggéigﬁgﬂsﬁl}grg%gﬁyﬁgﬁ%%{ﬁ%?ﬁgg‘bﬁéﬁﬂﬁ%ﬁ%‘?% peri ods,
the robots in the cl uEtegoncems ofseeding lpedodseahdtsgnaeatrpbh afe i@ubtirf&d i ce
requests, hereaf. referred.to "tasks",, ithin a single sending
period. As suc hl,glgh?el' s@ﬁctﬂleolﬁ’iefgﬁ P%a%?n@ﬁ'éug"ﬁ%‘%?mf’%lm?r’@ﬂmcﬁ‘é‘gh@

det erm nati on ofthd first hafertioloalicditodte chfstel @k S Thdhe =6 008§ BOohRg-M,L hin a
sendi ng peril%g and % t he 5. exact ngrrent within a sendi n? peri-od that these
tasks arise. Thet®®S fbRhieadingpsripd | £0-c hpqhedemyacation 04 800 108 iadicatse, "t i mi ngs”
of the respecti vesgeagvely, tHOBmEeONGARLR 11\ seSRIATHAY RN f’oﬁ%?wgﬂz? e loaded
synchroni zation are illustrated in Figure 1. The tineline DY RS *4n
origin 102, whilel theplystestoohe nonent when the first wafer is |oaded into

peri od 110, Each’ dema: AT B T8 108 D Rrd Natisr = et Gepfiine
ti nes at which tientien onsires thatrfds eaghdaskapirt h. wad, eliespieit-ep tigae €6 anynt 0 t he

Phe P toar 18 A IR EldBAoif AR AGKSEL Richfieal! TRYDEM ST Bl bR BT " O 1Y

be associated with a relative pick-up time d:ﬁotcd T;, where T; is normalized in
units of the sending period. | Figure 2 depicts this feature of periodicity. Three
wafers, wafer | 208, wafer 2 210, and wafer 3 212 are depicted on thlc vertical
axis 202. The horizontal line depicts the TIME axis 200. The-origin of this axis

20 201 indicates the time at which wafer 1 is loaded into the clusfer. —toc_:l.. The
relative pick-up times T; at task i 200 ﬁre identical for each wafer. Because the
wafers theruselves are introduced at intervals of one sending period, the actual
pick-up times are separated by units of one sending period. | |

Figure 2 alsq illustrates a distinction between relative and “actual” or

25 “absolute” pick-up times. The relative pick-up time of a'process i is denoted by
T; 204. Since the relative pick-up time is measured from the time a wafer is
introduced into the wafer cluster tool, the relative pick-up time is identical for
each wafer, wafer 1 208, wafer 2 210, and wafer 3 212. The absolute pick-up
time 214 is measured from the moment the first wafer was loaded into the

30  cluster tool 201. Since the wafers are introduced at intervais 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;




i nvention ensures that for each task i, i=1, ..., n, the pick-up tinmes for

any 15 wafer undergoing that task are identical. Thus each task i in the

cl uster tool I be associated with a relative pick-up tine denoted Ti.
S b

where T; is ed in units of the sending period. FigurRCRUBMAFYES
this feature of periodicity. Three wafers, wafer 1 208, wafer 2 210, and
wafer 3 212 are icted . on.the vertjca axi s _202. The horizontal |ine
depicts the Tl I\/Ed@%%cnfgé‘.”[]l‘?ﬁ%ﬁléif%?%“dl’eﬁﬁ‘i‘fézé@-i s 20 201 indicates the
time at which wafer | An@tﬂeegﬁ@ﬁkeﬂeﬂw&hﬁgﬁﬁdﬁm&n&ﬁ&m&t} 8 désgni{e'd‘é

pick-up times T; at task i 200 are identical fof each warer. Because the
waf ers themsel vesheasymbohtir e Gediont 7 i=/eINR(E) 0Fheon NS eV igfipesiorodat t he

actual pick-up tines.arge separated by units of one sending period. Figure
2 also ilfustraté$ &?éﬁ“ﬂéﬁ%&?ﬁi%@ﬁ@%% &1the froctionrsd T'fatbatgm elapged25
"absol ute" pi 6k- et HEBRginkRR of tlealuié8t REGKs YPLdd ol abe 1S
denoted by Ti 204. Si ncg the rel at i_ve'chlégggn%dl' ﬁe%pa?ma:gétgr?s@%fa{eom t he
tine a wafer is 2ispiiusraieddn Figes 2. BenondlesT: velugs treridentiodl fot dueh melfat inde

pick-up tine is i ' [ . b er fer 1,.208,. wafer 210, and
waf er 3 212. Thekggggqe&?gger%?%k@%%%dﬁ {\Pﬁée"ﬂsélgﬁ eﬁ%%@“ﬁf@ﬁﬁ‘ﬁ‘@s foent t he
first wafer was Ro@aeddintical fohexcBWatdrlThede #28bns2@1i =3 nce t Recfges are

i ntroduced at ingeryvals %I one s ndib{ﬁ% period, it follows that- for any
wafer no. w, the SRR tBFEaéL-‘ifge F3908° BEstgegasmpligh wathingspofiagiperied.(w 1) +T;

8 WO 01/ 674980 PCTI USOGhd 6f8%er of Bisks REkli ag tir}’ifng% of'rﬁeé'e't!ra%ﬁk&?ﬁiﬁﬁ 141 Lhe

figure 216. Another parameter which'is critical in sy ronizatronrs
desi gnated by t AEthsymport Sincerk i thecackenulatiorrupTio the ithNFofille)of twher e | NT
(Ti) is a functiogn rounds t he nearest, integer, is the

éhgt . | _1'59 down tﬁ

fraction of Ti tRar-RATEl Hpsed s i hctdtherheyTHHPAGLBES t he current
sendi ng period. Thes ranet.e 20 e alspi]Jlustrated in.Figure 2.
Since the T1 val ?‘j_’e]g_g‘rzg i'(’j'reTﬁtﬂl %Q?W? ﬁ?‘?@éw Wﬁ%ért!‘e ‘é?i?&“’e pick-up time at

~module iis; ; _
L = _ S _
15 Ti=)'p +3.t; i=1,2,3..N
. J=l ’..,'=| . .
It also follows that the timing of the tasks, 7 = 1,2,3...N;is
7=T, - INT(T)

i i-1 i i1 . . -
=pr+th—INT(pr+Zt;]; i=123.N . . (1)
J=l jal =

J=l
Since transport times 1 are fixed for a givepi- cluster tool, it is apparént from
20 Equation (1) that the tizrﬁng of robot task 7 is dependent solely on the process

times p; as prescribed by the recipe.

Periodicity and Wafer Identification o
' The property of periodicity also enables the identiﬁcatidn of v;;afers in
25  the cluster tool. As elaborated infra, the synchronized schedﬁler ensures that 1}
the wafers are loaded into thc cluster tool in sequcﬁﬂal order at intervals of one
sending period, apd 2)_ each wafer load_ed into the cluster tool undergoes
identical events at the same times, as measured relati{fe to the mc;mcnt they are

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




since the wafers are inserted at intervals of one sending period, the
values of t; 206 are identical for each wafer. These fractions, r, i =1,
2; 3 ... Nconprise the timngs of the tasks the robots must acconplish

within a sR¥G4geriod. 10 The number of tasks N and t he gdmifiggeRL these
tasks constitute the load of the transport. Since Ti is the accunulation
up to the ith nodule of the process tines pj , j =1,2,3...1; and the

robot transpor ©a¢h medle in the clusteto8l in thé orderlthey tvefedr oty qmdf@r any vvafer

the relative nodu T, =ZP] +Zt t=1,2,3...N j-
P20 1T Al so iR o P Rbing PR, %?S‘Fﬁ’eeaﬁgé‘{@éeﬂlﬁm@@csnbe N |
r=T-INT(T) ZP; ientified sitnpIf byptracking the brdds id, v'viuch fﬂe{r Lhterdd ol‘e 1]Te1:l tl:%

Si nce transpor are fixed for i ven cluster too S apparent
from 20 Equati n%)orqu(?)srh’tstfﬁéim’?t?éﬂ}q %%P?\"@@?ﬁfgfébé@ulcfas keferrddgodepefident sol el y
on the procﬁssukhuﬁ@ﬁoﬂmnaﬁmgﬁgég&gbed by the recipe. Periodicity and \Wafer
I dentification The property of périrodicity also enables the identification
of wafers in 25 the cluster tool. As elaborated infra, the synchronized

schedul er ensurgge; Eé‘ﬁﬁd?&oduﬂﬁpﬁa fers are |oaded into the cluster tool in
sequenti al order Interv -one sending period, and 2) each wafer

| oaded into the cl uhnaemmbodimmdﬁmg@memmmhb@aéacwsm Padld hifmsame tines,
as measured relgllV are | oaded. A consequence- of t hese

tﬁolth the rrg_gelﬂt Ihe ¢
two conditions s t vwar of BEERE lecRatiyh i-c92 pystigylaesea 0Bmodules
PCT/ [ JS00/ 167 9hick amhespm@umoah¢ meeesqh el GhselQ0by iThid égﬁm%soq‘%ﬁ%ﬁ,] he%séwer e

originally |oaded, i nterval s of one sending perio ch waf er
in a nodul e calﬂwﬂgmn ’%‘@HFW‘F‘E’& Kgurpty Ibipis ¢raleddimegntt éreh pratess it thashi ch ‘they

entered or exidl@fertthéithas one or more modules associated with ; it, wherein the wafers are
processed. The modules for each process are ordercd in & sequence such that
whfan wafers arrive at that process, they are placed in the corresponding
15 modules in the sequential order (for e. g.,ifa pfocess has two corresponding
modules, the first wafer in the system goes to the first module, the second wafer
goes to the second'_module, the third wafer enters the first module, the fourth
wafer enters the second module, etc.) As a consequence, the total number of
module paths that a wafer may follow is constrained to the least common
200 multlple of the number. of modules corresponding to each process.
The embodiment described above is illustrated by example in Figure 4.
Figure 4 shows a sequence of process steps, VP 400, VPC 402, CT 404,.SB
406, SBC 408, PEB 410, PEBC 412, DEV 414, HB 416, HBC 418. A symbol
of a process step appears for cach medule corresponding to the process step.
25 For instance, the process CT 404 has three rﬁodules, and- 'corresponding,-the )
symbol of CT appears three times 404, Above each process step is the nu.mbéf
of modules for that process step 420,
In this example, the least common multiple of the number of modules is:
LCM(2,2,3,3,3,3,3,4,2,2)= 12
30 Hence, the recipe for the cluster tool prescribes twelve module paths,
which are listed 422. Each column in the table 422 lists the module number for |
that process step in the respective module pafh. As there are twelve possibla

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

10




nodul e. . This feature of the synchroni zed scheduler is referred to as wafer
S5 identification, or wafer "tagging". Tagging and Mdule Paths In an
enbodi nent of the present invention, each wafer |oaded into the «cluster

t ool fol |l owwoeoisa+ssi cul ar "nmodul e path", i.e., a particul arpca@tscfigs@dul es
10 which correspond to the processes in the cluster tool. This feature of
the present invention is illustrated in Figure 4. In this enbodi nent, each

process in the denlistinga welsr aidibe order o wirhet waduhdes ints $mabait & With it
wherei n the waf I e . JThe nodul es .for ch cess,are ordered
in a sequence Sg%%eﬁh%enﬁéﬁg%a%%g i ety ’@na?? ﬂ"teﬁﬁ‘fde“%rp&ggéo OWEREY i o

pl aced in.the cemfespondi ng 15 nodules in the sequential order (for e.g.,
if a process has two corresponding nodules, the first wafer in the system
goes to the first nodule, the second wafer goes to the second nodul e, the
third wafer ent addidgQuéidstb PiRfKA®R CIdiBed W ThnsheHiflonSsShScdshe second
modul e, etc.) As a consequence, the total nunber of nodule paths that a
waf er may fol | ow i s H@rfs¢iPaEivetriego siraultangets, conprting 20vice raqupste faf t he
nunber. of modulgs . GerHE5R9Pd) h. pr ss, . The.enmbodi t descri bed
above is iIIustir)at gg by exhrrploglgibtﬁ%ﬁﬁgﬁ‘ce fggﬁﬁ%ﬁ%ﬁﬁ&sﬁ%\?\%a M&uence of
process steps, NMPre4@botsMRCraid,by@odfdng BB recdfifitseFBOnd 08nveleBt £hemePEBC
412, DEV 414, 4 BC 418. A synbol, .of a process step appears for each
nodul e correspl(;‘%cﬁ1 gr‘fglfytgctt%cépepﬁsBoc]é’g’éd‘écteé:}ihg%telgg Yf‘ﬁ’ﬁ’feé Fedled @it cess CT
404 has three npdub 8% noansiiegeeRoRehs i orddd %o achYe¥R i wiith A s three
times 404. Above each process ﬂste_p. igést he nunber — of mdﬁ%g?gg?\%{shat
process step 420nfli¢s withauteopmppineising ee theaurhpatomenswateriresuth deldferechiey nunber

of nodul es is: 2 , 2.2y =12 3 ce,,.the,reci. for the
cl uster tool prt(gl%(([:%r\éll1 bggc}%\g h\%fgg,n%aéf:écoaé%g?n mvﬁigﬁ%rne(lf’ilss?‘ g’aﬁ‘g T Each
colum in the ttabl'syndR@nbussalgortthve."nDdudcapuirebipe af OfigindliaireREBE€ SRaySt €p i N
t he respective . ?&utlme Bath.. As t.here are hlv\ﬁl ve-poaﬁi bl e _pa} hs, every
twel fth wafer fOrrows PRE M EHETGRRCSF R Rich Result ir felaygpt critical process

15  and gating steps, thereby degrading the wafer quality and throughput of the ’

single-wafer cluster tool. The aim of "synchronous algorithm" is to insert
intentional delays at non-critical process steps in order to ensure that no delays
~ occur at critical procesé steps or gating steps, and thereby ensure guarantees of
throughput and wafer quality. |
20 '
Soiving For The Queues
We shall now demonstrate how to solve for the delays, org;. Let 7 be
the timing of robot tasks as dictated by a prescribed recipe per Equation (1). By
adding queues g to the -proccss time p; to modify the recipe, the new timing

25  =©*isgivenby:

! - i=1 l i-
© =Z(Pf+q:')+be-.INT (pf+qf')+sz
j=I j=1 J=1 7=l

=ﬁ'§qj—INT[Zi:(p;+q;)+th)+INT[Z.p;+i!fJ (2)

J=l =1

J=1 J=l




10 WD 01/ 67493 PCT/ US00/ 16794 identifying a wafer and the order in which
it was | oaded into the tool, the present invention enables the '
determ natign of the nodule path followed by the wafer. 5 Adding Queues to
Eli-minate CSYRPYEHY for Transportation Resources If a reci peCHUS®@&6T%se t o

si mul t aneous, conpeting service requests for particular robots, it would
but

be desirable to.ﬁlre%s%l vg t he ocriﬁl icts not by adding npre robots,

rather by nodifyitg A5 "?Eé‘?ﬁ& P et quenss g e Srvrssriethet thenemmeriticab nodify t he
recipe is to intgragecaegiahitibghohe idRligdsia; Baleal m%%v\%cﬁg%q%ld 10 to the
non-criti cal pr%ess steps in order to achieve timng I ch'resolves
conflicts witho 1c%n3’pr-0 i#idng the throughput or on-wafer results delivered

by the tool. Sughiaysghere | ' Lon wi th Equation (1), -is the
basis for the "synéhr o’no’uévVfglli.'l%(;en?(l)dtuilglen%g :é Ioﬂgg‘selggbfueé’sbr’%%el% %E‘%Vssqgélfgi nal |y
p: esc_rit _bedI My WaRre gd&k@ég@bﬂﬁgtshmg trcstmt,\ii; tgﬁarceﬂuﬁgﬁestmﬂg@@-hmt&lﬁwmcfi n del ays
qual 1ty and ¢ nr SosmpuRs g le Oty Bl AR e ok Goroboriegeaton ot
"synchronous al gaxdutesnhd tifis beoil ASERE to deitNbieORR] ofiGhde 2la M’tﬁ-ﬁé.ti cal
ot eps or gat 1 ngHOEE: Gt dp sy aaui elsg bavmal sositsite svbidoughgue and
steps or gating} s ( i o avéid oygapiue an
wafer quality. 2inp of nulek N Rk Jgﬁ,]g;&l%’s L nonst.rat e how
to solve fO{ t he dgl_ays, or qj. eIfet z be t%&eéﬁ?ﬁsir}n%hécgg%\%cg%orflgfu% & as
?Ith ated by %1 pﬂ@ﬂ?ﬂggéwdglem pepper Equat i OR (1). F_y _addi ng queues g, tg
e process tine p, : e e.new tim r. i.s given by:
io-0-11 1-1 (pi+9 +%Fé_z- lcr%".“%p;&’llgﬁ%"?"e‘ﬁggf“?‘Bﬁ_ﬁ/ﬁ‘?i"’j“z%- Tids yields a
N
system of linear equations (z” - #)= a,q; where a; is a lower triangular
=1 . .

1

ma?rixwith a=0,for i< ;;and a=1,fori>;:

T -7 I 00 00 0 0 0 g
mem | 11000000 [
ez | (111000 00|
=t L1 1000 00| G|
. =........X L (3)
R ® ¢ o ¢ & o o o .
S S S T ST 2 0 R
R N PR B S A T TR I S

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

be modified to the linear equations as shown below.

’n‘—f.‘looooooo“-q’-
i — 1) 1 1000 0 0 0 ‘q:
0 0010000 0|,
0 10001000 0|4

. e e 0 0 o o o @ X1 e )
.. L) [ ] 0 O [ '3 a -
Twetl —Tw -1 Qw1
@ o—n| |1 100111 0]
L = _1 001 11 1_ L i




=V. g, INT[i(p,+q,)+~t, +INT(t p,+(2) j=11-1J=1J J=1 J-1 It WD 01/67493
PCT/ USOCQO) 16794 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
two nodul es 7! k=1, 2, 3, ...N.- and m= k, k+1, , N,_where nodul e k
and modul e m'ar & A3 gned to have their 5 wafers picked up B¥HYIE8He :
robot, is greater than the transport tine of the robot. This would allow
for time intervakspsufficient f he robot to ice all nodul es and
thus avoi d havi ngI]nfp‘Su t’é’P %V%%ﬁéﬁn%’ﬁ D BTPFE! 59\63%&%@4{%5 Aownever ,

the queues so.deknyefl ThStargh Sahiles 578l seEROMURS WAL RXESSSye idling
of nodules. And there should be no queues at critical process nodul es or

10 the gating rodaiveen # grodetes ying theuemep et pelesaibeégartior. This h§lSRefuat i on
2 Thi | d | { o wh
T B NS it PO, e, o 5

']I:4072 0 g g 250 Ghuldi 161%% (3& Jﬁpvﬁh%{)lfgirgi !)11 thd %oﬁ%e]c_ﬁg Qfﬁgnt :lna%upasosh%wgl\lq3 1 1

11111115 ThreEqmsh (.%)lh&tow haﬂdm@ tidebays o5 otk do@&@bﬁdlﬁ’é medilki cal

nodul es is now applied to
process time p will synchronize wafer transport with wafer process.

g1 [t 000000 0] o,

@ | |t1 000000 o 1

e | 100100000 5

g1 (00010000 0
.,—-..OO....X . 5)
. ¢« ¢ 0 0 o o o .

QS}: 1100-1 [ fyﬁ. —fvﬂ:

L S rroo01 11 o) L -

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 éxamplc 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 wafér 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 coneeptual 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 expostre 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




Equation (3). For exanple if nodule #3 and #4 are critical, Equation (3)
should be nodified to the linear equations as shown below 1 00 000O00O
g Ti -T: 1210000009gi 0001000009 0_00010000Aq4
Q0. ... XYUW™B3 g0 . . . . TN1-TN1~.gNf _ TV TN 1 1PGI/ES0914794 0 gN

1100111112 W '01/67493 PCT1US00/ 16794 |n Equation (4) above, the
timngs i as prescribed. by the original recjpe are_ known. The tara_‘et

timngs z * are “SEEPP \?élcb’é]splﬁ\ﬁf@l*?céﬁe’ﬁ? ol At {EESe rabot Bl shewn i _
modul es usi NG t gy RAMEFR0Qlbstritss ésa%amqe %géﬁeegnd s?;wﬁ bhBsiiper EQUat i on

(4) are known val'ues. The vector g, is then solved f y pre mul tiplying
(r - v) wth thenterigeer(S8 robott3ié trm&:fmfswemtra!@rfsm andto thasucppcraﬁeréhgvm in

Equation (5) bel@myﬂcfg 409 2481 S, B8k Q onet Lt gs{[ﬂ:b orreS ,g;a% gge?gg’g q 10

process t’ine p, synchroni ze wa ansport
0 0 000 0-% T,nterFace ifisndlwherDit Ge&bnﬁas Qeddsshs/. The malﬁ,rolﬁhtﬂzd 15Gh®mBarld 6 0 g,
000100000 0.0 u£ 00 -Y11001110ITN
S Tv g" IL n tragsport the substrate between all other modules such ‘as vapor prime chill
(VPC) to resist coat (CT.)
Figure 4 is a schematic for the wafer process flow. As can be seen from
the schematic, when the transport means is the IBTA the substrate will have
10 only one option in the flow diagram. This is the case when the substrate is
transported from a vapor prime bake 400 to vapor prime chill 402, However,
when the transport means is the main robot the substrate couid have several
options. For example, when a substrate is removed from a resist.coat module
404, it can be transportegi to any of the soft bake modules 406 shown in Figure

15 4.

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

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

25 are then calculated for each module in the “Module type” column 502 to
ensure each module takt timé 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 wikl be
clear to one skilled in the art, for each process step:

30 No. Moduies Required = INT (Module takt time / System takt
1ime) . : :
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1100111110 An Application of the Synchronous Al gorithm Specific
enbodi nents of the invention will now be further described by the
following, nonlimting exanple which will. serve to illustrate in sone

detail variaygygRet ures of significance. The exanple is i n{,@g@g@lﬁ%ﬁel y to
facilitate an understandi ng of ways in which the invention fay be

practiced and to further 15 enable thHose of skill in the art to practice

the invention. Accordingl Hntﬁi@@xq:ﬁﬁfé}@%s@m%laﬁléggeqﬂﬁ{:o%dﬁﬁﬁﬁ%lrrlé&&d%ﬁt '
Th r war er

limting the scope of the invention.. e synchroni zation o

transport with wafer Ppédesthy puspespimpdiles teqoirediior bachgwdsss stddl indistedt ed
using a specific examlaecows(ﬁgl‘ uster tool. Figure 3 is a schematic for a
conceptual plan view of a wafer processing apparatus. The 20 resist coating
and devel opi ng nodul es are identified as CT 300 and DEV 302 respectively.

Al so shown i Figure arne. the .differen e dul es vapor prine (VP)

304, soft bage (SB) P23)0%?’“8%%&&&(‘8"%38@5%B@?@D@Sl’%d%éﬁﬁnc%ake (HB)
310, as well as thei reagifyr) @6 MemtioTd r6bltrbferld W EsimbEP6F BE¢QYSs connecting
adj acent bake and chil]l podul es represent the inter bay transter 25 arnms,

| BTAs 312, that transTBfdusddo gk ey welbayibe vieens atipitasidorive mbes to prsfoany esul t |

the locations of thesg.dakf eBdW-88&ORSH R et End ' ir 13 WO
01/ 67493 PCT/ US00/ 16794 cor respondi ng SRty 5%51&%’?%? OGN LRl T

station (CES) robot Fegiocdhdhdgtermitagion of therrebatrlaatsit demctedinsthe aibks6dr om and

to the cassgjte end : | r_Jdnterface (.S|) ropot 316
transfers sggstrate ?Irlg‘%%@gﬁdmgc%tgpgq %aﬁsroﬁkgﬁwghﬁégf/pﬁo??ﬁﬂul e 318
i's a buffer zone for stéps. Thdtmims of the awsipocbeespbadihfRbst @pRRfare 5 i nterface

if and when it becones necessary. The main rohot 320 is the neans_to
transport the substra%éc%e’aé%ﬁ?\(lﬁw‘ gf’ﬁ’étfngr%ﬁﬂfné@%@ﬁ P BSrWHET e chi | |

(VPC) to resist coat 1647Es hhefoion: (dashich RaN@MBHIGorbts dh& iehel Process
flow. As can be seen f rch t he schematic, when the t ranspor t means is t he
| BTA the substrate wiTe Wiey3pd transport times up to the module of interest. For example,

15 for the module c;)de-namcd 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 arer listed in a2 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, ie., the avaifable 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 valﬁcs 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 is a
pictorial representation of the load: a total of twelve moves and the time
they have to be served within a sending pcrioci. Figure 7 shows the
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10 only one option in the flow diagram This is the. case when the
substrate is transported froma vapor primne. bake 400 to vapor prine chill
402. Howeve when the transport neans i's the main robot the substrate
coul d have V&Y™ options. For exanple, when a substrate PET/U@Hawed from
a resist. coat nodule 404, it can be transported to any of the soft bake
nmodul es 406 shown in Figure % The Synchronj zation Al gorithmWe wl|
now denonstrate the éﬁrﬁgiﬂé‘é‘ma&ﬁn OR RROBS s FRPEAtive abinet theabbwtiaptmertt 0 thi s
cluster tool as a sekiyRs spf t h e And.
Throughput Requi renent . Thlasré%%ssﬁfg%gﬂ&?e en?glbgr AfER&’Jcs-g §m hl"g1 step
commences by inserti ke Mathin pesnding mﬁr@dwéléﬁ eedi@()lS/SEhé, sy 6ahoteso B0l UMMs
502 |ist .the process Nty The sendi ng  peri al so
referred to as the " gﬁgﬁ%n%%ﬁ%tmﬁv%e" S Geﬂeggawﬁe%’e 58%‘1‘*@1’{9? al so
known as nodfl e takt 7ﬂ® n’é&z,enﬂ&m& ﬁhhexﬁbdu&b@hﬂzﬁbfbdséwédsﬁﬁhom%M e |n t he
"Modul e type" colum_5 en?f;re each m)du e takt tine is less than the

system takt time. Th&? ?ﬂfl iptepvalsueh aeSBor Owﬁvﬂpﬁéﬁgoéi@é Gagsette st ed i n
a col urm 506. If not 708, raﬂdiﬂﬂﬂﬁ’é’ﬂﬁtﬁﬁﬂﬂé'o%ﬁnﬁéx%alaﬂ@eigrﬂtcgnsrﬁgytﬁgy ppdul e takt

time. As will be clear to one skilled in the art, for process step:
30 No. Mbdul es Requi Feapetingfar R/E%F@lqvawfﬁtelrn@tﬁt@gwcxemneaabelabnma 14 WO

01/ 67493 - PCTf US00/ 16% [ st . nodul es |
addi ti onal redundant fqrr}éce%&%hoz Hﬁ%ﬁbq%??gﬂ%u?%sm{“ f@g’efro\( ‘é"é@ﬁ
process steplis |i st tuse fasksdait titoione 60he 65nt8h&l;s Qnﬁ@hﬂhﬁi fierefhe Load of The

Waf er Transport. As def ned earl i ‘gr the "l gad" of a robot refers to the
nunber of moves it i ESUIEREHERE oY éma%“‘ﬁ%?‘fac%gffthﬁé‘”?loﬁﬁg)r%ﬂolbmst ed for

the robot to perform These "conflicts" between the tasks for use of the robots are

resolved as described in the subsequent steps.

15 - Step 3 Allocate The Transport Load. The first step to resolve conflicts
1n the manufacturing system is to allocate the load equally among robots
1n 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 S, 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 cgnstrajnts 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 eariier. 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 B is a suminary of load allocation from Step 3. Only the

16




t hese noves, as neasured fromthe beginning of the current sending ,

period. The determ nation of the robot load is depicted in the table 600 10
in Figure 6. This cluster apparatus of this exanple has twel ve process
steps. The Weirge®3of the twel ve correspondi ng robot noves wmreusoolet#% N ned
as follows:. Counting the tinme fromthe nonent the wafer |eaves the |oad
port (cassette), cunulate the process tinmes of each nodule and transport
times up to the nodul¥ me¢dilestservedtby nFkon rabradl, £¢., VBCIS0E, COS0HEBRT 05,

code-nanmed VP 602 (h r dul e cqde it. is (62+6) = 68
sec; for nmodul e VPC 28‘??5%(% P?‘}(%g%%i@? @21%%g§%g%é"ﬂsﬂéicm&cff’h‘ﬁ}eu%m-ngs in
seconds for all roboThevaesiniayenddubds@holMinét ekPrikiBe cAMKE SincAGEN L 606. To
determ ne the rel ative the actual times are divided by

] .gi c&gg tinmes_T. _ |
the actual sending p8FFGHed 18P &&ap IRl ASgring ihamndn theel anest Galumsi 814, up
times of VP gnd VPC ke thidgt @6 rofSR RN ' ults,
respectively, in nornalized pfdgid up tléijéﬁgg)rfggﬂflgggg{] %&Sgg%ﬂltﬁ% normal i zed
pi ck-up tinmes for ea&todgles iiffed inbievablprocesposdiepsalat & sei kot et] wheeket* t he
colum "Ti Normali zeds" 60 .tl Sugtract.i ng[,t,he intqeiger ‘portion of the T;
val.ues results in th& ¥ UpsEed xpige dor § which limigates sonfligts betegptaskielor espect i ve

nodul es have to be sgajbead Sikg dhgb@b&heé-’e%ﬂg&}ﬁ&g{Sﬁcff{dé;?bk'@egﬂb?mc@@ﬁng of
0

sendi ng period, and _expressed_in units of one sending peri od.

illustrate, the i: vBl2&s Bsonfictapely Vs RF and BB neaddo bavstitninghirgtts

indicates that VP nuglrbe: mromSBE Bk htokn . 511 4 nteryal s.of .gne sending
period, and VPC nust be 30 ser v?%gg&g\,%%#gﬁ?r&é’feslcﬁ ce&r a1's "ot oné“sendi ng

“period. The list of timixgvaigewede listed ol amuran 814, i26d 8@ stiuah aot teminga®. The
moves and the time TROYLRSDER 5% Bt B bBA mrde s LR RaRAEBERIBET F\ gur e
7 shows the 15 WO 01fifiZ 4984 ROTI I3S0OMASTiBrensd B ividth W MkdeDind hom anot her
perspective. Since t Qx‘?gigggogrestcrﬁ%gg Piglgég profiles are referred to as the gaps and are
15 computéd the column 816. These are shown pictorially in the graph 818
adjacent to the table. Another objective of the "synchronous algorithm™
' is to ensure that no delays are introduced at critical process steps. In this
example, critical process steps are step 3 804, step 4 806, and step 7 809.
' No gueues should be added to modules corresponding to these steps, i.e.,
20 the target timing for these modules should be the saine as the prescribed
- values. The gaps computed in the Gap éolumn 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 S Check The Solution. The queues determined in Step 4 are now
added to the module processing time of the original recipe. This is to
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times are around 5 & 6 seconds, the nunber of npbves one robot can nake

wi thin a sending period of 45 sec is (45/6)--7; say 6 noves to be on the

conservat i Vﬁé(zbl?%%-rhus 6 vertical lines are drawn in the graph 5 700.

When the ti _é modul es have to be served by a robot fal PCTiuS¢MisMA%0ne

interval, such as SBC 702, DEV 704, HB 706, and Cassette 708, all of which

fall into one interval 1{% r{l ans that they are conpeting for the sane

nove of the robot at §“‘§ RN aV@I’B“é‘I’%@)‘feélt g his is in fapithe caseas shawvor  nor e

tasks which use one ngbpifimand if the t values of 10 these tasks fall into

one of the 6 intervals, |t means that there is insuffici ent time for the

robot. to service each of the two or nore robots. These "conflicts”

bet ween the taskgyPastisEmRhethe robots are resolved as described in the

subsequent steps. 15 Stép 3 AI | ocate The Transport Load. The first step to
resol ve confbicts i mnolli@rﬁspwn‘cﬁdhusahagumgs;iremmswhﬁ:ha;hdr@g:@,ﬁ@mgm f{soad

- equal ly anong rqi? .etogfdéto ac abal&gcedtrans ort |oad.

Al't hough conflicts algnmﬁ:l TRy IER ‘Fﬁ 0% SXAHPIE Y Step e 188d8b9¥sr 2 r obot

still reduces the:lpwhéﬁlﬂﬁsémhﬁﬁ)aiskgrﬁﬁash‘@@%%& bét@@eroéﬁéﬁbgkbfty of

bal ancing the load is.20 d eEsendent on the layout of the.nbdules relative to

robots.. Poor | &HGEUVEiTRYdeds: furallasapen FtS?‘JWImﬁ’Gm‘;CeEe byedrioFegise And makes
bal anced. | oads ek hfibdatibs Wag AdstAbRonddd nt e layout is such
that two robots CES and SI, © csan egg% éjligggrf@gmti&aﬂ&r)r%d | es, leaving the
bulk of thellload toln gracrai therlf?@i)@tm@-fbrandgbhﬁmethelmhtmmedanbbt’mm[ known as
| BTA 25 (I nter Bay: J&phs al l.ocat i on, of trans rt |oad,
“under the constraints OC%EH&JQ {E?er%?a%so o O G P LR efor7S A modul es,
VPC 712, CT 71&igosi@ M_lsbe Eﬁaﬁs&iﬁd @Etdfaw@m@redad:ﬁe7zap@rs@“alﬂa0@at ed to

the mai n robot of t nd HB conmpetin for one
nove of the rob(%fn]p Il\ffeagﬁi °8%§1?tfn§r°§q’|*ﬁ“e%dHBﬁflPl?etjﬁdsMﬁﬁu IMpy&2 anglp
resol ved by quebadg. sapldﬁewﬁawahe@lrdﬁatst R@b&@&hd%o%@a S8 Bf dhiHeyh ng For

Synchr oni’ za“on The information in the table
service all three modules. Let the sending period be designated by the variable

SP. Suppose 1;=0.0, 1;=0.6, 13=0.7, in units of the sending period, and suppose
the robots can move in 0.3, in units of SP. There are four possible robot

allocations:

Assignment Mod] to Mod 2 Mod2 to Mod3

20 1. ‘Robot] " Robotl
2 Robot2 Robot2
3. _ Robotl Robot2
4 Robot2 Robotl
25 Upon inspection, only assignments 3 and 4 are-viable. In assignments ]

and 2, the time interval between 1,=0.6 and 13=0.7 is 0.1 sending periods, which
is less than the 0.3 sending periods required for a robot to move, Hence the -
optimal allocations are, in this case, assignment #3 and #4; as the time intervals
betweenthe  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, bal cing lecads, increasing |
throughput. An algorithm is necessary which would determine, in cases more
complicated than the simpiified example above, an optimal robot assignment.
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800 of Figure 8 is a summary of |oad allocation fromStep 3. Only the 16
WO 01/ 67493 PCT/ US00/ 16794 si x nodul es served by main robot C1, i.e., VPC
802, CT 804, SBC 806, PEBC 808, DEV 810, and HB 812, need to be considered
for queui ng.WOTher4pnai ni ng nodul es shoul d not experience cpafiksigrsi nce
each has dedicated robot, i.e., an IBTA serving them In the Target
Colum 814, 5 the target timng profile is set for the 6 nodul es. For each

of the nmodules |isteOnémetidf of pltRmirh G b aRANGING VRIME ah SxiS@lifor 1™
where r* is an updated val ue fge? t which elim natces Sconl#!fi cf's between

tasks for robot€Chnsys: gensaty albpessiblensbet Spgumees angBeeB06e tRFligit0ef and HB
812 are in confld s@é}!n){ , ; i iyd-ng targets 10
different from téﬁgﬁgﬁi g na ’W@\/gélc%}g]}sé @gﬁlﬁg?ggﬁ%ggé% IE% r?%e dﬁ%i pe. The
timng targets auéfitiemheid their avaodsuomediidthe astdt ar @r8e&ithercThé hat the tim ng
interval between any. g%r of the rmdgl E\?éi s larger than robot transport
tinme (=6/45--0. f‘§§§§4’.ﬂ S SER e Mgk alsadfselRctehen edslitinse! wiera such as
originally presdbidedadidifg.ng profiles are referred to as the gaps and are
15 conputed the colum 816. These are shown pictorially in the graph 818
adj acent to the table. Another objective of the "synchronous algorithni -is

to ensure that nQdebFVSURLSel FY at critical process steps. In this
exanple, critical pr cessﬁstgpgtl%?%ygfgp 3 804, step 4 806, and step 7 809.

No queues shoul d be atmgbertfeature dfithe syndidres4tion didn eheties dubRsRiostiems, i.e., 20
t he target tli m gd%.f or t%edﬁe r@dgl es shoul d be,the same as the prescribed
val ues. The ‘JapSHSHHR B0 PEHA HaupEs 8TV6REY 8161 Halpboew iBstcrdshe t uted i n
to Equation (3) algrihVRelE chde Hisuas: %) ' S.
However, to ensuréeb zero del a37s at t_hgﬁlﬁ%%ag}%dpépgg%ggﬁ%%ﬁ Tgs‘fvgg’?he mat ri x
818 rel ati ng gaper amyovwpueedsesnisth Seratodiobote thepespedEiyeat | @ilued Fiffeddd bp
generate a nodified . matrix 820. Pre-nultip]ying the gaps.from_ the Gap

col um 816 wit hef‘?llégbltﬁ@%f‘%ﬁ%‘f@ﬁ@%ﬁﬁ?ﬁ@@%ﬂ@%% ere is a need for an

automated method of deriving these t*
15 values. One such_'tcchnique is as follows:
For each robot ‘with a conflict, take the 7 vﬁlue for each of its modules.
For each combination of these T values, sort the T values from loweéf to
- ‘fu'ghest. For each sorted list of T values:
¢ Proceed sequentially through the < values, from lowest to
20 | highest. |
+ Determine the difference between the given t value and the
one that precedes it
o [fthe difference is less than the time allotted for the robot to
move, incrémenf the 1 value sufficiently.
25 : + Gotonexttvalue. ' ,
When this algorithm finds an updated set of © values for a given robot that
eliminates conﬂi_cts, these become t values. It can be provcﬁ that if a conflict-

free group of 7~ 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
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produces the queues needed to close the gap 824. The solution for the
queues is transferred to a Que Colum 826. The .solution, which is in wunits
of the seRrgprRgspesiod, is converted to actual tine in an Actual Que 30

Col urm 828. Step 5 Check The Sol ution. The queues deter mi¥ddU%18Pep 4 are
now added to the nodule processing time of the original recipe. This is to
t7 WO 01/ 6749 3hRGHASANALR D4 nitiVEl ! fligcts, have been.resolved. This
is in fact the case as shovynllfun ﬁgﬁ%flg%?fég&elgo‘ﬁ%?hS\%%O:aﬁﬁﬂ%sﬂ%iegatﬁ%ot her
aspect of the ¥dhenwbieny Phispbmmtiontis gfstementictlsy Anproned WHR cadhSterdtg,

assi gnment of tlh%g | es... For exanple, .in step three l'i sted above, a
reci pe was chosen \f}\%ip% cegggfs(sﬁzgtaveabrgq - el § BESTh Al sREEn beesding ghs B Aof
consecuti ve nmotelisto a)Hbﬁnﬁﬁk@hﬂhdt%ti@oﬁ&%ie&fhnﬁﬂgjxﬁd?%ga cdibsthadd n Figure
7. The all.ocation was chosen anpbngst nmany paossi bl e al’l ocati ons. iO In
general, thHere is a need for an algorithmthat determ nes an optiml robot

i t prior tQ - 1 i of ne f or such an
assi gnment p @Eﬂ%e&@kﬁ&%f@%;{eﬁﬁs SRES chdASe %e_%%g%eg

algorithmw | |_be denponstrated in e foll"ow ng "exanp §% we have a

sinplified trdok OSyRIOBIAML, ¢sritse S¥0 fygeodf gehess onertudtepesenttiabebed Modl, Mod2
and F Mod3. . bots, Rohotl.and Robot?2, both of which
i i bk SAIRY S g e R T T

can 15 service al ree no et ated by

the variabl e deRripSappbte eatirdal@orith? O'He, rob20signmiesk Willi thdgedor 18 Sendi ng
in units of SP. There are

period, apgd suyp . the.robpts .can nove in O, 3, , _
f our possilgl elﬁf 0%§°t%tm%ﬂ%b%’affﬁ%ﬁ*§ﬁ VREKS PRy A AT IgE moduls . \Biepug seasertiso Mbd3 20
1. Robotl Robaisb a# intBgdrGhdicdRAL3: mahy ‘RaROIIneFOPRL Lobot 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 spccie;

20  ‘badness’. In turn, badness can be measured by a Weighted sum of the degree of
conflict and the number of added queue segments. An-ideal species is rone that
has no added segments, and results in'no conflict in robot. assignment.

To derive the fitness function, we scan each time zone and coﬁnt the
number of redundant assignments for each robot. The results are summed for

25  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

PO [T —
: (4 wys + wor)

where the weights w, and w- are assigned according to the relative importance

of s over ¢
30




4. Robot2 Robotl 25 Upon inspection, only assignments 3 and 4 are vi abl e.
In assignnments 1 and 2, the tine interval between t2=0.6 and t3=0.7 is 0.1
sendi ng periods, which is less than the 0.3 sending periods required for a
robot -to nowe.oildepnge the optimal allocations are, in this ERARRne/16794
assignnment #3 and #4; as the time intervals between the valpues RaveA
sufficient distance, this robot assignnent obviates 30 the need to insert
del ays. Ot her cr Reeipe@ageadiid SO enter into the determ nation of an optimal
robot assignment, for instance, balancing |oads, increasing throughput. An
al gorithmis necessar $MICEHRABLAIEDE Bverieomalowstheguss tord techangaioncat ed

than the sinplifimedr@xarpLe ; ' s : ' t.. 18 WO

01/ 67493 PCT/ U500/ 57 mee&ﬁg?%épﬁ %WB%’FF%‘?%E%S%‘H@%@ g‘%@’f‘ﬁ%#@ﬁt is
simply ar exhaustheteeare ae el critien priate Biis proosisidib esfereddat agsadighment s,
and determne th ddiky of —each assignne i.6., ensure_ that all

modul es assi Ssnedgat%ﬂéﬁ%j'o‘%%f %é?ﬁlpg?lvcss?ﬁ?‘gﬁgea:ﬁqsvoﬁ%“falﬁ%ﬁimiea@%? ¢rdlsdt o
permt the robot theexisieg Vorce & biewser M0k ahd aBGilQRABREY Snd ByB1I9eBRNaGSHmARY al so

be selected on additional. criteria, .such as |oad bal ancing. Solving for
Updat ed Ti mi ngs ?19%t¢5t° %’Fh@}oﬂ?eé?ﬂt&f «‘:’\’agqﬁ’thﬁ@ag?m@-]*?@m grfetigmlot-hgbe nerit s

automation is thgrocddr il BafebARA] witheoWRER! &guﬁ-écﬂ} RE8cal ?%%)\égfé}% st*. To

el aborate, in step, 4 of the algorithmoutlined earlier, e al gorithm was
fed updated val v With pe addjfpsalrobpisand pyocessomeridasiotier thian divss baltesicfon r obot |
the respectine t K e to all the rpbot to
nove between thel?% fﬁ;ill_lrr]%?%e al%'g tﬁg@%@%g?%’egpﬁé&ﬁ&&gaﬁ%ﬁ”g%% grvaé‘td?\%\l%e’%rm% 1'vi ng
these t* 15 val ubks en@mmgdoichen ashimveguéfirsntascipoildamugiipar regaibmeabot with a
conflict, take tﬁl&ntthe"?%t'tﬂﬁl‘; r each of its nodules. For each conbi nation
of these t val ues, sor e t values fromlowest to

Notation

15 The following parameters wil! be employed in our discussion of recipe”

cascading:

m™ = number of process steps, superscript (en, ex) hereafter denotes

entering or exiting lot,

n* = number of exiting wafers to fully empty, or of enter wafers to fully

20 populate the cluster tool.

5P =Send period of the ith wafer which is the time interval between the
launching of the '

(i-1)th and ith wafer.
SP” = Send period of the wafers during steady state.
25 SPiz; = The delay in the launching of the 1st wafer of the entering lot to
accommodate the change-over at the jth process module of the exiting lot.
CO; =Time it takes to change the jth proces:s module of the exiting iot
over to a new setting. |
T+ = The arrival time of the ith wafer at the 7Jth module transported by

30 the &th robot.

T2 = The departure time of the ith wafer from the Jth module

transported by the kth robot
21




hi ghest. For each sorted |list oft .values: Proceed sequentially through the
t values, fromlowest to 20 highest. Determne the difference between the
given r val ugoapghide one that precedes it |If the difference is Iess than
the tine allotted for the robot to move, increment the t vaACHESH0/I6794

sufficiently. 25 Go to next t value. Wen this algorithmfinds an updated

set oft. values for a gives rohot t el i m nat canfljcts, these becone
t' values. It can be g#oxrﬁc?sggpeio?ﬁé?&%ﬁﬁ slt?:f’c‘_?fetﬁ? %’EU’&B’&p_ of t' values
Synehy oni zati on, robok sAEPSRHORTS Seavdr b righh st 888 okun vareo b |
sol ved by use ofjp@ genetic algorithm (GA). A GAis an iterative process 19

WO 01/ 67493 PCT/ US00/ 16794 that starts out with an initial popul ati on of

- genes, which encode pgssilrues aidat esthe fthtWiert &l /8Broddi &eBQPH&'e%Ht@E i's
systematical Ly i nproved with each iteration, through a process o _

sel ective bréedilﬂtg. To perform sel ective breeding, the GA needs to a)
define the char agltgfd sip Eadagigci-es, and, b) judge a species' fitness.
5 Characteristics of a S%Z%eipeg %\@ ecie is characterized by n genes. For

our probl ;arn WS use tRMJlrt' ¢ § plétsstrates g epés 1re@?& %00. ﬁ@@éﬁﬁﬁ&etphﬁefslcﬁaﬂt 4
assi gnnent, an Je , eue s n nsi der the exanple used in
the description o?oﬁhr‘gﬁ(réél? Fh%;{'%%fﬂf%réﬁﬁ?kfﬂcge Pﬁ‘gﬂfnegé’ﬁag’fﬁ%frﬁﬂml | range
froml to 10 4, wafetigoes hngightai dhister @0! TWishiisiirbudBudrep@dd il ar modul e.

Queue segnent is._also an.integer indicating how many “tinme zones", i.e.,
robot nove pl)éri S%Cé:?mg.p%waf%s Tfég%f’(ﬁ&tgﬂ”&bothﬁch’ﬁﬁm@‘l 3! aonptaal send periddpaor der to

avoid conflict illustakelin FResd 0B send Bedbl SE3bHG £Gi@xIP! €, the modul es

arrive in six different tine

Sp= 3600

WPH

15 where WPH is the throughput requirement in *;vafer per hour.
By the sth 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 2 periodic
fashion, the periodicity being clielimited‘by the send period.” When the system
20 reaches this stage, it is said to be in’ steady state.. The number of wafers. s

required to fully populate the cluster tool and ramp up to a steady periodic state

is given by the expression

n=]+1’NT[SiP}; | | (A)

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

25 indicated in Figure 9 902. The symbol INT(+) denotes a function that rotnds 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
transpert tasks performed on it at identical time intervals. There is therefore m-a

30 neqd to keep track of the movement of wafers inside the ciuster tool.
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zones, as shown in figure 6 612. If a tinme zone sees the arrival of, for
instancé, 15 five nodules, a conflict results. The addition of a queue

segnment to one of the nodules will push the arrival tine to the next tine
zone and hepasgoi/gssd ve the conflict. Fitness of a Species Yérgamggasure
fitness by the reciprocal of a species .20 "badness'. In turn, badness can

be nmeasured by a wei ghted sum of the degree of conflict and the nunber of

added queue segnent s Durinithd @eipk csfeeding shdveever) ehe vadtrs ahois thasidds §dm
segnents; and results, in no_confli ci i n robot. assignrrent_. To derive the

fitness functi orf® HEAYSH® R H RS 1 ShdreddE satstol fifeniering Joinat of -
redundant assi gﬂﬂ'ﬁéﬁa&dfiﬁﬁ:ig%%&aﬂ . ﬁ:{%ﬁﬁ‘g-mJ H@ug&t\%@ywﬁe RERrSHIMRGréQksedS> al |

robots and all time zones. ) i S sums. proceed to count the nunber
of added ‘queue $aghwEpiperied prgordand toj the reciprrandispadpasiod irrsetibasrior et hen

(8 ) Lot 5 i e L) B0l MR S aRshgeR 6080 00 o
Reci pe Cascadi ngréseribethipdtheenteriog lctth@c'rin&ieiug therefatk kavsotteenahtasi-er ‘tool to
eri odi ci Uy, and CCREH RYTERSE. “CRENESareeris tabehpodt T Rt TEEPOR o nt s,
This procedur e icallécEhrotdsetodflctaive ®efcPEhdve @RS RBLAGd @ﬁ&@dimgr twevol ves
enptying a first lot of wafers, hereafter called the exiting lot, off a

cluster toul, arfd™§PHRIFPMAYGIRTIIAR BEF12hPIaycpBBn theRratst hee it er t ool
Wi th anot hefol otsdf 1W@feSiifor sAGEBRALARI £alshS o4 RRERIELLAR Haok 1o The

procedure will be perfornmed with no delays incurred at critical process

steps; and w t Hrapgpoaigdisequeriiaily byibe sarantpbek withivsn nipdoiebshogehidan thgan t hose

called for 10 by,i ?HPSJCC nd t hroughput requirenents of the entering and
the exiting Iot)s{? & e ekrvltltqgrrlﬁang | ot may al so have different recipe and
t hroughput requi r emerfim solution to conflicts is to add more modules and robots. This

solution is costly and not practiéai. Another solution is to devise a set of
15 priérity rule and implemén‘c “if—thén” algorithm to react to the conflicts. Because
of its combinatorial nature, this selution generates huge combination of |
outcomes that eventually lead to chaos and unpredictability. The fundamental
solution is to eliminate conflicts completely through proper timing in launching
wafers of the entering lot and insertion of intentional delays at the non-critical
20  process steps of both the exiting and entering lot. This is the principle behind

recipe cascading described herein. -

Procedure
Stép 1:Estimate the number of wafers in transition. During transition, the
25  exiting lot is emptying while the entering lot is populating the cluster tool. The
number of wafers involved in &e’transition can be estimated by using Equation
(A). The algorithm for the estimation is as follows. '
e _
Fori=1,2...m*
30 T =g+ pT et

Next i

n™ = INT(z™ /SP7 )
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fromthe exiting lot. Notation 15 The follow ng paraneters wll be

enpl oyed in our discussion of recipe' cascading: m= nunber of process

st eps, sup.e‘g,ﬁcébjsﬂt”(en, ex) hereafter denotes ‘entering or exiting lot. n-=
nunber of exrting wafers to fully enpty, or of enter wafer FAIEIPYRGY 20
popul ate the cluster tool. SP," =Send period of the tth wafer which is the
time interval between the _laynching of the (i-1)th and ith wafer. SP," =
Send period of the wafers™durtng steady state. 25 SP;,1 = The delay in the
| aunchi ng of the 1st wafer,Qf={he gatering lot to accommodate the
change-over at thejth process nodule of the exiting lot. COQ = Tinme it
takes to change thejth pretess ynpdule of the exiting ot over to a new
setting. Ti,'. = The arriyal tinme of the ith wafer at the jth nodul e
transported by 30 the kt Xtdbot. T ,J-," = The departure tine of the ith
wafer fromtshejth module 4 L%ﬁfpﬂo}stpg by the kth robot 21 WO 01/67493

PCTI USOQ' 16794 - p; = Process ti‘me offjth process step of the exiting lot. t7
= Transport tine between 6-1)th and jth process step of the exiting |ot.

g, = queues adde%t Lhe ith wafer at the A process step of the exiting 5
lot. Nature of g[!;? stpmatethe ,l]cgver bound of “delay”. The timing of launching the

wafers of the entering ot is a primary variable responsible for conflict
occurrence. Therefore proper timing of the launches is mmportant. Additionally,
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
accept it. There will be as many “delays” as the number of module change over
15 | called for by the recipe of the entering lot. The maximum of them is the lower
bound of the delay. “Any amount of delay contemplated for conflict resulutibn.
must be greater than the lower bound. Referring t;) F i.gure 12, the lower bound

can be derived as follows.

S en

-1 i
s+ OB+ 1= €O, + 3 (o + 1)
i=f - =

Jot
SPY

o, =CO, +§(pf’ 417 )= (pr w1

ixf

20

SPi. = max|SP, SPY , SPL,. SPE, ) = 12,..m™)  (B)

The following is the algorithm for estimating the lower bound of delay per
Equation (B)
25 Forj=1,2... m®
Sk, =CO,
For/=1,2..j
SR, = SRI 4 o e (o <o)

next /
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Figure 9 illustrates a typical recipe 900. It specifies the process and
transport tasks and the timng of each task to be perforned on a wafer as
the wafer goes through a cluster tool. To satisfy throughput requirenent,
10 succeedi ngo\afgps are sent through the cluster tool at a constant send
period, as "Pllstrated in Fi gure 10. This send period SP 186HUP¥W1gINen by
SP3600 = WPH 15 where V/PH is the throughput requirenent in wafer per
hour. By the nth wafer, the cluster tool wll :-be {Pgﬂllx popul ated with
wafers. For every wafer exiting the cl u¥ker Sfoot P/'tHere is a wafer
entering to replenish it. pl| process and transport tasks performed on the
wafers occur in a periodic fashion, the periodicity being delimted. by
the send period. Wen the sy5tem(@0r ) smshes, L ks, stage,~)t is said to be in
steady state.. The. nunber of wafers n requi red to fully popul ate the
cluster tool and ranp up to a steady periodic state is given by the

expressi on nzl+l N@ﬂSJTi‘aJlﬁlﬁeﬁvaemgg &t &E%i'slsiﬁtthens%t%ngg}ggggv%%??g?g transport

time performed on a wafer as 25 I ndicate Igure nbol | NT()

denotes a funct iwafersimtransitiorocande LRI ThaQYWalliond REoNBRHESHard 2t 6% The
above equation also applies for the nunber of wafers for a lot to ranp

down from a st eauyduis Gamspanet §y the kh rebqtiythe deparfubetib Ut & Frok0@k pribn t he
steady state, every wafer has identical process and transport tasks
performed on it (Gf/% BEWETSERPduls plis thettenspertdimeTh&om the (it Hérteftbe #h no 30 need
to keep track of ci%gti7_rmvem=3nt of wafers inside the cluster tool. 22 WO
01/ 67493 PCTI US 94 During the recipe cascadi ng, however, the wafers
~are in trandidtion fromthe steady state of the exiting l.ot to the steady
state of the entering lot, as illustrated in Figure 11. During the
transition, some wafers wilil=%g,processed and transported g&gording to the
reci pe and send period prescribed for the
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‘g;":’.’:?':j{:"'Pj'*'qLi (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 medule 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=l1,2...m~

Sum = Sum + p5'+g5° S ®
30 Ty = Sum ~ (n* - i)+ 5p=

ifj = m*, go to out
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5 exiting lot; others, wll be processed and transported according to the
recipe prescribed for the entering lot. Periodicity therefore can not be
mai ntai ned. . "Conflicts” will occur. "Conflicts" refer to two situations.
I'n one situd%®%’**%al | ed process conflict, two wafers have POI/HeOHsTEessed
sequentially by the sane process nodule within an interval shorter than
~the process tinme of that 10 ste?hfln the other situation called transport
conflict, two wafers have fexBelnttansported sequentially by the same robot
w thin an interval shorter @pan the robat transport time. One solution to
conflicts is to add nore Hb utes%aift - iebats. This solution is costly and
not practical. Another sol Loq)is hquevise a set of 15 priority rule and
i npl enent ""if-then" algorft mto Fedet! to the conflicts. Because of its
conbi nat ori al nat ur egut hi ge,g9l uti on-generates huge combi nation of outcones
that eventually |l ead to chaos and unpredictability. The fundanental
solution is to elimnate eoitflicts conpletely ‘through proper timng in
| aunching wafers of the entering |lot and insertion of intentional delays
at the non-critical 20 process steps of both the exiting and entering | ot.
This is the prilwivdfershéiendhteringdotpe cascadi ng descri bed herein. Procedure
Step 1:Estimate the nunber of wafers in transition. During transition, the
25 exiting lot is enptying while the entering ot is populating the cluster
tool. The nunber of waferSuhevplved in the transition can be estinmated by
using Equation (A). The algorithmfor the estimation is as follows. a==0
For i=1,2..10m 30 n' = rBgyi=p* « /Negts 3). nf= 4NHEY, (1SR r) 23 WO 01/ 67493

Sum = Sum + 8P, (Note: SP™ =delay) (F)
Psum = Sum
Forj=1,2...m"
Psum = Psum + Y+ q,, +15" (G
15 - o TR'=Psum- 7
ifj= m® , 20 to outl
Tn= T +1]
Outl: nextj

nexti

20
Step 4: Identify confiicts. Having determined the arrival time T,; and the
departure time 7,3, one can check for conflicts. A process conflict occurs when

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

the_ module. Thus conflict oceurs if the following is true:

OR{AND[(T;;; 2T ) (o 2T, )] , AND[(T;;‘; st (T 2T )]}

30
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PCTIUSOO 16794 O For i=1,2... =rl"+P 1+t Next i 5 n" = INT(r /SP,"' )
Step 2: Estimate the | ower bound of "delay". The tim ng of |aunching the
wafers of the entering lot is a prinmary variable responsible for conflict
occurrence. WRéLeHer e proper timng of the | aunches is inpoptemkec/1679¢

Addi tionally, 10 the timng of launching the first wafer, hereafter called
the "delay", should be such that it provides the tine needed to change a
process nodul e oRBHsingakpvadegic statemenifocaihing afl ppssthje tdrabieaierdfifg, A)ot . So

t hat when the fi f rin of arrives,.the change over is
conpl ete and theﬁa%rrsgé(‘:%fsngmrr% Eﬁ%tgl? gl%%ﬁasﬁ%%ﬁm%&aé’&e *??f%“é?ﬁ'ere will be as
many "del ays" as the nuan:orﬁl)_k m@q,y-#qam@vl)ange over 15 called for by the
reci pe of the entering lot. The maxi mumof themis the | ower bound of the
del ay. Any anount of del afoeonténpl(ate¢d=fior conflict resolution nust be

greater thansthe | ower bo%g. i %‘Oer_ri ng to Figure 12, the |ower bound can
be derived as foll ows. SPen. J++ |'15‘C&)J++ 20 | JCC-rSPinJ=COL +Z(p+ti (PI-
+ti") is M SP' = maLlewRictifSP SP' ,..SP° " ., j 1,2....(B) The follow ng

is the algorithmfor estimating the |ower bound of delay per Equation (B)
25 Forj =1, 2.. .omf) m‘;;‘-z,?jj;‘);(j@)i Tﬂ;!kﬁQJgNﬂ{&%g Sg;f) ;(f”;' ZQ%;X)}}I: TRUE
next m '
next o
10
Similarly, a transport conflict occurs when a robot, the kth robaot, is
called on to transport sequentially two wafers, the mth and the nth, within a time
intei-vgl 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:

| ORETM -Tol<sg ,IT;';A—T,E; <g]

mik

<g .ill-'-in _Tou(

mjk njk

<g ,I”l',"“’},l -Tnm

ik

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 ali f)roccss steps, all

transport conflicts may be determined:

25
Forj=1to (m* +m") |
Form=1to (p=+a*)
Forn=1tom-1

30 Conflict if

ORHT““‘ -—T°"‘J<g e

mjk nik mjk njk

<g]=TRUE

<g ,IT;:}k - T

njk

<g :!Triv:‘jk - Tr:;k
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24 WD 01/ 67493 PCT/US00/ 16794 SPn.; = SPin.i - + ti next j SP,',"',.
=max(SP,u.,,SPrn.1SP,; ...SP;;.Il =1.2,...m5 Step 3: Track the novenent of
wafers in ”@'E'ﬁﬁk%_ﬁ@- The movenent of wafers in transition can be tracked.
The arrival time T, of the ith wafer at thejth nodul e tranSpEFERETY the
kth robot is the departure tine Tri-,), fromthe prior O0-21)th process
nmodul e plus the transport tine ti fromthe 6-1)th to the jth nodule: 10 Ik
=T (li ut +t (G T, In turn, the departure tinme fromthejth nodule is
the arrival ‘tine plus the :npxtasessing time and queues deliberately inserted
for conflict resolution: 15 Tit +pJ +9i (D) The recursive fornul ae of
Equations (C) and (D) abov&¥dinit one to map out the novenent of the
wafers in transition. Thus, neasuring time fromwhen the 20 |ast wafer of
the exiting I ot i.s | aunched and transition begun, see Figure 11, the
arrival and departedry Resolyegaplict shrogghprunes quening anddannting N eteltat ed per
the algorithmb : rd i tines outside of the
transition are ﬁio%gﬁgfg%r@g\ﬁ%&éﬁ ﬂjg?e(eaa?%{r}%yg 7 RS et&m@ﬁelfg?&ggﬁgﬁegﬁlve

val ues. For waf eth¢ calfculation of atrivabarldoteparseetiftie gif zevaFds at a3fodesd mbdutdby 2. . . N

r. _ Sum=20 _,F_or.'ézl,z rq_h Sum = Sum + fi 7 97 (E)
partitular roboft. ese are the intentional delays called queues g5 »¢; 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 mim’mized. Genetic Algorithms are one such
optimization procedure. Others will be apparent to one skilled in the art.
The foregoing description of various embodiments of fhe invention has
been presented for purposes of illustration and description. It is not intended to
15  limit the invention to the precise fon:ns_ disclosed. Many modifications and

equivalent arrangements will be apparent.

28




30 T;it'=sum-(n"-i) SP, ifjnma, gotoout 25 WO 01/67493 PCT/ US00/ 16794

~ Tifi.rla= T, +1~ if(T,.ir 50 ~, Tili., It/ if (T;," Go T;t ) out: next |
-5 nexti For wafers of the entering lot, Sume0 10 Fori= (n+!),(na+2)+n""),
(n-+n"") Sum = Sum +SP ' u (Note: SP,'" = delay) (F) Psum = Sum Forj =1, 2..

Psum = Psum + p7' +q- +r(Q 15 T;,E = Psum- r' ifj=.m", go tooutl CQutl:
next] nexti 20 Step 4: ldentify conflicts. Having determ ned the arrival
time Tq; and the departure tinely,', one can check for conflicts. A
process conflict occurs when a process nodule at the jth process step is
called on to process sequentially a pair of wafer, the nth and the nth,
within a tinme interval shorter than the process 25 tinme. In other words,
the nth wafer arrives before the mh wafer departs from the nodul e. Thus
conflict occurs if the following is true: T OR{AND (Tnm" 11l o ", ~

What is Claimed:

1. A computer program product for scheduling a wafer processing
system, the computer program product comprising:

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

wherein the substrate processing system comprises a plurality of modules for processing
individual wafers in a sequence of wafers, a plurality of transportation resources for transporting
a wafer from a first module in the plurality of modules to a subsequent module in the plurality of
modules;

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

resources for generating a third schedule for scheduling the wafer processing system
during a third time period, wherein a third plurality of wafers is processed during the third time
period, such that one or more wafers from the third plurality are processed according to the first
recipe, and one or more wafers from the third plurality are processed according to the second
recipe, .

wherein the first, second, and third schedules comprise a first, second, and third sending
periods for the loading, unloading, and transporting of the first, second, and third plurality of

wafers to and from modules used in the first, second, and third recipes, respectively,

¥
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it nWt,)/ (Tmit Tit 4 it T'it / \Tnit Tmt 1J , AND[(Tm 30 26 WO 01/ 67493
PCT/ US00/ 16791 By usi ng above logic statenent to exam ne all possible
conbination of (m n) pairs for all process steps, all process conflicts
may be identified: Forj=l to (m+m”") Form= Ito (n- +n-) 5 Forn=ltom| (r
Conflict if 11 1 (T:' 77~1~} Ol AND[(T~it > Tike) , (T,-j," ":7-;j] ,

AND[ (T t' < T, jr) I>7 ~)Jf = TRUE | next mnext n 10 Simlarly, a
transport conflict occurs when a robot, the kth robot, is <called on to
transport sequentially two wafers, the nth and the nth, within a tine

I nterval shorter than the transport tine. In other words, the tine interval
between the arrival of the nth wafer and the departure of the nth wafer is

15 short t - 1 _ ' T . |.i Lf th
Fol owi ng. i e et B st By, St BESRREY beoRls dfloafiffiitut | 10
- TNe <ghfer pRfdedsing dyeteabiad@idualie asiyirepnd]ls detimitedbyaths fitstitsecond| ared third seling S

the time, allocated for the robot to nmake one transport nove. The tine "g"
i s grebariadsdespestvely; to the transport time of the robot. By using above

| ogi c state : ] ' SO Malel Lrs for
al | process@%glts@egﬁf ’%@h%&?ﬁ%ﬁ%‘?& S n&%ﬁi %@étre wr?ggl)toggé Forj=1 to

+m'" ) process times of a first, second, and third gating modules, respectively;

wherein the first, second, and third gating modules are the modules having the longest

process times of all the modules in the first, second, and third processing recipes, respectively;
wherein the first, second, and third schedules result in eliminating conflicts among the

plurality of modules and transportation resources;
wherein conflicts are situations wherein separate modules demand a transportation

resource within a time span insufficient for the transportation resource to service these modules,

2. The computer program product of claim 1, wherein the computer program product

resides on a server coupled to the wafer processing system.

3. The computer program product of claim 2, wherein the wafer processing system

comprises a wafer cluster tool.

4, The computer program product of claim 3, wherein the wafer cluster tool includes

a plurality of robots for transferring the first, second, and third plurality of wafers.

5. ) The computer program product of claim 4, wherein the wafer cluster tool includes

a plurality of process chambers for processing the first, second, and third plurality of wafers.

6. The computer program product of claim 5, wherein the computer program product

schedules the wafer cluster tool to eliminate conflicts amongst the plurality of process chambers
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Forme I'to (n-+n"") For n.=1to m1l 30 Conflict if OR[jT7,,-T";r I<g

TS T~ kl<g 1T )] -TA,"1<g , I Tm k-T~, ~t1 <g] =TRUE 27 WD 01/ 67493

PCT/ US00/ 16794 next in next n 5 T Step Si Resolve conflict through proper
gueui ng and | aunching. Note that in Equations (E) through (G, there are
three yet undeterm ned variables used in the calculation of arrival and
departure tine of a wafer at a process nodule by a particular robot. These
are the intentional delays called queues q, g " and the timng of

| aunching the wafer of the entering lot SP,- . Optim zation procedures 10
are used to find the best conbination of these three variables such that
there is no conflict and the total queues is mnimzed. CGenetic Al gorithns
are one such optimzation procedure. hers will be apparent to one
skilled in the art. The foregoing description of various enbodi nents of the
~ i nvent kgrusbasthepbaalifgrofsebted f or purposes of illustration and description.
It is not intended to 15 [imt the invention to the precise forns

di scl osed. Many nodifications and equi val ent arrangenents will be apparent.
28 What is C ai : eLAORMEES IF 81XiR 3O WHEeirf BE c&1 top@naprodher

pr ocests7'| ng sys?gjrlne cct]TF‘#é)J[ﬁcorrput er r|8§lg&rgjam product conpri s?ﬁ@_r ggoulr)ces for
gener akéhedulas fienvedfersrhemssing system écieabitime dyring &w&rﬁbﬁecﬁ%@ég ShiphtiEe st em
during a fjrst tinme period, wherein a first plurality of wafers is
procesE%‘EP‘{?uring the first time period, and each of the first plurality of
wafers is processed according to a first reci pe, wherein the substrate
processi ng systemconprises a plurality of nodules for processin

i ndi vi Bual waf er $he pompwietpresiesm predyePEFeim 2, pherem the QOIBP‘“F‘P%{H%E} Petigin

resour l(iSeB% afg%{wt}cr ﬁggr?tglr'r}tb "WOhedule the wafer processing system.

9. The computer program product of claim 2, wherein the computer program product

uses a linear transformation to schedule the wafer processing system.

10.; The computer program product of claim 2, wherein the computer program product
uses a first linear transformation to schedule the wafer processing system during the first time
period, uses a second linear transformation to schedule the wafer processing system during the

second time period, and uses a genetic algorithm to schedule the wafer processing system during

the third time period.

11. The computer program product of claim 2, wherein the first plurality of wafers are

. processed at a first constant rate.

12. The computer program product of claim 11, wherein the second plurality of

wafers are processed at a second constant rate.




a wafer froma first nodule in the plurality of nodules to a subsequent
nodule in the plurality of nodules; resources for generating a second
schedul e for scheduling the wafer processing system during a second tine
period, wherein a second plurality of wafers is processed during the second
time period, and each of the second plurality of wafers is processed
according to a second recipe; resources for generating a third schedule for
scheduling the wafer processing system during a third time period, wherein
athird plurality of wafers is processed during the third tinme period,
such that one or nore wafers fromthe third plurality are processed
according to the first recipe, and one or nore wafers fromthe third
plural ity are processed acgor di i @Qﬁﬁ i first,
second,lg'and third schedul e(sA %g%ggpggp%aﬁiﬁ%ggg%%foeg%l t hi ?igﬂg&ef%‘gl ng

per i odsluk®F tdolhinchwies b piralitn bbpdicesg chamblers fanspasting g pbfralith ef vafess, thesecond,
and third pluraljty of wafers to and from nodul es used in the first,
secondMeHhd QORINEINEeci pes, respectively; 29 wherein wafers fromthe first,
second, and ' ' [ ; gocessi ng
system i ndi \I/(?aglg{élql] %/)b llé{lthﬂildr’\ %’g‘?lg%fs\éﬂggh? mW?i? fgc(l; h%f/eg t?(ﬁ) é’ ﬁe?esl? Tégghe%gfﬁg?f gn_d third
sendi nglurgdity obdafers sdpeled aftel an endivfoet sending feariods the sedingipermddotiprising a

sendi n .eriods.%re approxi mately equal to the process tines of a first,
second! ?EF?W@Pbmaaﬁing nmodul es, respectively; wherein the first, second,
and third ggtjoRgidmgs bﬁ@mﬁ* 8f WhRrdMdN E8stBAsbY) Wtk the pBaslity dFFRgas sret | MES
of all the nodules in the Tirst, second, and third processing_recipes,

r especpiogedsyd consmertninttheclitestool ansenting togpliuality of reeipesd Wherein each recips

elimnating,confli.cts among,the Luralit f ion

resour 8%%’?%\]%8?‘ {Of TEHRFF iRdies g plur it?'t?zplmocﬁ?%\/%%%g?ﬁ%i’é‘%{a%rg%éﬂeaﬁ{%gﬁptélget denand

a trangafr chRiste® ool fpélh @R s8hdink Pedod isppfkanattlyedbilite tierproéess titlefa

transportati on resource to service these nodules. 2. The conputer gﬁogram
a

pr oducgatises reodulenviherain reegating modelenp theanogiobrang e denesst Prresst HES of
ser Ver@%g}#&d 4 ih t};}\gl\%e\gr?iégaec ego Wagwﬂ:r ﬁXiﬁg%Qde@for}g(fcg%ﬁﬂ%m er program

pr oduc claim er processing s onprises a wafer
cluster tool.

14, The method of claim 13, 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.

15. The method of claim 14, 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.

16." The method of claim 15, wherein a number of robots in the plurality of robots is

less than a number of process chambers in the plurality of process chambers.

17.¢ The method of claim 16, further comprising : releasing the plurality of wafers

from the wafer cluster tool, wherein each wafer of the plurality of wafers is released‘ from the
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4. The conputer program product of claim3, wherein the wafer cluster tool
includes a plurality of robots for transferring the first, second, and |
third plurality of wafers. 5. The conputer program product of claim 4,
wherein the wafer cluster tool includes a plurality of process chanbers
for processing the first, second, and third plurality of wafers. 6. The
conput er program product of claimb5, wherein the conputer program product
schedul es the wafer cluster tool to elimnate conflicts anongst the
plurality of process chanbers 30 for use of the plurality of robots. 7.
The conputer program product of claim3, wherein the conputer program
product schedul es the wafer processing systemin real-tinme during the

fi rst,%ﬁg\%ﬁggl aﬁﬂgﬁﬂﬂﬁdﬁe%ﬁﬂ?n%ﬁé{dd‘?ds' 8. The conputer program product of

claim ereln the conputer ogram product uses a genetic algorithmto
schedul e the wafer processing system 9. The conputer program product of

claim wherei n the conputer pr a roduct . use l.inear.transt.ormation
to sch_i%ul e the wafer procéé’é?tﬁ@fijg{r?g]gﬁ‘hngﬁ.Walfﬁrea'c‘,%ﬂ%ﬁ?le‘rv ﬁrrﬁgbti‘ﬁﬁﬁaﬁ?roduct
of cl ajptér toWRBipled RFa SRRRMEAN sBMABF SReMiIRREURE clusteE®oB tHd hétholl | near
transformation to schedul e the wafer processing systemduring the first

tinme e@nprodngiuses a second linear transformation to schedul e the wafer

processi ng system duri t-he . i er.L.od, - U . ge i C

B Gor ¢ hmt SYR B e P i PO AR SR v AR SR S e
per i odpludality dhecipesiadhudes @pl@@li@ﬁbfép@&s@ tinek fed the Bludter 108K fdicreih e dustat

pl urali tf/ of wafers are processed at a first _constant rate. 12. The
conput tep! enmengisane plosalife of Brodeles fanpracessipe indi iduah wakass Brigsegrencg of wpfess,
waf er s

o o S PUERISRERDh BolBSPT SIBBIA PG i B OgIRIR iy
pl ur al éftriodilestb acebsequaa @k ihakie plundiessf mgddeyl ural ity of wafers, the
e e ipuhaa seduleder e aater custer Yool such that the schetule cnables the wafé <"
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 of a sending period for the
selected recipe of each wafer,
wherein the sending period is approximately equal to the process time of a gating
module, wherein the gating module is the module having the longest process time of all the
modules in the processing recipe of the wafer to be processed,
wherein the outputted schedule comprises selecﬁvely inserted delays in modules other
than the gating module, and in modules other than in critical modules, wherein critical modules
comprise modules in which delays in wafer pick-ups adversely affect on-wafer results, wherein
the selectively inserted delays generate a periodicity of the flow of wafers through the wafer

processing system corresponding to the sending period, while reducing conflicts at time sensitive

critical modules.

19. ~ The method of claim 18, wherein the schedule includes a plurality

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

¥
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plurality of wafers is |oaded after an end of one sending period, the
sendi ng period conprising a uniformtinme interval; processing the
plurality of wafers in the cluster tool, wherein the plurality of wafers
are processed concurrently in the cluster tool according to a plurality of
reci pes, wherein each recipe of the plurality of recipes includes a
plurality of process tinmes for the process chanbers in the wafer cluster
tool, wherein the sending period is approxinmately equal to the process tine
of a gating nodule, wherein the gating nodule is the nodul e having the

| ongest process tine of all the nodules in the processing recipe of the
waf er being | oaded for processing. 14. The nethod of claim 13, wherein the
plurality of wafers includes two or nore wafers which are processed

according to a first recipe_ in the plurality. of_ recipes, a?d, WO Or nore
waf er s28Ri ch are processed Re&withadey clagmd 9s whensi the plysality AT pik-uBImes) i ty of
r eci pegjimihate hiBi h Atk Wherein. the wafer cluster tool

i ncl udglémén Slcuraﬁfﬁ g‘f@p%rrg@é’?sq?%ors transferring the wafers anongst the
plurality of process chanbers in the wafer cluster tool. 16. The net hod of

claim1p, whereip an er. of rpbots .in th luralit f robots is |ess
Chan 3 bunbor - of i BEUSE SEriSim AP hsteinine Hhes i B S er o 17
I The gRIMOHNDE the!phirAlith & f Waddrt R¥cifpQiFBEdssddng @ releasing the plurality of
wafers”™ fromthe wafer cluster tool, wherein each wafer of the plurality of
wafers is released fromthe 32 cluster tool at the end of one sending
perio 18. A hod of .sgheduling a .wafer cl ust t.ool , erei.n the wafer
Erust Lol 1 o PisanrBad PEAER ahithelsn st VBt fiee g SERMPE IS, o
tool, dchedpiet hod conprising: inputting a plurality of recipes into the
conput er system wherein each recipe of the plurality of recipes includes
a plurality of process tinmes for the cluster tool, wherein the cluster

t ool ri ses I ' ] ' r ' i-0d] Vi f in a
sequere.of vat on g4 bYim FBUchdh b Roel REERERAR Bl § Blcrtihethe
transpehédug a wafer froma first nodule in the plurality of nodules to a

subsequent nodule in the plurality of nodules; outputting a schedule for
the wafer cluster tool, such that the schedul e enabl es the wafer

24. The method of claim 20, wherein a linear fransformation and a genetic algorithm

are used to determine the schedule.

25. 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, 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 computer program
running on a computer system, wherein the scheduler ensures that the cluster tool processes the

plurality of wafers concurrently, wherein the scheduler ensures that each wafer of the plurality of

§
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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 uniformrate of a sending period for the selected recipe of
each wafer, wherein the sending period is approximately equal to the
process tinme of a gating nodule, wherein the gating nodule is the nodul e
havi ng the | ongest process tine of all the nodules in the processing
reci pe of the wafer to be processed, wherein the outputted schedul e
conprises selectively inserted delays in nodules other than the gating
nmodul e, and in nodules other than in critical nodules, wherein critical
nodul es conprise nodules in which delays in wafer pick-ups adversely
affect on-wafer resyults, wherein.the selectively.inserfed.delays erate
2 peri GHRTES EYDIFE LA 515 BrsRmAing 16 ASSRAIE PRECQar B Selspisd S D6t em
correspeyygli ng to the sending period, while reducing conflicts at tine
sensitive "critical nodules. 19. The nmethod of claim 18, wherein the
schedul e i notheis the sshdingiperigd isgppxirhately eqhalde theprogesp timeafiatgating r obot s

i h | | . 33 20.. The. haod.of .cl ai wh i h | i
of pi CRATB IR R AT e PR PLLE & Bl Pa PG Ele e thiRl 'Y
The megtOodngdst ﬁﬂo@éé@tﬂ:ﬁe ofdIEthe ibfockéth gSehiagitiedsen itie 1$r0B3EINgG Gediye dilthe 0afEp WS er

systemwhile the plurality of wafers is being processed. 22.. The nethod of
cl ai m bopragawsedi n a genetic algorithmis used to deternine the schedul e.

23. The net | & , ' | : j i S
ot erm e« Hciel G sPhCHES 5elt I Brchs del Rt RAGHOAPLS BedSin Rikmbas
t r ansf gtheBthan theiing pgRReding clanger,iaht seleatheluingettd delajgtieothawehtdide s hedul e.

25. A wafer_ cluster tool conprising: a plurality of processing chanbers for
pr ocesBiofgsslghambersiofhes thagdp spdcalfraessing ehagbepy, harein 911%%5 PRCEF L ¢

pr ocesagﬂl ' : |t Vi Ui LEELURES wéa'i‘érgb‘élﬂ gﬁ@% I SftRe.Rf the
plural ity H’(‘;-:?S'Cérye |r%gg}(gc§gsél? Fﬁeazﬁﬂgg% ﬁhéflﬁgéi}%%?npr ocC é,ls ﬁ)smes 8 a vva?er
f r om t wefeptasuhtsd, mtheredh theaedebactiyely inserted delays generate a periodicity of the flow of wafers

through the wafer processing system corresponding to the sending period, while reducing

conflicts at time sensitive critical modules.

26, The wafer cluster tool of claim 25, wherein the scheduler determines a schedule

for the cluster tool by use of a genetic algorithm encoded in the computer program.

27. * The wafer cluster tool of claim 25, wherein the scheduler determines a schedule

for the cluster tool by use of a linear transform encoded in the computer program.

28. The wafer cluster tool of claim 25, wherein the scheduler determines a schedule

for the cluster tool in real-time, while the plurality of wafers are processed by the cluster tool.

29. 1 The wafer cluster tool of claim 25, wherein the wafer cluster tool processes each

wafer of the plurality of wafers at a uniform rate.
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a plurality of wafer transporters for transporting the plurality of wafers
bet ween the process chanbers; a scheduler coupled to the wafer cluster
tool, the schedul er including a conputer program running on a conputer
system wherein the schedul er ensures that the cluster tool processes the
plurality of wafers concurrently, wherein the schedul er ensures that each
wafer of the plurality of 34 wafers is processed at a rate correspondi ng
to a sending period for the selected reci pe of each wafer, wherein the
sending period is approxinmately equal to the process tine of a gating
processi ng chanber, wherein the gating processing chanber is the processing
chanber having the |ongest process tine of all the processing chanbers in

t he prqcessing reci pe of .the fer to,_be processed, wherein the schedul er
sel ectiPfely | ns‘erelfﬁé FTRpSsteP ({%ﬁ@‘@gﬁe\ﬂ Teing feﬁ?%_ﬁ’s‘@?gﬁb“@ﬁa%eéﬁ?m her
than t bhe,ged i p%R 9GH £ iS SEHSY tw AR Inct8 p&itt b fb¥ess RESHbes #8MAKS i nto the

schedule of © processing chanbers other than in critical processing

chanbe phirahitief piogessrchainbetls. pr ocessi ng chanbers conpri se processi ng
chanbers in which delays in wafer pick-ups adversely affect on- wafer
results, wherein the selectively inserted del ays generate a periodicity of

the fl gy of wafers through ﬁggrﬁﬁ,t@gsin@rs?gg@sjoﬁ@r@ﬁ%g em correspondi ng to
t he sending period, while reducing conflicts at time sensitive critical

modul es. 262 plmdityaf processing ehambers| forproegsaingrindviduplerafers of gplwela ol er

detern nes. a.schedul .or th | ust er | _by. use of .ge .c.a rd.r.hm
encodellafrs EFRE S Turlfofrda drelert Aer B¥intE My A ENTH e iR bt
wher ei gachrecipedtle hRiralie bE fetips Spetifishgdatabty dfproddietifks fdrarwdfaofotayheise of
a linear transformencoded in the conputer program 28. The wafer cluster

tool oplugalify ¢ waferswher ei n the schedul er determines a schedule for the
o ook Tong ks Bk o ) Bt pedego e,
waf er mbuss eharkiged; processes each wafer of the plurality of wafers at a
g ﬂlef 3,;?1 ei a: q? %phgcg\g%? Cé),uggﬁ 69,{%]:0[?\&%%1" llajr%tce%rsian Cs))cf)slterg)ljc thglsglnergugé inc\‘\fl]d?rrlgeell QorgltmtlelSa ast
program running on a computer system, wherein the computer program product for scheduling a
wafer processing system comprises:
resources for scheduling the wafer processing system during a first time period, wherein a
first plurality of wafers is processed during the first time period, and each of the first plurality of
wafers is processed according to a first recipe,
wherein the resources for scheduling generates a first schedule having a first sending
period for the loading, unloading, and transporting of the first plurality of wafers to and from
processing chambers used in the first recipe;
wherein the first schedule comprises a first loading schedule for loading wafers from the
first plurality of wafers into the wafer processing system individually at intervals delimited by
the first sending period;
wherein the first sending period is approximately equal to the process time of a first

gating processing chamber;




plurality of wafer transporters is used by two or nore pairs of process
chanbers fromthe plurality of process chanbers. 31. A wafer processing
system conprising: a plurality of processing chanbers for processing

i ndividual wafers of a plurality of wafers, wherein the plurality of

waf ers are processed according to a plurality of recipes, such that each
reci pe of the plurality of recipes specifies a plurality of process tines
for a wafer fromthe plurality of wafers; a plurality of wafer
transporters for transporting the plurality of wafers between the process
chanbers; a schedul er coupled to the wafer processing system the schedul er
i ncluding a conputer programrunning on a conputer system wherein the
conput er program product for scheduling a wafer processing system

conpri ses: mdsmin fedirsigatiog peabessingchambeniaftes pioeessiag shagbenhaviag thelongest a

fi [ ' in. fi .0l i : [ d duri
the 11 PECERT et REwy Bl Préceiifa il Rt Bk bRl fbeor ° Mafere s O

processed aggoufbdfbrikchaduling G waler Rcesding Editdin Hlitng £savhd dmefperiodchedul i ng
generates a first schedule having a first sending period,for %he I% di ng,
unl oadPhgreimasecond RBAIY oh iaters ispsogessed duppg the seeqnddimeagriads ancyeach

processi r . fi . L R, el.n the first schedul e
conpri g‘%ecggg(ﬁ%fofggﬁ%gs pg%‘%g%glagéﬁglrn é?(?)gg?cﬁaﬁ@m%géf s fromthe first
plurality ofvhemirethe résotiet foe sueddalinggacedad ngeceydschodulaavinglaatdopdat

intervals delimted b the first sendin eriod: wherei he first sending

per i odsqndingfisrigd ferthelordng, unlogding, gad Bﬁ%%%@g%ﬂ& ?fghe %ﬁcoag Pﬁlﬁ@{ty 0[35(? o

pr Ocesﬁid‘ﬁoﬁﬁx‘i‘%ﬁﬁ%&m%ﬁeﬁliﬁﬁl%sfeédnﬁtre& -ing processing chamber is the
anmpe e

processing c T aving t ongest process tinme of all the processing
chanber s i nwhéreinfwafsts foom desscomgl plarlifyef wafesurcladédintosthh edddripnoeessiag waf er

Dy oceeSLit BNSLEMON LA 4 RSERIS bLIE RokhSdhqalBEAgh 3 Sooond, PLural ity
second pl urghirbi fRE sdBhE Shding RIRESSSProaRRRIFEqRI fPthe pAREXHNE 8E4 BROond
gating processing chamber;
wherein the second gating processing chamber is the processing chamber having the
longest process time of all the processing chambers in the second processing recipe;
_ resources for scheduling the wafer processing system during a third time period, wherein
a third plurality of wafers is processed during the third time period, such that one or more wafers
from the third plurality are processed according to the first recipe, and one or more wafers from
the third plurality are processed according to the second recipe;
wherein the resources for scheduling generates a third schedule having a third sending
period for the loading, unloading, and transporting of the third plurality of wafers to and from
processing chambers used in the first and second recipes;
wherein wafers from the third plurality of wafers are loaded into the wafer processing
system individually at intervals delimited by the third sending period;
wherein the third sending period is approximately equal to the process time of a third

gating processing chamber;
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wherein the resources for scheduling generates a second schedul e having a
second sending period for the | oading, unloading, and transporting of the
second plurality of wafers to and from processing chanbers used in the
second recipe; wherein wafers fromthe second plurality of wafers are

| oaded into the wafer processing systemindividually at intervals
delimted by the second sending period; wherein the second sending period
is approximtely equal to the process tine of a second gating processing
chanber; wherein the second gating processing chanber is the processing
chanber having the |ongest process tinme of all the processing chanbers in
the second processing recipe; resources for scheduling the wafer processing
systemduring a.third tinme period, erein a third .pluyralidt. f waf ers
2 br ocessedgtiin s b e or e Sl 1 Beefbiemite sffatsf hiive Be Sl
from t Beodebd firtle BE 41T fhle ipEd’ce@sﬁﬁ% PiRaRssRdwagG il tedirktQndhRe §dcbad pfoeedsipg, and
one or nore wafers fromthe third plurality are processed according to the
secondre@pispe; F wherein the resources for scheduling generates a third
schedul e havi,ng.a.thi rd sendin eriod. for . | oad] i d
transpor t i ng B i Ak sehSRF P oREd A Bpad B eh DPip T the oA e €0
chanbepmrgl&?@fmfetrbﬁ)cégsirggtd@ms,second reci pes; wherein wafers fromthe
third plurality of wafers are |oaded . into the wafer processjng . system

i ndi vi dual | Whstein ¢pndlicisars sHuations el seaeate Pﬁopeﬁsg’érf@fiwéefﬁ gpd 2 ei n
the t hiyeslio2amll B RRLIAGch P AR BKMTBLEL X RitBbrdBed iR ficRSS Lime of a
third ga%lng processi ng chanber; &rein the third gat1 ng processing
chanber is the processi ng chanber having the | ongest process tine of al

the processing chanbers between both the first and the second processing
reci pe3?- wherei n the first [D&EaEHATOCSHNE SYsteq %%@Hd]le?ﬁ'ﬁﬁé@%ﬂte (.iOHlpu?er

elimnating conflicts anong the plurality of wafer processing devices;
wher ei progumi fesidesoma scryért agapledrig thehwater prosesplgsysicr ocessi ng chanber s
demand a robot wthin a tine span insufficient for the robot to service
t hese processing chanbers. 32. The wafer processing system of claim 31,
wherei n the conputer :

33, ] The wafer processing system of claim 32, wherein the wafer

processing system comprises a wafer cluster tool.

34. The wafer processing system of claim 33, wherein the wafer
cluster tool includes a plurality of robots for transferring the first, second, and third plurality of

wafers.

35. _ The wafer processing system of claim 34, wherein the wafer
cluster tool includes a plurality of process chambers for processing the first, second, and third

plurality of wafers.
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program resides on a server coupled to the wafer processing system it 33.
The wafer processing systemof claim32, wherein the wafer processing
system conprises a wafer cluster tool. 34. The wafer processing system of
claim 33, wherein the wafer cluster tool includes a plurality of robots
“for transferring the first, second, and third plurality of wafers. 35. The
waf er processing systemof claim 34, wherein the wafer cluster tool
includes a plurality of process chanbers for processing the first, second,
and third plurality of wafers. 38 36. The wafer processing system of claim
31, wherein the conputer program schedules the wafer cluster tool to
elimnate conflicts anongst the plurality of process. chanbers for use of
the plurality of robots, wherein conflicts are elimnated when the
schedul er selectively inserts delays into the schedul e of processing
chanmbers ot her than gating.,processing .chambers nd,sel ectively inserts
del ays 3znt o the schedul e of ‘%??"erégf’ siph a¥alen of H’é??’t‘ﬂlieﬁelflﬁﬁe %‘?“'fllflﬁ%ral
processi ng chanbers, wherein critjcal processing chanbers conprise

pr oces Pragiamsphadsles she walghelesferiopbipslininata pentlipis apopgst theplaradisy 9f RrPees
on-wafer results, wherein the selectively inserted delays generate a
per i odickarhlyers fortuse of thoplwhlitwal estety, whotejhcdrfbicteafesslimipatod wheh Hp ssheduden
corresponding to the sending period. 37. The wafer processing system of

cl ai m galectiMaBy inbditstdeRiys @itD tHeaiche O FEt GRS ChdAbert bferhe TadiDorescssing
systemin real-tinme during the first, second, and third tinme periods. 38.

Th 00 S : : ;
e Wa{:lﬁ{m OGHT §ﬂ9&91v§¥§hﬁs‘éqgﬁeg&% ﬂ{émﬁ?s’ché’mé &f oEeﬁﬁng eHRHL &5 oﬂfeggfaﬁ_ﬁlﬁ}]g"s es

a genefic aldgorithmto-sc waf er processing system
waf er processing.systemof ¢laim32 . wherein {he, conpute ogram uses a
' hoar BHOGR BRs PR ShePs s e AP Spe shAER S b Bl e 8 e
waf er processing system of claim 32, wherein_the conput e[ .
chambers in which delays in wafer pick-ups adversely atfect on-wafer results, wherein the

selectively inserted delays generate a periodicity of the flow of wafers through the wafer

processing system corresponding to the sending period.
37. The wafer processing system of claim 33, wherein the computer
program schedules the wafer processing system in real-time during the first, second, and third

time periods.

38. The wafer processing system of claim 32, wherein the computer

program uses a genetic algorithm to schedule the wafer processing system.

39. The wafer processing system of claim 32, wherein the computer
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programuses a first linear transformation to schedul e the wafer processing
systemduring the first tinme period, uses a second |linear transformation
to schedul e the wafer processing system during the second tine period, and
uses a genetic algorithmto schedule the wafer processing systemduring
the third tinme period. 41. The wafer processing systemof claim 32, wherein
the first plurality of wafers are processed at a first constant rate. 42.
The wafer processing systemof claim41l, wherein the second plurality of
waf ers are processed at a second constant rate. 40 ABSTRACT RECI PE

CASCADI NG I N A WAFER PROCESSI NG SYSTEM The invention allows a cluster tool
to change froma first recipe to a second recipe, while preserving
periodicity and ensurin hat . t her r o _delays at critical points. This
pr oced PFRsRd Y56 & P‘?ﬂt‘?gsgggnart?&qﬁéaﬁegg@éﬁ? W@_Fef&g%&g&%@@%eﬂ};m ves enptying a
first lot of wafers off a cluster tool and popul ating the cluster tool
with another lot of wafers, serially and simultaneously. The procedure is
performed with no delays incurred at critical process steps; and with no
addi ti dfal robots and procdds wafduprescssing eysterhafi claith 32 ewhereinglie tomp®yr t he
reci pe and throughput requirenents of the entering and the exiting |ots.

The enbpeidrid® dsed a filkyliddas Grahduindtionfte ceiRtiuleahé wafer pruteisingoyygteptiduring the
requi renents fromthe exiting lot. A programresiding on a conputer

det er mﬁ?ﬁ%%?e n%e?ﬁh?&lék 8 sEQnd 1RBaG s iRMaliPlo Jhidille SRIIEDrO&ESIRL spagRadi ng.

The program nmay use a genetic algorithmto determne the schedul'e, or any
O_t her 881111lug e RebaNd s Ir)]er}io Uend us'tzalsg'gm?éat‘ic%rﬂgorﬁﬁn to schedule the wafer processing

system during the third time period.

41. The wafer processing system of c¢laim 32, wherein the first

plurality of wafers are processed at a first constant rate.

42. ' The wafer processing system of claim 41, wherein the second

plurality of wafers are processed at a second constant rate.
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ABSTRACT
RECIPE CASCADING IN A WAFER PROCESSING SYSTEM

The invention allows a cluster tool to change from a first recipe to a second recipe,
while preserving periodicity and ensuring that there are no delays at critical points. This
procedure is referred to as recipe cascading. Cascading involves emptying a first lot of
wafers off a cluster tool and populating the cluster tool with another lot of wafers,
serially and simultaneously. The procedure is performed with no delays incurred at
critical process steps; and with no additional robots and process modules other than
those called for by the recipe and throughput requirements of the entering and the
exiting lots. “The entering lot- may also have different recipes and throughput
requirements from the exiting lot. A program residing on a computer determines a
schedule for the cluster tool which enables recipe cascading. The program may use a

genetic algorithm to determine the schedule, or any other optimization technique.

Fig. 5A and 5B
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