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CASCADI NG I N A WAFER PROCESSI NG SYSTEM BACKGROUND GAF THE | NVENTI el d
of the lr%’ﬁ%)“‘?'@ This invention relates to the field of wafer 0Brocessi ng.
I'n particUlare Phe invention relates to scheduling techni REEUSBATHS er
cluster tools. Description of the Related Art 10 In the process of

manuf acturing a sem cogductor | h N, circuit,
nuner ous steps of m crgg 2, glﬁ%ﬁ&éﬁp@&?@?ﬁgﬁﬁgﬁg%ﬁg devi ce. These
steps are performed serially on the igsiyrfpal . itens of manufacture i

i ndi vi dual nodul es; the itens of manufacture are transferred bet mﬁmmﬁ\m“‘“““““““\

modul es by transport mechani sms such as robot's. In order to achi

desi rabl e throughput, religRidy y i ity, several +ics166*
condi tions nust be net: ZOB%%Gﬁ‘Bﬁ#ﬁedggﬂézmwgmval of the
substrate §$o0 &ieldfof ¢ive Infvenfioacess nodul es, as well as the transportation of

the wafer between dul es, . rrus} "be acconplished in a tinely manner. This
timely delivery andbiSeRbsationgelatesie thedield okwalen progessing:clp Ratcuiargthe of

substrate is ;;g)eﬁﬁ@ﬁ e“g s%h@cﬁflfn Qémggs ﬁymr@g&&%ﬁog@nner. |

periodicity and synchroni zation are not” nal nt al ned, € process results
w Il be inconsistent fromsubstrate to substrate, and the expected

t hroughput may, be.reduced. t. js desirable to transport the substrate in
simlar pr o_ce?§“f'?’6%"b3f&'§ l%ag\‘}‘o‘*r& i nconsi stency in process results due to
variationggin the py@eqescdis of fladufdétubilea S4RRbAIRS dedice!such gs a'Perative to

ensure that the articles of manufacture do not spend any pre-process or
post - process {integrated cirayit, numasens sseps\ifi axierocfabri¢ation ape perfersed tafemper f or med.

The addition . - cess tinme in.these dul es degrades
not only the ?%?g{jgﬁlg{j'?ggeg?agﬁr%egf&?%’gg%)e%c?@é%tbeeg’ﬁif‘flgl.mql’—’%wg’garrpl e, inan IC
fabrication symhefacturé insindividual aindules; theitemsbEtantfakiuré ardnfaheferred from t he
spi n - 7 SEP 20~~ WO 0O1/6793 - PCT/US00/ 1679~ coat nodul e to a bake
modul e to t hePHRERY madules By JFBSRAT BEchanisms| syeh aybots: Ha arderte aehigver i | m
t hi ckness iy | hedd@bittRERGhAtRRIRbIl. ahll fAbSichd NEal 41 nat e
pr e- process andl or post-gpf%(’:essblthllt}trfeag?fdt%é%@ﬁ@ﬁ@’%&%%&%?@#é?% ef as
possi bl e, andbametivari ations in 5 these tines cannot be allowed. The
inability to pgeet any..or.all of the above conditions me fromthe failure
to resol ve tra&hsport %ﬁi‘f%@%ﬁﬂ’l"f" &fg}‘msg?tfﬁ%??‘gﬁ?%ﬁf%?éqcﬁsssepar ate
nmodul es demand a r obohodvikd)iad waklitds ke ﬁﬂﬂ?oﬂtd’i%fdcfltﬁé ®afer befwdehenddald! to
servi ce these nodul es 10 One conventional solution to the concerns listed
above is the additi ormit beaceemplished ina timgly mannendThis simshy delivenoand
r esour ces,n However, t ] L1 1O Qfg e [ traints of a
track sysg%m limt th%ﬁlgggé&b%uhgpf%g%fa%ﬁ%‘s’o Vf‘%’baﬁgﬁ&%ggé"é’%&gﬁﬁ % culties by
addi ng addi tional pranasiatinabinagseriodictand sghirdzédmaneso Uf peiodicly The
addition of dedicated transfer, arns to transfer substrates bet _ugn adj acent
-

modul es (her ei naf t er 309|SYBERrPRiZatoNars net mawtainedathprogess reppkis wi

inconsistent from substrate to substrate, and the expected throughput

may be reduced.

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

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

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

system, if a substrate is not immediately transferred from the spin
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anot her nethod used to inprove throughput and elimnate some of &HeSEP 2004
preprocess and/or post-process tinmes. However, the addition of |IBTAs al so
has seri ouwodnsmsacks. Dedi cated transfer arns conplicate tpertgod1ao4
i'ncrease its 20 cost, constrain the position of the nodul es, and cannot be
used everywhere in the tool. As a result, the tasks of managing the
substrate flow in the tsaakodulstorballinl Qiuleid hainilGuROl Brdtbgbiidimguanput
and quality and resolving all transport conflicts becone unmanageabl e.

Anot her conventional shiyen theresalting filrs ¢highness sail beinpredistable. df itrisnsport 25

priority rules. Prior A ge] nouve) the control stem also.referred
to as the software sch%a"g%?asgpre,le t\ygtgfapygién%%aée g{eélefagesaﬁn@ﬁ{)g?wwgsq fmes,
different nodw es and tiekehoild d8sétierdd dsQrieh s P6s3ibe, RS ak§85htRAs fhese

rul es. Howeyver, to achieve high throughputs, the schedul er may generate
undesi r abl e? unpr edi ct%ﬁ“e“@ﬁﬂc%‘mth‘t)g@ -process and post-process tines
in critical nodul es, : S . to fallow
different flow pat hsTht;é gg%ﬂloirgﬁ'l tét?%e%y E@{éﬁ%ﬁ%@?éb%ﬁﬁﬁ@?%&% ﬁQEPI 00

Her et of ore, t héailuze)td resoira transforoanmflidts (Candliatk atel sttoaticay wHerein isgniateon,
quality, and p‘athu&oggi stgncg referred to abqve have not been fully net.
What is neededodulesdsmand 3,10betyithip atime.tpan iayufficientfasthe sobgtito sarvicRese
requi rements. gidy¥WhRYufes THE | NVENTI ON According to the present invention,
there is provided a nethod for wafer processing conprising: loading a first
plurality 8 wafer s Onetconsentininal soduticsiterthe caricemathistediabovdhis the additign of al i ty

of wafers are | Lnto e cluster ol individuyally at intervals
delinited by ae?tﬁj&%cgs&{a?i'ge aéﬁlt{ﬁi“p IOEJEWWFeFl%Wz?%Q‘qﬁ‘?%t plurality
of to wafers i fimitadossargabnrsdtict! @ndtQirds bf 4 &rhcl 8&ieAClimithBe Pbsrs?c;ilit’y%l" pe
including a first squlllagn e of process steps a first plurality of process
times, wherei n"S8bing Qe difideplties hynadding additiensgd preeessanodiescerss st eps has
a correspondi Ngafd; ﬁgﬁ?n{.é'sg@r k) the first plurality of process tines;

| oadi ng a second-plurality ofc wafers into a wafer cluster tool, wherein the
second pl utdlity of Thekdditionof dediaateditramsifer drhs to krasdfer substpdtes bedweérdual | y at
intervals 15 del.imted b second sendi ng perijiod, and each wafer in the
second plural i a‘iﬁm%dé‘r?%%re‘ﬁﬁgﬁre@iléaII%%EE@FHFF@*&W&JWA‘%@ pe, the

second reci pe hithétthétflod usRBsh ‘%ﬁx‘&%@h@jt A0 QBAFRatS Sshe Rté ﬁ\g ggec_o nd

plurality of process tines, wherein each process step int cond
sequence of pr broesss apdypoblaproaess timessHowedverytheraddition of IREAs mlsbthas second

plurality of proc t] X rein the cluster tool has a transition
period, duri nggﬁoﬁgﬁr%ﬁﬁ% %@%ﬁ@“ﬁgﬁf WB&%@B@??%% 130! 3pd ARCTGASE diSs £ r om
the first 20 ur edsticonsStrainahiepssiteacor e fddulks] 4 dahh@ibenB6d Beerplerie OF NOre

wafers fromt hg_‘esecond pl urali tésOf waf ers according to the second recipe.
An enbodi ment 1o0le ASR/EARILIRE taskpokmanaging thesubgitste flowdmthegeackr om a fir st

recipe to a seggfg? Whle RSaintdih .Q%FE i odi Gi Ssyri,ng that
there are no 25 del ays glﬁm%rl t.%‘é@hgﬁo‘rﬂ{ﬁ |ﬁ{s pr u%‘é%ar@r}lgssoq?%ggpr ed to as
reci pe cascadi trapspGetsonflictpbdcome unemnegeablje.ng a first | ot of wafers off a

cluster tool and populating the cluster tool with another | ot of wafers,
serially and simul tgﬂeﬁ\%f’ .Vevﬂen%rse@@amsetq assign Afsgl QFSYLSIFate rARSPAR ay's

incurred ags Crbﬁblf(it?'rulé§.0Pﬁ%ﬁt&é@%boﬁﬁ&’vé{“tﬁé‘%d&?rtoﬁ%ﬁﬁ,%@ refegltéﬁtté agnd

process nodul es other than thosé called for € reci pe and throughput
requirements othesREWaE sshedylem yerfies the stagsiafisnbsttatasdn diffiremmadulescanidot may

al so have diffgr 261 RE: hr.ough requirenents fromthe exiting
| ot . - 7 SEPEE'S tIrBR Q’&gé@&fl M‘W@?&%wﬁﬁs%ﬁﬂfe& 19 3CREYC 1 i e 1 i ne
iI'lustrating thighplrongispwas, thhschedief @y ganctaleamdedrabl Anpre@ictiblecdnd 00! ,

wherein the points. are separated by intervals of one sendin eriod. 5
Figure 2 ill usY?‘?ﬁ%&PrFﬁgW%F and Pestmiepeabgmeaﬂrecrm@kméum@gtgq t hree

wafers at f) ProfRgstel magisdld fofdlt ?olf%?hif?e?@rft i #Jlﬁ]&)i c%lfﬁr{%'!&e thIES

wherein the pick-up tinmes are nornalized rnterns o e sending peri od.
Figure 3 ill usprosesssyclee vari ous nodul es and transportation nodules in the
cluster tool. to Figure 4 is a graph and corresponding table illustrating

the nodul e paths in the cluster tool.



Figure 5 is a table illustrating the recipe of a cluster tool. Figure % &S
a graph and correspondi ng table of nodul e pick-up tines which arise i 1 Pa 2004
sendi ng period, wherein the sending period is broken into 6 sub-intervals,
as there 15 are six possible robot noves within a single sending period.
Figure 7 is a graph and corresponding table illustrating conflicts that

ari se between pr rel af L. et

i cat od when' (i on i 1gtegBREERsbPodhA Bl MAE BrnfARALE GaBhfond | |
a singl e peathadnsikiegey &fdrddsoabgvealpve aotbaadalparey i Whattiahéeisd dndsotetion ces,

which illustrate the 20 insertion of queues to elimnate conflicts between
modul es f oth# spadtangepshpatsirassesspll of theseapquizaments wo 01/ 67a93 PCT/ US00/ 1679. ~
Figure 9 illustrates recipes and recipe tines in a cluster tool. Figure 10

illustrates wafer flow in steady state in a cluster tool. Figure 11
illustrates a transition perSUMMARY OF THEIINVENTIO®r t ool processes an
entering |l ot and an exiti lot. 5 Figure 12 illustrate e timng of the
first wafer of tHEOEHREN thg PregeritiRvani b dherseprovides aé}&%ﬁ?%f]%gv% an
enbodi Ment. paloebdis LN MoadRlel Ak RPERCBE RELENRY D /AQ e odfoNf | ct
Resol vi ng gchedulers 10 An aspect of the present invention conprises a

met hod f or wherdimihei firgt plhraditigdipuatersrade tnaded ingo the chusteated aredividupldy alyst em by

schedul i ng.events, i.n.t system in a periodic redigta fashi on whi ch

ol 1'm nat o FOgAls et Py R B CRpi e deRet Sl fen BARDPELG RS At M o
nmanuf agpur ivitders Y8 R sSQIRIchb RSy @ SBFst Reipef the Ffi?ﬁ@%p&ir@ﬁﬁirﬂ% a first ssquefbe Whi ch
are perfornmed consecutively on individual units 15 of manufacture. The

i ndi vi dual of prssesssstepsafastaflutality efprpesss timss.cvdeivteach processstiplin dhre finst
"process chanber s"f and tthe Eeri es of Sdfar}eﬁs is |.i st.eg i’g a i'reic%i §§ The
manuf act ur iPH o85e? BRFPET°E 8P R R AU PR R F S P LA BFY PHE RS uni t s of
manuf act ur eréets e es; e L5 sdcBnd PRIrJIRY beFafdrdiRiea AR CIEaS tédywhdéreinube
robots. Conflicts may result between processes in the system when separate

20 rodul es sgromeRiraliysH srafor ar ladediiny h@9hlﬁtem0éhldﬂ\§dv%biﬁtﬂmemﬁt for the
robot 19 S@klinfied bDE3EeJMIERe oSt hBRN Warel fn the sABRH pRRUIRY LE wakheflu] €
I C e%ﬁ P ot t evz

the systemin a nmanner Ibits perirodicity, s nts i1n the

syst em ar e psgoesdet ancoréngtio acecmd radipgelie sedond repipedincltidinl @ secundrseaqilenice AH

enbodi nent of the present .inventiagn includes techni que of selectively

schedul i ng PEREEECHSH2 §ea0NE RIITStY 08 PRASes LImess WRSHIA SRANPGRGS FEBEEYS in or der

to elimna i iodl Ci Li hout

degr adi ng ;Sﬁcrogééﬁ uf[ﬁ %?P%gérsﬂs%p% §S‘t2¥:€ér£e;§{)ﬁe%ﬁ§%ﬁg Setlfr?rﬁfeﬁ%?se(:%&

Conf | i ct - Rpbohlity md pBycesstimes; xdterom theWhister tGlums ertralisitibs pémod xanpg svhath t he
ool. In

type of manufactur.i system descri bed _.above is_.a 3 fer. cluster t.
AR Nl A L el e e RS
organi zed a¢ fHéTHsterefipO Ui Bhe ¥rhBfe WARBRIRAR (I BchREPUFSiBPof WhfefORBbMing O
perform a sequence of process steps on the wafer. ‘A waf'er enters
to the second recipe.
An embodiment of 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
25 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
30 entering and the exiting lots. The entering lot may also have different recipe and

throughput requirements from the exiting lot.



and exits the tool through a buffer called a | oad port. Once a robot
retrieves a 5 - 7 SEP 204 WO 0O1167.93 PCT/ US00/ 1679. 1 waf er fr ofifaSEPo20d4
port, the wafer is transported sequentially through the series of nodul es
specified in a recipe. The tinme period defined by a wafer's entrance to a
nodul e and the wafer's exit fromthe nodule is referred to as a nodul e
process tine. This process tinme includes the tinme actually spent processing
the 5 wafer in the nodule as well as the overhead tine required to prepare
the wafer for processing ERIEE)DESQR[P’KIONO&TTHEIFMR@S the wafer cluster

tool is d i b b L n i nd f bet I t
901 LS Sescr DO R0 S5 RRSSh SR B bR AE RraRoh SRR b
equal | y apreldsfeamo@ Wﬁeréln‘%ﬁé Bbinglaoidhrat by fReril 6fuR sthsidl perese set of

wafers is passed bet ween modul es.) In certain nodul es of e cluster tool,
a del aysi n pi cki Rigueg2 tlhetrpuea&essbdvm@bsaluge rackeep Sigley ofiflfrec walsrs astaf er
results; such nodul es,. ar i I|f| %Hz "critical roc | es,” as they
Cannot i of SraeE it 554 % Franiidities HHREe B G b8 PP dat S b ngs:

al I nmodul esofmaltdee lﬁte@@[;@ft}fecg@hdlhg dfod. dentified as the "gating nodul e”

the process tinme_at this nodul e de?erm nes the throughput of the cl uster
tool . Because thEigyta 3 Hiyshpige the vasipes modelss andetranspartagiopunodestindhecslugeter
tool, it t g9 ;cannot tolerate delays. The recipe for a wafer cluster tool
Ilsts t he dules in sequential order, alongside their respective process
times. 1@he tine Firgw 4 &t @¥pRaidbdtespendingablallistating termadulb pathe antht wo
nodules is referred to as its transport tine. Wafer Fl ow Managenent in the
Ol uster To6lustgafeal. f| ow management, i.e., the orchestration of wafer
processi ng and eterm nes both the

t hr oughput and V\ﬁ{ Feg&g?]tag%erlhér?%ghgtt rgép?égégg‘&gh ﬂe system Effective
waf er fl ow nmanagBEipent 6 iseqgraplesnd terespondingtableus Imcaimlesmalcmpm]masfwhwtearise
follow ng two conditions: a wafer i ch t processed in the_ sending
modul e and '} & STSURE %%\9 Wé‘em@eéﬁ%ﬁpﬂ%élbwiféﬁ e P Spﬁéntfe%é% 91 WG nodul e
'n whiGh thf debELsib Hbof HRAEAWRMN ¥siRfe RIRERSARIRA S empty: and (2) the
robot assigned to transport 30 wafers Detwee hose nodul es is avail abl e.
In the prior artFigoondista graplﬁaﬂdc)ormporsﬁmg' &b]eéﬂudm;atipg omﬁibirsghzadd'sd:i onal

r edundant dul es. Such_.a sol ution, ver, rom 0 |on (2) in
o viays:  PEYYEEE DRRsSHRCE SoH 4100 1 TR TAFE hARGHS e indicared RBOpbL)

Ol/ 67=493 Rfebiulda004id0%5 aQbbbtaR0s ﬁlcﬁﬂfpvdeﬁginHQQﬂtHﬁlrﬁ’mHQg'ﬂleﬁ§d 0" (b) tWO or
more nodul es may_conpete sinultaneously f he service of a robot. When
the two conditi oRigurd &iscdgraply erd @ncem@@mbpn@tabk@@nd thaltages, whlch/alﬂtesﬁramtbk up
result. If | roce adver sely

af f ect 28n \}\ng'% ﬁlbn(rjogsqglﬁesqg%@&# §Jun§1ag% tg&{%gl?%lé)?ﬁlreng ratcﬁessé% {9 ng “nodul e,

t hey sl ow down throughput. As such, it is inperative that the transport
conditions |listed above are guaranteed with respect to critical process
nodul es and the gating nodule. In case (a) wherein nore handling is

requi red than the robots could provide, adding nore robots can mtigate the
situation. However, in case 10 (b), the problemresides in the timng of
the robot service request. Wile adding nore robots can al so alleviate case
(b), this is an inadequate solution. Since the recipe prescribed for the
cluster tool determnes the timngs of the robot service request, a
fundanmental solution to resolving the two conditions



" can arise fromalteri ng the wafer recipe to synchronize with wafer
transport. A 15 scheduling al gorithm described herein perfornms such? SEP 2004
synchroni ,0n... ' This schedul er described herein can b oded in

sof t war e ég)tedclgétaégc? by a conputer, wherein the conputer corrp%@ﬁgooémﬁ%‘rmry
for storing the software, and a CPU for executing the software. In an

embodi nent of the pg.esent.i tion, the schedul er b sed off line
fromthe manuf actu%lﬁéregﬁlsll"{e%?%c{e“z‘aes gF%‘PE%g‘eBPégglg%[tg’F%oﬁed schedul e for
the system Al ter naipirel19.illidhates aratert fisw iRyte sy gae i £ctuster iobe manuf act uri ng
system so that the scheduler can update the operation of the systemin

real -ti me. Synchr orfigigd l\WAystratesiagignsigion perio s pdichtiy plusir tael an  enbodi ment
of the present_i £ Qe rfl . chroni zed by sendi ng indivi dual
waf ers thr ougk’réf%\é("géél%‘%@tgﬁ?gﬁlaﬂgtﬁ\gx{ég ygnt rate. This rate, referred to
as the toob's "sendfigoreridtiBistrates tiexfimagseitthe first waleeof dfe anpdrivigdoprythéour ,
and paces the fer flowwth a perigdicity equal .to (3 600/sending rate)
seconds. Thi scp‘%ﬁr&a?l a,cgqrgpgéaa{lsnéggwtgﬁmﬁwngg?-i od of the cluster
tool, is 30 the heartbeat of the system individual wafer units are

introduced to the systemat intervals of one sending period. And in order
to synchronize the cluster tooDEBAILERIESERIRTIONansport times are

neasured in u@é,%gg?;e[gi@@ogg.&cggﬁsﬁ@ing@crﬁfl&% nore, to ensure that the sane

t asks can be P A -su 5200 WD 01167.193

PCT/ US00/ 1679. t perAmédspectdfehd presdrs inventibe céthpiidesa nicditdd for enaxehiing ed to
acconplish all service requests, hereafter refterred to as "tasks", .within

a singl e sendithgugbpytaad auality in 3 maguiacging systamdy; sehedubing sventhin Beust er

tool requires t.er.m i : . are
performed wt ﬁ?sntggl ‘géﬁéﬁﬁg’h’ eF ?ifgg%}'f)n%&lgﬁn t%ﬂ%%elgéig%tg s %@{trhe‘%t? %v&\nssly H&ﬁ{ a

sendi ng peri odesoustest Aasxamakky sach s emantifeessingoysamsosipailsés hsarieabfer be
referred to as_the "tinjngs., of .the respective tasks. The,concept.s of

sendi ng peri o@§9°§ﬁﬁSt§%nLhr OM’%P?%?{CQFQBWF%%I}S&‘E%CW PRAPY ‘E‘“‘i‘%e_
tinmeline 190 R@gnaufahirel The tHARidWHD pfdteSletelsesT thd\ @ stRBB coiifed fne fi r st
wafer is |oaded into the cluster tool. The tineline 100 is demarcated in 10
units of one sewdiuleg er progessrhambersh agdithe sexics ofistepuis liswd ing “resipelat es,

respectively, I i.ch.th nd hird, and fourth fers are
| oaded into t@%%i‘@?‘“@*&%eﬁ‘ ?)1%? ?e?glﬁ%é?reéﬁgécg%foéﬁa%wgl% é’%;‘/‘ﬂ“ﬁf’ ni zati on
i's periodicit ynarufifctire b8Riten infoduildsiie theayesids;@hest hédoufces magdhctidstobbts. | =1,

. ., Nn, the pick-up_times for any 15 wafer undergoing that task are
i dentical . Thus eachPrfHakmayiresultrhetweangiracesseson theasysism whemsapard®i with a

relative phck-sydid ciths | ol S I i i t he
sendi ng pEPi oé#m Ié%l%gslrjlar%g%glaggg?%}?ﬂ?ﬁ?gﬁ%es}iaﬂr@gﬂsg?r%ﬁ%&?&g@fﬁﬁcgggmf ers,
waf er 1 208, wservige theszirfodulesd Additionally, 1@ desicatde chebilothetsisgemdntai cal axi s

202. The hori %%)ﬁn%l' wlk)}crﬂectxg.l%&is %Eagoc}igi?y,y) I%atae)\(/ierﬁs ?not?lé s;frsrt]eem %;ci s%'inghr%fniztegi s axis
to occur at periodic, predictable intervals. An embodiment of the present
invention includes a technique of selectively scheduling delays in various steps
25  of the manufacturing process in order to eliminate all such conflicts, as well

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

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

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

5



20 201 indicates the tinme at which wafer 1 is |loaded into the clusyejgpt gl -
The relative pick-up tines T, at task i 200 are identical for each wafer.
Because t WOWH6HPE t hensel ves are introduced at intervals afCusoderdi ng
period, the actual pick-up tines are separated by units of one sending
period. Figure 2 also illustrates a distinction between relative and
"actual " or 25wafghfema lpadpiogkthgpvatemie ranspoeted e¢quentialypiheduginthe seriesof a

i is d - 204, _Si. t | at | i,ck- ime | d
Promene o1 ve e petingd B seifl Phid)fnd 0 BB RS Pal DRk
rel ative pick- o hodue bid titanifef akxit Gomans hotfcas refeRb@to ds ZRBduaf er 2

210, and wafer 3 212. The absol ute pick-up tine 214 is neasured fromthe
moment the firgecepatigne. This nreeese timerdngudesehgumelaglly spasipro@ssingthece t he

f i nt ' adi iiod. it foll t hat
pafers e $ sl flodfl SwAl s B O0R-REREL ARISHLSYorle fRlhwe, (12
(w1) + T, s forpOcEsirp/arfiipidlhup. period (w1) is-illustrated in the figure

SEMEEANE Xl il e G LR NPT
Tr - INT (T;) indMAREEWaNT b@f(véen'n?o&ﬂésyﬁ%ﬁﬂ%@ ﬁg E?trt%'i{ii’%kﬂfed% the

nearest integer, is the fraction of T~ that el apsed since the begi nning
of the curr entthatthelpregesdnyantion Theguallp appliveblerte azafenclestat ®ol in wWhishmat ed i n
Figure 2. I% nc(g tt}e T fvaltues are #genti cal .for each wafer, and since the
wafers are ' nsEIFEE SEhOLWAES IS PesSed Paweenmodbled) peri od, the val ues of T
206 are identical flarcepamhmy@iley of thdeRstef {0d d RIS inpickihg tpthe 2. 3 - - - N
conprise the timngs of the tasks the robots nust acconp |gh within a
sendi ng per i oderoqaseedwafse magfadversely affeetrom-wafsr rdsnits guclomodbles aret asks
constitute the,l f o ince.Tr is the acc | atLon up to

b AR e ERIRREIbguIs! P67 ol WSiefife i)

the ith nodule 0 proces e robot
transport ti nmasodyle whoselprdcéess time isilongest drforfgét AlDMBdtREIn fhRrclaiet toeifier . the

relative pick-, ti t nodule i is; T~=~p~ +~t~; r=1,23...Nj.i j=_, It
al so fol | oVis. tnglﬂfieHgS?‘il%%nsm%ﬁ%mceis time 2t s mdule; detgrmines
HIVT(T=) -1 1 thethrdughput bFtheRlubEr tool, Bedaude the aﬁnélﬁ dufd ?étknﬁiﬁgs Lnce
transport times t, are fixed for a given cfustger oo?, 1T 1s apparent from
Equation ( 1 )thromghputiof the ¢tister todl, ittbotartnas toldraiesietiyseTikerecipedbeb y on t he
process tines p:. ag prescri.hed b e recipe.. Periodjcity and Wafer

| denti ficati on‘gdlfﬁreaﬂgbrptgf’{ bsqf)&‘edﬁ?ﬁi"aﬁq 1n;seqrential Prdera plopgsitf theityent i f i cati on
of wafers in ZbspebvepraséssiinieaoThe Afnetblil My atob toRrankpiit 3 WAk oni zed
schedul er ensureﬁse tha% 1 &dt he wafers are Ig%,ded into thlg?r(tzl uster tool in
sequent i al20or chefween twatraedulessis s¢ferrad tasaxitsi trapsprt tim¢, and 2) each waf er

| oaded into the cluster tool undergoes identical events at the sane tines,
as neasured relative to the nonent they are | oaded. A consequence of these
two conditi onsWafertHletvv Mahagemeanttianthe ClustapBoél

Wafer flow management, i.e., the orchestration of wafer processing and

tl

-

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

25  wafer results delivered by the system. Effective wafer flow management
requires the simultaneous satisfaction of the following two conditions: a wafer
which was just processed in the sending module and is now ready to move
should do so when (1) the receiving module in which the wafer will
subsequently be processed is empty; and (2) the robot assigned to transport

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

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



9 -7 SEP 2004 WD OL/ 67: 93 PCT/ US00/ 1679.t each module in the cl uster
tool in the order they were originally |oaded, at intervals of onkSERri#@ing
peri od. gach t~afer in a nodule can be identified._si _
tracking t (z o&aer in which they entered or exited that m&gff@%q‘h%
feature of the synchronized scheduler is referred to as wafer 5

|dent|f|cat|on aggi ng” and Modul e athsln an

enbodi ment of 4 g%%%érgmg tf’?l%%ﬁtv%b?‘imleé%ﬁb gc\W/Qfoérm?rSé&f’éia‘ FRY CMPLS ust er
tool follows emmartandauklgzrformdmemhhobotl. ., a particular set of nodul es
10 which correspond to the processes in the cluster tool. This feature of
the present invent i Wihep h two canditions listed pbaygrase gompremisgds delaysmini walst , each
process in th t C

wherein the vv:&lgl% gﬁg%gltp?gécugggglc?%% {%{tﬁé @glﬁ&?& %r‘ g’%%gg"%yrséepor der ed
in a sequerice affechon-afernbanitsnaindrifsuehdelags atcur htthepatisg aodulehtieyar e pl aced

in the corres ndi,n modul es in the sequential order (for e ,g., if a
process has t ‘86‘93’8&6@?‘?& PR ASFUF &t 15%‘HB°rF‘i’Yes§‘a?/\’§Féﬁa“¥R?rE% difipmsem goes

to the first npgd Sovk AR SREARERd fes Qﬂ&l the third
wafer enters the fll’gt nodul e, the%cﬁﬁ&éﬁl&h nters dg&g%g??\d nodul e

etc.) As a cor@@qgmnd@le tlmaasmwhﬂhnmubmnrdiandhdgliﬁeqmrddsthmﬁte rebotaf er may
followis constr n to e | east,comon.20 t | e of_,t he nunber of
modul es corr esp rﬁﬁldﬁ) c}ecg g, MOFE FoRats canmitigats, oy HOPPSL R A% e i s

i1 lustratead bybyxheploblenirdsidgs irethé tinfihg of &e‘i‘oﬁd’t%@ﬁt’l& @?@s&enmnefaderngcess
steps, VP 400, VPC 402, CT 404, SB 406, SBC 408, PEB 410 PEBC 412, DEV
414, HB 416, Hperezobots ganylsp alleviate sass (b); ehis issancipadgguaterselution. each nodul e
corresponding to t 04 has
t hree nodul es, and%gg{%gggﬁgéh%?cr %gfgr‘;h Oﬁ%ﬁ%ﬁdgw =arsa}%‘% egglofres 404.
Above each prdhes@o&smlceseqd@et aduridamentfal saidtidres fbmﬂvnmgahe woeonditicisep 420.

In this exanpl e theleat connon Itl | e of the nupper of nodul es is:
LOM 2, 2, 3, 3, 3,80 grije fop) tc“i‘ﬁ %WFEU ttﬂéchggqrggewggwqﬁg FADSRATET At ool

prescri begst weécﬁmmglal rﬁﬁh%scdﬁeuﬁ&eﬁfﬁeﬁdr&k%@ctﬂ?ﬁch@%ﬁ&n%' um i the

table 422 lists the nodul e nunber for that process 'step in the respective
modul e path. As thefFlds acrl@dtlknede,e@npc;bb&rgh@apbc lesgoded én goftwiere fexecuser by

follows the s 01/ 67.t93
baT! eo0) 1676 4 Cortiaiet PP e Bl ominiss® g memSp Ton e e Shvaf o
into the tool anahecwesxeeﬁecuﬁngembh@mwmam &% etbedigfinebNihe présem of the
nodul e path followed by the -~ wafer. 5 Adding Queues to Elimnate

Conflicts for ‘W%‘@Eoﬁht”ét‘h"éﬁlql?@w&edlésd off-line feqm the mprmufacturing system to
simul taneoys, fAMRE! 4 HS-Rentifd REMHESEo? tiPdystem. Alternatively, the computer

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

the operation of the system in real-time.

Synchronizing Wafer Flow in the Cluster Tool

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

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

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

=



particular robots, it would be desirable to resolve the conflicts ngép lﬂ“
addi ng nore robots, but rather by nodifying the recipe itself. Omz

conveni erWOdK2H2 to nodify the recipe is to introduce del PEGBUSISAN ays,

hereafter called queues 10 g; , to the non-critical process steps in order
to achieve timng which resolves conflicts without conpromi sing the

t hr oughput orpmdaaﬁlembq;smﬂhscwermleneMedlﬂaltowbomﬁlnsihalhsmﬂuene used

in conjunction with s, t,he. basis for hr onous

al gorithm" T’beq?"%sésaﬁer éﬁ%’&?ﬂgd&g ag aT”I“smp“r Beglf;s Héﬂ“%ﬁ?%/‘?‘ﬁ é%duce
conpeting ser w&%&@ﬁb@ﬁbﬁlﬁ%mtﬁ@&%&r {0d] fRuAYSa AbtefhinkliGRbS PrREESS 15
and gating steps, thereby l?s?%r ading the wafer quality and throughput of the

si ngl e- waf er tqtamebemfﬂas étaaemxtf@nﬂesiymmn@rseu@napgmd ach?) the to i nsert

i ntention d t r r.0 r to ensure that no
del ays ocgéur %a%gl?‘loﬁle pr o%gecsgg‘&ﬂ%ﬁgggﬁﬁéi %’dkg?’é dﬁ’ﬁﬁ%lmtﬁber“ y ensur e
guar ant ees of shalllliergifleti be feterradbfotss thitletirhings” 3@th8@és}sb€tﬁ/e5@§ksThe Queues Ve
shall now denonstrate how to sol ve for the delays, g~. . Let z be the

timng of robot tadRecercegtsaf é?%ngayefé)%raééé}'?%@l%&nﬁée plustrggddnion (1
). By adding fHSHES fhe Bﬂlehﬁ@l(ﬂf R&%soﬁézxﬁ%i’ ‘Yﬁlgh H&?ytés)’thé W%ﬁ:%@n the new

t|mn925T*|sg|ve )+t
j —1 j —1 j =1 j the firstrwafer 1s~lemdedznteqhe ¢InSter-(opl. +The timelinet1 00Tis demardated(id) | -

9 5 - 7 S E CT.USOO/ 16794 Th
Ob] ectl vel d s ngtsrq]fr?&egeg%gg?n%cﬁ]aﬁ) s‘l%ff}‘ as@thnéE?ﬁag?qut eon-criti caIe
process st epsreﬁfa@cﬂv&l?aihcttﬁﬁestdt Wuémﬂ'l@%é’@ndbﬁqfﬂeﬁ’m folith WierdRebo8ged and m

k=1, 2, 3, N, where nbdule k and nodule mare
assi gned to hmﬂlerﬁ‘éllstenmﬂers p| cked up by the sanme robot, is great er t han

the transport tlrre L ow_far tlrremterv

sufficient for the r c%pa?(gﬂas:gcﬁ% Stg oﬁy%aﬁllzgtéondﬁ88?%ﬂ§l%vgﬁec§”ﬁ§9 ng to

serve nore thmnemmdmhehatfmeeaghmmm:mp J’iQVaEélﬁlE:k-u?JhﬁnébblBHQﬁy so derived
nough to avoi d excessive idlin nodul es. And there

nmust al so pbe s

shoul d bel%o g@aa& e1going;that tagk a5¢ pleptical nd Gus %a§hd¢s iHp theglnster 9Bb%A%e. The
set of queues i N system
of |inear equg%gkggfdww%%létwem gﬁﬂbﬁhbﬁaﬂ %)heré”f' ?n%hﬁh?lr% Fgrrllgul ar

r=~ matrix w tiitssmf the ndirfgoperiodc Fpgure arddpmsthibfeétme of pveno;hcilfy 'I‘]i;'eel 0000000
;I'~0 6 -(I)-I Olqéll \91 ers? w%.fgr*OZ(ﬂi wa} 12210, and wa%erjiilzolfoa{g er_ectfg fn@ﬁe v@mc i i i 1
111 The congfjg %?tm@ﬁén%tﬂﬁh@liépxﬁﬁ%é ‘i‘éMECaRfsﬁfO Cﬂ‘Hetdng%lx ofBfiL.88 1S now
applied to Equation (3). For exanple If e #3 and #4 are critical,

. Equat| on itQa) hloindisatss thetink jabwhich wafer 1 isleadeddyiocthe ohusteamozi hdhe bel ow. z~

- 1= 0 Qi@ p?ckgup ;I' imes Zl'i_atjtas]t 1%08 399. %egtu(:)al or eacﬁ) wafer %ecausthe

wafers themselves are introduced at intervals of one sending period, the actual
pick-up times are separated by units of one sending period.
Figure 2 also illustrates a distinction between relative and “actual” or

25  “absolute” pick-up times. The relative pick-up time of a process i is denoted by
Ti 204. Since the relative pick-up time is measured from the time a wafer is
introduced into the wafer cluster tool, the relative pick-up time is identical for
each wafer, wafer 1 208, wafer 2 210, and wafer 3 212. The absolute pick-up
time 214 is measured from the moment the first wafer was loaded into the

30 cluster tool 201. Since the wafers are introduced at intervals of one sending
period, it follows that for any wafer no. w, the absolute pick-up time of wafer w
at module i is
w-D)+T;



0000100009~ . . pO. .. .Xx (4 . .0p. . . .z"-~ -zN~ |
1001110q9"" Ta-T g" 1100111112 W 'O 1/67.193 - %%PSZ@AP
2004 PCT/ / 9.1 In Equation (4) above, the timngs T cg' d oy
the ori gi#go(ﬁf%%lzpe are known. The target timngs z * are Eéf’%%@ﬁ\? 5*"ues
which elimnate conflicts between all nodul es using the sanme robot, as

descri bed earkier. . .Thus LHS.of at .o 4 e known val ues. The vector Q-
is then sol veghﬁ&eﬁg%&'_ ‘ﬁ‘lﬁﬁFgﬁ%§|‘§/P}?§‘g§~?32fé-T~ with the inverse of the
nodi fied constrai niArbiidripiraatetérVehbh isitritidalahisphchrSlizRARINGYdeAgithtddbyt hi s set
of g, to the correspondi ng nodul e process tinme p. will synchronize wafer
transport wit thevgyfnhol g dhedmction & ©TO INTY(TO) ,GvHerd INT (T') .is 4 filncBoftiat0 0 o T;

-T001ooooTod§)9'0001ooo,oo 00 00 Tiv | ~
TN - | Tn' - Toungds fliglqyntojthe nearesy intpgesgis thectiation ofiTit that oy skmseshous

Al gorithm Speci.fi J: ' 0N Wi her

descri bed ﬁy f(; llﬁéé P‘oeﬁggw %@%?ﬁ#’??ﬁ%ﬂgé}i@pﬂ% %e%%g&%e&?%%(ﬁ%et o]

i | lustrate inabsonfiustmtesih Rigure @uSintethe 0T @alued argiidentichictan esch wafer, andinpl e i s
intended nerely tq facjlitate an understandi ng of ways in which the

i nvention naySHEe ﬁ?ea‘ﬁ Bee migrtedatiniervatsof pge sepding pemsk thepralugiof i i n t he

art to practi 966 a&ﬁdm@nf&%&ch &sfeeg 'é}g'f%mi{,&e £xanphes shayl.d ng be

construed as Iimting the scope o e Irnvention’ Thé“synchroni zation of
waf er transpothe timhings wé thertagks tlsemboismust etoosipdish mathin wisérdimpyerioe.

illustrat sin speci,fic.example,of a clusfer toql. Fiqure 3 is a
Ischgmati cﬁ?olrJ :a goﬂzlgpﬁ‘ﬂ'lﬂg’ll eiBﬂﬁ‘ﬁ“ﬁéWﬁ‘Ftﬁn’%&g@# 1% s‘ioﬂl@tﬂﬁﬁﬁg‘? %?IPES The
20 resist coabf kg trMGpieVSined M Ys fRRAEhBSulatich h;ﬂf;d\%?ty%ﬁocﬁﬁe g?ftlt(,éoo-and DEV

302 respectively. Also shown in Figure 3 are t erent bake nodul es

vapor prime (pocesSGimesas}, joake,3( SB)andQke rabesirappadinies bake (PEB) 308, and
hard bake (HB) 310, as well as their corresponding chill nodul es. The

arrows connectyi ng 152J3 acent it elkavsthet fohany wated the selapRimaenp tinfdati nt er bay
transfer 25 arms, |BTAs 312, that transfer the substrate between these
nodul es. As amodylglitis: t he | ocations of these bake nodul es constrain:the

| ocation of their,13 ,; 7 SEP 200 WO O1/ 6793 PCT/US0011679. 1 correspondi ng
chill platis. Thg;qgss.e ¢ end station (CES) ropet3 3i# shown in the figure
transfers substrgrées friifimand to the cassette end station. The stepper

interface {SI) robot 316 transfers substrate fromand to the stepper
i nterface. Thi alsodoHpws tihat thegtimingofithe tasks, zonb2B8or Nt li® substrat e

transported to tpe i}ﬁﬁﬁer 5 interface if and when it becones necessary.
The mai n robof =3 0‘1 nmeans to transport the substrate between all
ot her nodul es sych as vapor ,prinme chill (VPC) to resist coat (CT.) Figure 4

isaschenatigrzf__,_t W Loc&ss |flow R n {e seen fkom t he
schematic, wherfH e génspo Z?ﬁbg?;ﬁi 5 the IIB'SllAﬁshélqsubstra{lg w |l have 10
only one option in the flow diagram” This is the case when the substrate is

transported fBowe &rauspoortimes mearbdfiked A0Q@ givenvewer tpol, itds appdrént £zh However ,

when t he ansport s i.S the i robot the substrate could have several
opti ons. #E)r Eﬁmﬁ?%wcél%sg?r&%tﬁsg 7?&1%\?86‘%‘\‘8 ]é’qrb'gi’gwc@?f‘at nodul e
404, it can bﬁmEE%%@%Eés@ﬂbéoobyaﬁ‘éré’éipé.he soft bake nodul es 406 shown in

Fi gure
Periodicity and Wafer Identification ,
The property of periodicity also enables the identification of Wafers in
25  the cluster tool. As elaborated infra, the synchronized scheduler ensures that 1)
the wafers are loaded into the cluster tool in sequential order at intervals of one
sending period, and 2) each wafer loaded into the cluster tool undergoes

identical events at the same times, as measured relative to the moment they are

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



15 4. The Synchroni zation Algorithm W w |l now denonstrate the application
of the synchronization algorithmto this cluster tool as a series off $&2004
steps: MWO086BP3 1 | nput The Reci pe And Throughput Requi r eecamisoo/ibi93
di scussion refers to Figure 5. This step commences by inserting the recipe
in a table 500. The first two colums 502 |ist the process steps in

sequenti al oeathmodiheinsthe dius@r ot irdie o&l@mdyaflﬁém@ﬂaﬂya@adbh&at system t akt
time" is also noted 504. é}/cle times, %{so known.  as nmodul e takt tines, 25
are then cal WATX3I8 61 ¢uf Seading nesiady Asisuch, wach wefgnina mpgule casbarm 502 to

-ensure each mRdhe idkly by MBSy HESKG IR0 A SHam Loklld M, The modul e

takt time for each process step is listed Iin a™o

redundant noaafels. Fhis faakieeofithe syuthronized doheslulexlis refgrrag. to As waiférl be clear to
one skilled in e art each yocess step: 30 No. Modules Required =
INT (Moddl e ‘tdﬁ‘i%'{‘ at‘ﬂ’é"?‘“ﬁé‘i T me) !4 - 7 SEP 2004 WD 01/ 67293 '
PCT/ USOO 1679a In this exanple, nost nodul es require one additional
redundant modul e. The nunber of nodul es required for each process step is
listed in a FaggingandModuls Pathep 2 Det erm ne The Load of The Wafer

def{ , b h mb
of ‘moves it is schiRiRbSharbEuerdfinaBiof ot Rt et B ey tho

robot to perdlostes tobkfotlows ugfarticatar fapduleqt™ 8) 4 partideldt stiofendduldshe current
sendi ng period,  The detgrm nati on of the robot |oad is depicted in the

tabl e 608 10%hishgepgespong to ﬁ?l%o@ﬁiﬁt%meéé‘b%ﬂa‘%ﬂs 131*5 featuse afhapresentas t wel ve
process st epiiveriﬂb% i§ iUsBgRd 94 Fi E‘Aﬁlt\ﬁ?s %ﬁ’é ng:ﬂ?&?gfn fgves are

det er m ned as [ ows. Countin e tine e waf er | eaves
the | oad pomlw(tuatsslehase))lp o oot modultehesspcmtadsmh 1t,rmherexfn thaoiafemdml e and

transport tinmes u t he dul e i nt er est ex or t he
m)dulg code- }?{Sﬁﬁa&/ﬁw ‘HD ’g) %prﬁiﬁsﬁffdﬁpﬁgé‘?éq?g@%‘) Su ‘Fs (62+6) =
68 sec; for mwvsfem;nms thhf proSess, Qﬁe‘ﬁét%laced%&e%%&espm& tual tim ngs

in seconds for- all robot noves are listed in a colum marked "Actual" 606.
To det erl@i nempdides i the peaueptial jordas (for gwes, ifa prackss kasttwalcorresposdimge di vi ded by

U rea_of v AGHIBE AP hard i 1 9B Goa€ o B Hirf bl Eepid wRE P
respect i vel ygoes to ﬁﬁrsaaindaﬁckhﬂe ahe thixdtwaresenters iHe frrfmadeIe/the Th@tmor mal i zed

pi ck- up. tlrres?_ffor each of the twelve process steps are | isted under the
colum "T; nists dhe g5nd megileqetes) n@s ?h‘@nﬁeﬁ‘t‘%@éﬂhﬁéﬁtﬁ mnbsrofhe T

val ues resu'ﬁléddl@g&thgtﬂata%@fé/ ﬁyllolwﬁnonénflﬁleﬁ:ﬁg?ﬂ J:st‘?ﬁaﬁlg:f'ogt he respective

nmodul es have to b rve ots, as neasure I nni ng of
sendi ng 2fer i roultiptenaf tb@(pumbsreozf mwﬂulwciosres;iomimg toeach pwcpar i od. To

illustrate, the T valu of PC a and 067,. whi ch

i ndi cates that vﬂ‘%??b%‘@mgaﬂvﬁs%’é %\ﬂ Pﬁ?ﬁ‘ﬁgﬁt Cﬁ*ﬁ%ﬁ?&}%ﬁ&’fﬁ&ﬁ? ‘gendi ng
period, and Ry Eﬁe%bxd@%s%@uéﬂéb Tﬁ@ﬂeé@stéﬁsnvp%@ VREejyats 44, gpe sendi ng
period. The |i1st_of no val ues are listed in a colum 610. The

di agr am 612 406, 8B QQQSOPE&“I%BEB%Q&ADE&MH, Hihé16,38C 4481 ¢t syimbydl t wel ve
moves and t N ot Bk BEY aPFYEs Fo? eBh MEEYIE Lottbddhlling 18 BB s0§lhd- Figure 7

shows the 1
25  For instance, the process CT 404 has three modules, and corresponding, the

symbol of CT appears three times 404. Above each process step is the number
of modules for that process step 420.
In this example, the least common multiple of the number of modules is:
LCM(2,2,3,3,3,3,3,4,2,2) =
30 Hence, the recipe for the cluster tool prescribes twelve module paths,
which are listed 422. Each column in the table 422 lists the module number for
that process step in the respective module path. As there are twelve possible

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

10



-7 S E P 2004 WO 01/6p93 PCT/ US00/ 1679-1 sane i nformati on from anot her
perspective. Since the robot transport tines are around 5 & 6 secondSEP t2003
nunber of noves one robot can make within a sending period of 45 sec is
(45/6)7; WPE™H8ves to be on the conservative side. Thus RET/EPA{IEEH | i nes
are drawn in the graph 5 700. Wen the tines the nodul es have to be served

by a robot fal .t hin opne intervagl,. such as SBC 702, 704, HB 706, and
Cassette 708! %6‘?3 magq{apameqr ?’o‘nd’#é&i‘ Ht"@lsiéﬂdegﬁ? R}%t\%ﬂ’e that they
are conpeting Pf&énﬁiﬁ‘@enﬁ@ﬂ%niﬂ?é’seth tietehRina 0606 @E fbddle i {rdfua%ved e aborate,
if there are two or nore tasks ich use one robot, and 1f the val ues of
10 these tasksvafexrl| into one of the 6 intervals, it nmeans that there is
insufficient time for the robot to service each of the two or nore robots.
These "conflicts" between the tasks for use of the robots are resolved as
described §n WidisgQueaestotElfthitiate Cohflic R Tafipirtaion REuleansport Load.

The first step to resolve conflicts in the manufacturing systemis to
all ocate the |oad &p&EciPg givasaise tosisrutanepus, competing serMicevequestsdpmnced

transport | oad,.: ! r.ecl L aning fewer

| oads per r obg%ng ngﬁrg%d&gigsdl# Eéea%%{aaﬁgetg? %@Rg%ﬁ??@gﬁ&ﬁ ﬂgﬁgﬁhé] he

possi bi |l ity omdpatabots, bat rather by andifyingGhel aeipedsalf. One cbrvendenuthepde t he
nodul es rel ative Bgyrobot.s. .Poqr. |ayout. limts accessibility to nodul es by

robots and raie@ofgdy thedeeipe iSqdnteduct deliberats dglays hareaiter qalled qusugspl e, t he

| ayout isyguch, t o ] can: ‘ . WO
nodul es, }(Zavi h’&gﬁeeﬁ%ﬁ?rﬁ(&%ﬁ%ﬁggﬁggg%Sﬁte g%&*eﬁgﬁm%@%ﬁcﬁv#%r ee
dedi cat ed r obodrlikts avithoascdrigrBmising the! thfouBhyut be ansafér rééuls.deliberel ®st

al l ocati on of transpor%1 | oad, under the constraints_ of the layout, is as

shown in Fi guthe tool. Sueh asghgrae, usegiin cpnpunciiqn with Equation/(ilg, is thegrasisifgr pDEV
720, and HB 742 nt j = .\ t hem
SBC, DEV and ﬁ% %%ﬁcphgﬁoﬁg;%ggﬁﬂgﬁ'e ”hn%{/e ’P‘ {@@9%%@(@5& glgés}g%gs&e?%y earlier.
These confl i cimrogutd cdmepedidgrsesiiderequdsts whieh resglt &isdeleysom stitiedlgulodess t he next
step. St 4 eyi ng, For ,Synchroni.zatj on. .The .info tign in.the table 800
of B qurels | e Eibeusr. Py BB E b Mot ARty srefteidtant 0t bee 10 - 7
SEP 200 WO O 4iagle99afBfdibiiePdoll 6T aifi of "SPSibr&ous BlgdRthndYisi&ieftobot C 1,

i.e., VPC 802, . 804, SBC 806, PEBC 808, DEV 810, and HB 812, need to be
consi dered f ottefiionakdglaypias norsatitieal epqestisieRssn ordst katensure habea delayse

conflicts sin : | I ] em In
the Tar get _Copevus 2hrtAEpREGCRREEr bR stobs, g ldo) Elehne Bilothih o€

modul es. For dacilghpht addewafetlqhality.l i sSted in the table, a corresponding val ue
is set f05 t*, where i* is an updated value for z which elimnates
conflicts?bet ween tasks for robots. Since only 3 of these 6 nodules, SBC
806, DEV 810, sgRihgd ForBtBe Ghfeukd conflict, only two, DEV and HB, need to
have tim ng targets 10 different fromthe original values for i prescribed
by the recipe. The Wéd shaliqrovadepeinstratechow st setvei for thealelaysporgl4letamdear e set

h-that the,tim i-nt bet. i f the 6 dul s |
Than robot tr SeRE of P ks BB pftSirbel redw R EWEPRRLH. Bt ar get
and the ori gi fgdihy qRRS G tdRE PrbdsOmR' B do RSB/ Be FRIR BRhehPrifing he gaps

and are
25 ©*isgiven by:

] - i=l i i—1
r,-'=Z(pj+qj)+th—INT Z(pj+qj)+ t
j=1 j=1 Jj=1 j=1

J=l J=l =l J=l j=l

=ﬁ.2q—]NT(i@,+q)+in j+lNT[ip;+it;] )
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1 S conputed the colum 816. These are shown pictorially in the graph 818:
adj acent to the table. Another objective of the "synchronous al gorfi $&/2004 s
to ensur ewbDmats7490 del ays are introduced at critical procespcsiusp®is?dn this
exanple, critical process steps are step 3 804, step 4 806, and step 7 809.
No queues shoul d be added to nodul es corresponding to these steps, i.e., 20
the target ti Thagbfeotivd ises findadel efquehenid;do be insbredsatitie Asn-tiieadr escri bed
val ues. The gaPs conput ed i.n h{ée. Gap col Lhm 816 may now tfe substituted in
to Equation (BIOCesSteRs|syeh that therfme,interual hefweengny)iweraeditlesteand gaps .
However, to epsyre yzerqQ. g ays at the critical process nodules, the matrix
818 rel ating gaps and queues nust .be nodified per Equation 25 (4) to

gener ate a nodh £ikel+hat N, whegOmodule krandtmpdule nyare hssigredso hawntheire Gap
colum 816.w th.the.inverse. of the dified trix 822 praduces, the queues
needed to % o?@fﬁrﬁg“ﬁﬁ%"%gﬁ.theTsr"i'lg‘es’E?F&B oFTeST g‘ecfﬁ"éﬁg& PRI ferred to
a Que Col umm gt THE walldhllOW forithé thtérvalsubibiént & the bébot & ébriige RRT 1 0d, i's
converted to actual time in an Actual Que 30 Columm 828. Step 5 Check The
Sol uti on. Thempdalesandgusmanpiddipving teseryesneneshamancadodide atxa given timgul e

processing ti a4l hak reci This is,to 1 ' SEP ~~ WD

DL S50 By FRyRveh I okl %by‘iel”r"ggé'ﬁgf L3O b8 strdi flovih o aYaT RS & 1 s i
fact the caseidiihgsdfanedules. (ARl thegsheuldReiRt qudass #erEiokl frodseindauleaspect of
t he schedul ing problem  which nerits autonmation, is the assignnent of

robot s tol%dg?c&a.tmgéﬁmdé’%rrpl e, in step three |listed above, a recipe was
chosen which assig i t . J T aOf i ive
nodel s; this all ch?x?gﬁtcﬂqﬂglh%m%qﬂ?% St0 e \rligg?splggﬁpls@?g (lz?”)l WSE%Z‘M The

al I ocati on was chos?n, anongst ny posstble all|ocations. 10 In general,
there is a nedtFtdm ot Yineasiegedtians kvt nay =gt Erdni Where o ispilowen trippgiiar
assignment prior to the determ nation dff queues. The need for such an

al gorithm wi | | 89 deOASr 3L iN b g, L 9! FpWiNY. exanpl e. Suppose we have a
sinplified track system consi-sti'ng of three nbdules, |abeled Mdl, Md2
and Mbd3. Suppose we have tfy bgt s byl mn@lRabot 2, both of which can
15 service all t%t’e_ilr}rod Ie\g.) Pgt 9t hg sagnﬁ néﬁpg)ri d q)e-l;iesi gnated by the
o]

e
vari abl e SP. $uppese 78 150./{d, 1z=0.60 1B=07,0i @ luni t(? t he sendi ng
s{ of SP. There are

period, and siyipposge the nolats,ca ve,i 0.3, Aifn jun
four possi bl e|roBdt —d13l ogat|i nd: E\sgﬁgnqﬂa:h I\(»gdlot Md 2 Mbd2 to Mbd3 20
1. Robot 1 Robot74 2.74Robot{3 Rqbof2 B. @rolgpt |g Rpbjot|2 gk ({Robot 2 Robot 1 25
Upon inspecti on, only asgsignnments 3 and 4 are viabldle. I n as@)gnments 1 and
2, the time interval betWeqr® z2=0°6 &nd® z»=0.97 i*s J. 1®°sendi ng peri ods,
which is lessjthan §he 0,3 |sending pgri ods.re.qui.re for robot to nove.
Hence t he opt gﬁl al l.gcatligns are, in this case, ja s?g,i: nt #3 and #4; as
n

the time intefvals betweegn jtihelvalfues hpvel suf f iQc|i diltance, this robot
assi gnnent obyi aiés 3@yt he |need to insert del ays. riteria may al so
enter into the deterninafli di ofl ah optihall rdbotl jas'si gneent, for instance,

bal anci ng, | oags, increasing thyoughpuyt. An algorithm s necessary, which
woul d det &t ni ﬂﬁ? CcoRSaiE diat A delays A 36 o FARCA D et 1% applisddRp e
above, an opt EfBAtidrABP! FASSaMPEF modh®: #3 and #d ; Bibuld

PCT/ US00/ 1679~E%{1e rre?hod of perforom' ng sﬁ%h aﬁa@é‘?%ﬁé‘%@i{égi nply an

exhaustive t ebhnlogified lgdhrelingas equatiopp es siisiven badbwt assi gnments, and

determne the validity of '= eac& gss' anﬁ&t’ i.e., ensure that all nodules
assigned to alraboctrdi Frigh Quiti Ri Ont yYin' [ Heigr 1~ values to pernmit the
robot to servic -t_hgzm The D assogoremt § thyus generated may al so be
sel ected on adidi'tional crd t Srila, OS%ChOa% Ié)ad &l lanci ng.
0 Qs
0 0 0010O0O0O0 q
= & @
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Solving for Updated Timings (Tr) Another feature of the synchronization
that merits automation is the 10 derivation of the updated tim ngs, 7 fiEPe?f0t
by T~. To_ el aborate, in step 4 of the algorithmoutlined earlier, the

al gori t hmMR&V67d¥ updat ed val ues of T*, where for any two REBWISAY1G7A4 ch
shared a robot, the respective T* values differed by enough tine to allow
the robot to nove between them There is a need for an_automated nethod of
deri vi ng t hesdnBquation/ ) gbave, thectimingn = ae preserihediby thesoriginaloesipe msr each
robot with a fli take.the i_yalue for each.of .its nodules. For each
conbi nati on of %‘é‘s?“f‘%‘&f’h‘é‘&}“géo’naﬁeﬁst o XAl ‘%%WP%%gPhF% hi ghest .
For each sort aesttweditalDholulé@hdifs the sEMRGEBG6, SeAtdetedahiier t ThedOASITe T

val ues, fromlowest to 20 highest. Determne the difference between the
gi ven T val ue Equation&)@nekndvan vadness eblesvector ¢ fis thee sdived fardiyqeed s | ess t han
the tinme allotted for t{he robot to nove, increnent the ~ value

sufficient Py, mBitiphang {7 merd with the ingersypithe madifies copsraintmaiixes shawnpdat ed

set of T value r..a ghyen ropoet. that eli.m nates conflicts hese becone
~~ val ues. It lggﬁﬁﬁtéonpggés % h“g&hfl? Bﬁs egﬁlf 1% & h‘reé@”ﬁs;pé’ﬂgmgfmo €val ues
exist, the al i ugly ' i b L & Al gorithns The
synchroni zat i %,Bé%sggi&g %sg?gﬂlﬁgﬁgmg\r%l f%iretfrr%:{\%g(tujlt E)A?]thggaggﬁgrs}{:sésg'an al so be
sol ved by use of a ne@i&cﬁggri hg] @) . A GAlis an iterative process |9
- 7 SEP ZOU~ Vo1l §749 US007 1679.|1 that'strarts out with an initial
popul ation of |geges,| whicl® ehcOded pBsdibl & spates of the problem This
igagl Yoi gprevgd gy th each iteration, through a

popul ation is |syst
process of seljec¢ti bree in?. To perfdrmisel ective breeding, the GA needs
hcleld sti s Gi0a Osngi es,”and| b) judgesa species’

to a) define théch:
fitness. 5 Charactierfiestac®d of a Speei @S specte i $ characterized by n
genes. For our| pyobllem Wy use two Lypes f gepes, lone to represent the
robot assi gnmegs.« (@ d the othe’, a queue slegnent,, ,Consi der the exanpl e used
in the descriptigen dfl theOea@lilerl algdrfithm The robot assignment wll
range from1 tio 1Q 4, i pdigcayi g which |robot "wi | rk on a particul ar
nodul e. Queue segne is also an integer indicating how many "tinme zones",
i.e., robot nove periods, are to be added to a nodule's arrival tine in
order to avoid conflict in robot assignnent. In our earlier exanple, the
nodul es alPi veAR Anpligation pEtheRynchrenonsgorithmshown in figure 6 612. If a
time zone sees the i : kRSt . fl e lict
results. The addi ti%%E%-\é%én%@gﬁéeﬁé85%56%2‘%@”3%)%%@%&u e%r%vﬁ%l push
the arrival tithefdlowihg noelimitingexamphewhivh widlseeverte slbisuretetihsome ditailct .

various features of significance. The example is intended merely to facilitate an

understanding of ways in which the invention may be practiced and to further
15  enable those of skill in the art to practice the invention. Accordingly, the
example should not be construed as limiting the scope of the invention.
The synchronization of wafer transport with wafer process in a cluster
tool will now be illustrated using a specific example of a cluster tool. Figure 3
is a schematic for a conceptual plan view of a wafer processing apparatus. The
20  resist coating and developing modules are identified as CT 300 _and.DEV 302
respectively. Also shown in Figure 3 are the different bake modules vapor
prime (VP) 304, soft bake (SB) 306, post exposure bake (PEB) 308, and hard
bake (HB) 310, as well as their corresponding chill modules. The arrows
connecting adjacent bake and chill modules represent the inter bay transfer
25 arms, IBTAs 312, that transfer the substrate between these modules. As a result,

the locations of these bake modules constrain the location of their
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Fitness of a Species W can neasure fitness by the reciprocal of a sgemzﬁﬁ
20 "badness'. In turn, badness can be neasured by a wei ghted sum of!

degree ofweonélpxt and the nunber of added queue segnent s.pdmusodasresspeci es
is one that has no added segnents, and results in no conflict in robot
assignnment. To derive the fitness function, we scan each tinme zone and

count the nunQgfespd ndi@%jélﬂﬁ%ﬂﬁte R cASWeRE brid §t@ﬁor€f(¢ES)f1©B@tt3l4T§h©thﬁlﬂhdS are
sutmed for 25 all robots and all tinme zones this sums. W proceed to

count the nurfigire sfansfarssubsitatesdrem gndta the casstie end station. Thastepper ness

;lsjgfzglngg :'aichgﬁ’f?ﬁéf%ﬁ%%@‘ﬁiﬁgf’i‘%m%ts‘%gﬁfaﬁ% hefi\egth%\%rpp\é@ @%ﬁ“\gz o e? SEP
2004 WO 011 6 7TRSPORRIdUISI 08 ikG/fArffeReshd for (hrssubelrdie trAfispairied do theitepptr t he

invention allows the cluster tool to change froma first recipe to a second

reci pe, wii | einrfase ifandgvhearit b%ﬁ%ﬂeﬁ ypecessaay e hBemainTabg32Q dhemgaes 190 del ays
t it | di
Cascadi ng i notropdrt Siubsbl @ BELcE oll PR shih AvdB bl Ca 1O

exiting |lot, (észC)aocrbmstceat (o) and Si rrul taneously and serially popul ating
t he cluster tool

th | of. h ft Il ed t t
| ot. The procedur%ﬁ“fq %ea%: F‘T‘gﬁ“'ng’é fr?fCﬁBm&gSg@%W e’{n%%??’rt&gs CER E'(?me?l ﬁ;i "

process stepsmeaaiérﬂuﬁchwﬁenaﬁ%mﬂnemhguﬁe BTA HeQuBstPatd WU hege Ot her than
those called for 10 by the recipe and throu&eput requi renents of the

entering Hhd ol oeg ppuqngml the SlowTdiagram: This igythesasawhemthssubsitate idi f f er ent

reci pe and throu qul renents . fro he exitin ation 15 The
fol | bwi g par SHEPARES (PR ¥ HESERBrapake MY TRl st ot Hdtoge ©
cascadi ng: m w&mmswn MeRGTS ShehaR Fobdt URCEUBEIrate colRaveXdvekalr ear t er
denotes entering or_exiting lot. n = nunber of exiting wafers to fuIIy

enpty, or of @Hioms. Ferrexamples wihgn pyubstratedp reraeved: frem @ resipteoat medulesp,  » =
Send d ofpgt t ,p@;,y\?,
I gﬂncﬁle;llgoof {%én%ahggt%gﬁéteﬁ?hg\%?@}é ngﬁ’ﬁob@mgg{rlllgg Mgérsl od o eﬁﬁe waf ers

during st¥ady4.state. 25 sP,~,~ = The delay in the Iaunchl ng of the 1 st

waf er of the entering' | ot to accommdate t he change-over at the jth
process nodul e of the exiting lot. CO- =Tine it takes to change the jth

process nodul epo8y ﬁ&ﬁ-oﬁﬁaftlloﬂgu Q,t,ﬂg_“er to a new setting. 7;~; =The arrival
time of the ith wafer at the | nodul e transported by 30 the kt h robot.

T, ~k' = The depar t Weewill mdtmohﬁratﬁthcmlmanbn ofithersynghronizeten e t r ansport ed
by t he Kthr OaHOt t.%m to this cluster tool as a series of four steps:

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

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

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

time)

14



-7 SEP 200 WO O /67~93 p~ = Process time of jth process step of the7 SEP 2004
exiting lot. PCT/US00/1679s t~ = Transport tinme between (j-!)th and jFﬁ

process s Jthe exiting lot. - g,~ = queues added to t i er at
the jth p{?@’g%@é‘;s% ep of the exiting 5 lot.” Nature of Reci pg‘?@é@é{fﬁ%‘g
Figure 9 illustrates a typical recipe 900. It specifies the process and
transport tasks and the timing of, each ta to he perfarned on a fer as

t he wafer goes through e{né]i“ﬁ§gaé?plf’d'8?s?rﬁ%f”§%§trf%‘f’¢ ?‘f?@@&}?&ﬁ‘tfﬁ%‘zﬂ?ﬁ?emm,
10 succeedi ng waf erfiod@il€ FEMurhblr @ tHodules réduitdor d20R provessstePRfstilt send
period, as illustrated in Figure 10. This send period SP 1000 is given by
SP - 3600 - WPH 15 R8&0 8.s the throughput requirenent in wafer per
hour. By the nth wafer, the cluster tool will be fully populated with

waf ers. For every wafer exiting the cluster tool, there is a wafer entering
to repleniSh ist. AlStepldetéramine T HerlvadpdThet Waer DPeansporte hsalefihbd waf er s
occur in a periodic fashion, the periodicity being delimted by the send
period. Wen the syl the ;Oéﬁcﬁ%?smpﬂﬁrs?f??&b@,cni“fn EOLAPYEStIbIShe i n st eady
state. The nummber olondfafed 8 i34 Welld drifnbh hilorRiaitt @k foldi® flriser ool
and ranp up to a steady periodic state 1s given by the expression n=1+IN 1~
| \SPJ~ CA) where -thesse mdnestastragasyred frogstharbdginningsefahe current senaliir med on a

waf er as 25 indicated in.Fiqure 9 902..The .s l. LNT() ,denot unction
that rounds a nurrbé’renﬂgmﬂﬁfget?ﬂ’émﬁté%%fépe F?h%g%%.“%é‘é%b‘b@eé‘ﬁﬂ%?%n al so

applies fop the nunagigeé eWahrdustefapparh®is of ¢his exdmpsie Was tweve prosdsgady state
and fully enpty out the cluster tool. In the steady state, every wafer has

i dentical process &i®pst Thaigungs afskstavebie sasraspending rabobmoyvesediei cal ti me

intervals. There is I r nment of
waf ers inside the cc}e&és%t%grgd%bsg ﬁcq’?g(b%%ggg%ﬁ%ggff%%&%yh%%&gé?
PCT/ US00/ 1679. t Durleawgs thedosdpormp casseae)y) dumg)atdithegradess tilnes vfdaechs are in

transition fromthe steady, state of the :exiting |Qt to the stea state of
the entering |ot, af§°‘§‘ﬁ 6&4?Q’?BB“F‘H‘GFPBG?é“"’l‘f?d‘gﬁf’?ﬁ’éﬂ?ﬂe PFWﬁg’oh, sone

wafers wih§ be procgsgrinsige &d&ﬂﬁﬂﬁﬁt\qﬂ'm@gﬁfréﬂﬂwaﬁ%dd'ﬂ?es%ﬁ‘ecéo%d?@ﬁ send
[ot: others, wll be

period prescribed for the S exiting ; , processed and
transported accor diin@2+é) =168 seefopmogule MR C 1684, if tr(68-Ha5+dhtE=di38sge.| dhe

Periodicity therefor n.not. be iptajned.. "Conflictsy. wll occur.
"Conflicts" refer t%%{a&ﬁmé?qsdﬂts?%’ﬁ& E’Fﬂllﬁgo‘@?‘(fﬁ_tafeowt%da’inlae%?l'ﬁ%cess
conflict, two waf errarlkad CALRAITS0B! T6 ASeemifoHe eclativl pivk-Qy tindee T;,aR€ process
nodul e within an interval shorter than theagrocess time of that 10 step. In

the other situati orfctil Hegs efesigged by tsracruat sendingoperiode For maRPIE0 be
transportgg Seque”tdi@i'd% th%a}%tﬁ?cﬂ?m {iﬂQQBfW%HdW?@_bg@ﬁeeJcY@l s&lfihg €r than

the robot transport ti ution to conflicts i5 to add nore nodul es
and robots. This soenivdofi4b secwsulisyreapattively, pr martratia¢d pick-aphismesslo Lk i on i s

to devise a set of 1 jority rule and jnplement "if then' algorithmto
react to the confl i%%£6@20%%QOWEFQ£PISE-H&WQ?#D{Q?Ch,ﬂ{ﬁﬁg‘{e?\’%’fgcgﬁ ution
generat es huge combjrgatarORsted udet BRBurhAaT; Ky@dlizedt sod.ead to chaos and

unpredi ctability. The fundanental
Subtracting the integer portion of the T; values results in the T;

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

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

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

15



solution is to elimnate conflicts conpletely through proper timng in

| aunching wafers of the entering |lot and insertion of intentional ~delS&f 208t
t he non- cwioto1ead9320 process steps of both the exiting and egigishig7dot -
This is the principle behind reci pe cascadi ng descri bed herein. Procedure
Step |: Estimate the nunber of wafers in transition. During transition, the
25 exiting lot is @ﬂﬁéMif@ﬂn%h'fﬁnﬁ'ﬁﬁqtﬁ&ﬁ%rkﬂ&tibé?%ihéeﬂféﬁ%@ttti'dﬁg?érhe cluster
tool. The number of wafers involved in the transition can be estimated by
usi ng Equation (A) linpgareargerd 3 Kné senond$ shesembertaf oroves oae rétwit kams. ~r " =0

Fort=1,2...m 30 ~r=} =.3f~= + ~ + [~ P~ Xt deeln 7 INR(rt> /SP " 23 -
7 SEP 200 WO oL/ 67Fgke Withina sending Pe“:°d1°?4f!\é%.° is (43~T, ol Behbves b, 270
Next i S n'" = | NTonthe donRervatiRGIA4/SORsIEV&tibal HnePard: driwh ifrdeqrifte t ower

bound of "delay". The timng of launching the wafers of the entering lot is
a primry ¥ari abl e 7P@s¥ie8iths emeptheqneduleschavsde be parmed by Febastfai e pr oper

timng of the | aun bt infERE1t i KT t | 40 f

| aunching the first wa !ér?e mElere’efdtaelrascgaaI Z%Q%beg‘te’ﬁg?f??gé#g@%ggge such
that it provi des t 88, tallnef widelifadl into adedintpeva 700c aeansnhdtdheyawer to a new
setting called for by the entering |ot. that when the first wafer of the
entering lot arri végl?f/’l’?‘m& @ﬁﬁﬁg*&mg\fa?vq %‘tstg‘c‘) OLALR ghyan fife- ﬂi%ilé}%%’atﬁndul eis
ready to accept it ifib@ase Wd br R6redaski®Wich c modul e
change over 15 cal Iied for by trhe rec? pe o?hg%emeéﬁtfggt?%%mﬁﬁg?ﬁgeﬁéﬁi mum of
themis the | ower bwsatisks falllintocmleanf theth intervalsnit mebnsithaothermoist enpl at ed f or
conflict resolution nust be gr 0ater han the | o rg\gl%und. Referring to

Figure 12, the | owdSUBIFH Uokfop theqapoita serdce gaeh ghithe tepormorg robqts. 4 .
"~=CQ +~{pr ' +r"" ~ Afeseconflicts" YetweentheBsRsfor ube bf the rotots e~ ~~P~~~
+rr"~r~r r=r SP,~,, = max~SP~u.~, SP~~,s,SP;",,,...SP,n,i,~=1,Z,...m", ~
(B) The foll owi ng Fesolvied aaHessribedhin theisubssgientisieps; t he | ower bound of del ay
per Equation (B) 25 For j =1, 2.. , m" SP~sr,i - C~~ For 1=I, 2...) h el"
~ s en en - .

15 Step 3 Allocate The Transport Load. The first step to resolve conflicts

in the manufacturing system is to allocate the load equally among robots
in order to achieve a balanced transport load. Although conflicts are
recipe dependent, assigning fewer loads per robot still reduces the
chance for conflict. However, the possibility of balancing the load is

20 dependent on the layout of the modules relative to robots. Poor layout
limits accessibility to modules by robots and makes balanced loads
difficult to attain. In this example, the layout is such that two robots,
CES and 8], can each only serve two modules, leaving the bulk of the
load to the main robot C-1 and three dedicated robots known as IBTA

25 (Inter Bay Transfer Arm). The best allocation of transport load, under
the constraints of the layout, is as shown in Figure 7. Six modules, VPC
712, CT 714, SBC 716, PEBC 718, DEV 720, and HB 722 are allocated
to the main robot C-1 with three of them, SBC, DEV and HB competing
for one move of the robot, as discussed earlier. These conflicts will be

30 resolved by queuing as demonstrated in the next step.

. Step 4 Queuing For Synchronization. The information in the table
800 of Figure 8 is a summary of load allocation from Step 3. Only the
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S~,.a=SP,.,,a'+ ~Pr +rr J- ~pr +1 r Jnext 124 - 7 SAP 200 WO

01/ 67.t93 PCT/US00/1679.1 SP'r = SP'r _ 1Y rri +t rn ) In,i ~~~-J73Ef 2004
nextj _. vobo1sTe93=m~SP~.~, SP;n, ?, SP~~, 3. ... SP~~r,J, | =12, per/fdoi1s704> Step
3: Track the novenent; of wafers in transition. The novenent of wafers in
transition can be tracked. The arrival time T~k of the ith wafer at the jth
modul e transport edsiymbdfeddebvddBPiainTobiteC-ASPAT VRLBR! gﬁf@:wc@osl‘ romthe

prior (j-1)th process nodule plus the transport tine r romthe (j-1)th
to the jth nodul e: PEBCIE08, DY 810,and HB &) 2,Ineed to be cansidegeshfor quewdng.ine from

the jth nodule is arr.ival i | us, t he _processi tinme an ueues

ol i berately i nsor (g eBFniiGmpeds Sl tnlBRerEEe Soipl siRq 2R TS
gl The recursive {edioatedeotot, iRAUMIBARS séfvingttRem( Dh tiRPugeEdliiih 8o to map
out the novenent of the wafers in transition. Thus, nmeasuring tine from

when the 29 | ast wéliedargst timirg pefilg sget for thed madwen eBoraggh of Bsi ti on begun,
Fi 11, th \.val d t f waf at dul
e cal oul at ed per. I steR0 RS BBl 2 r@bafie vl Re B e rms

outside of the trapsid hRRtcdrvaIROfor ¢ WFLHAIRRaRE dohffifsVeBl&n TRk g6t Wi th
| arge negative values. For wafers of the exiting |lot, see Figure 11: 25 For

i =1, 2... n~ TugrobotscSigegremlyRoef these b modules, $BC 8mDEG§M),and HB-q~ (E) 30

T,,k" =Sum- (nu ,4=.SP, " kKf j = ~" 0] ut {..SEP 2004 WO -

01/ 67293 ~ PCT/ USoB} 4838 cqubict!orfy oo, DEV?And BEE Whed'® havd sitipe el 0 & _

~ ~Trrittgk ) if (ifferent from the orlgikalvalues for@Uresdi®sd by tige Repk. ThEOr wafers

of the entering lot, Sunr0 10 For 1 = (n" + , (nn~+ 2~ .. . (n" - | +

n"' ), (n~ + n"' ) tigung Wrgsnredisted in a(qubinen 8 Bprand are set gughetiyt thejimmaim = Sum

f of |=]':L J z - m g OPts g(ﬁ}}}?ﬁ\)ﬁ?b’é&é’e@aﬂy paiflof the & ntlédules(i@ar%ésr thari robot 9an~sp5rtpsum i
time (=6/45~0.1333). The differences between the target and the

originally prescribed timing profiles are referred to as the gaps and are
15 computed the column 816. These are shown pictorially in the graph 8§18:
adjacent to the table. Another objective of the "synchronous algorithm"
is to ensure that no delays are introduced at critical process steps. In this
example, critical process steps are step 3 804, step 4 806, and step 7 809.
No queues should be added to modules corresponding to these steps, i.e.,
20 the target timing for these modules should be the same as the prescribed
- values. The gaps computed in the Gap column 816 may now be
substituted in to Equation (3) to solve for the queues that will close these
gaps. However, to ensure zero delays at the critical process modules,
the matrix 818 relating gaps and queues must be modified per Equation
25 (4) to generate a modified matrix 820. Pre-multiplying the gaps from
the Gap column 816 with the inverse of the modified matrix 822
produces the queues needed to close the gap 824. The solution for the
queues is transferred to a Que Column 826. The solution, which is in
units of the sending period, is converted to actual time in an Actual Que
30 Column 828.

. Step 5 Check The Solution. The queues determined in Step 4 are now
added to the module processing time of the original recipe. This is to
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in wen T~iW=Tit + ti Qutl: nextj next i 20 Step 4: ldentify comf;{;gp:tzfu
Havi ng determned the arrival time T,~, and the departure tine T,iw , oOne
can checRVQ8H6HBhf | icts. A process conflict occurs when a ROTHS88s619wdul e 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
time. In other worwverifytifieonflitts havesheenresohes. Hafisisén fdeethetcasenaf showlepar t s
fromthe nodul e. Th%ﬁ ?onfllct occurs if the following is true: OR~-AND~(T""

> T J (T > AR (T 5T ), (T > T ~~1 njknjk ~njk
ﬁ‘)k ~nmk njk mk nrk 30 26 - 7 SEP 2004 WD 01/67.t93 PCT/ US0011679-4 By
usi ng above | ogic staterrent to exam ne all possible conbination of (m n)
pairs for allkﬂb'éfcé all process conflicts may be identified: -~
For j = t 0 m' m1l Conflict if
CR~AJND[ (TSJ L ZT %hpa’)e a@?@rﬁﬁﬁ@ﬁc@dmm@rﬁém K&B{ﬂ(’?r]‘s f‘“‘;‘,’mﬁtmf‘* 18y
(T,"~ " ~ T, theassignmiéitiof debots 1 rheduled) Hd? elhufiplepinl syep tArderigssddove,@nf | i ct

occurs when a r obot , Ehe kth robot, is . called onto transport sequentlally
two wafers, tIEPRMASE asqnh‘@hiﬁt Hss%ﬂefiﬁrsrkpgée fql%%b"?twpéft@a&h@ﬁdrter t han t he

transport ti ngnstduti9b BEIdeWORESalIdA St rival of
the nth wafer z?rstd tlhe degarture 0 0 165@2? h\é%mgg&%gﬂh%% er'‘than the
transport t| nﬁhe Allngation &'asphnsm amnhgstmtmmgcnossxblelailotdnmnﬁ ollowing is true OR
41"m ~ - ~1Tmr -

T~j, ~ | 39 g~ 20 Inlqgfge%&%w ‘%?\8‘3%6‘? alggmh“ﬁl&%@@%”%tﬁ%%?@%l ue and

g is the ﬂobﬁ&s@ighﬁﬁﬂiﬁ%rﬁ@'théd&eﬂrﬁﬂﬁont&dﬁm qhe nkERTBTRAEE afOVE. The
time "g" is greater or equal to the transport time of the robot. By using

above I ogic s@&?mhwltbeémﬂsaetedrm&pofgaowm exemplen tuppaseowe have 1) pai rs

for all proc [ ! d: .25 FO |
L1 fo (m o SapofitEpfaciPyye!, A0aARg 6idtee il b HEs ML BB T o -
- T~~" | < g MolT r’eruﬂxposeIWe,Havé two gobotd, RBbotl andRobot2, both & whitHBark - T~~~ |
< g~=TRUI% 27 WO O1/.67.19 3
5 service all three mo ules Let the sending period be designated by the variable
SP. Suppose 1,=0.0, 12=0.6, 73=0.7, in units of the sending period, and suppose

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

allocations:
Assignment Modl to Mod 2 Mod2 to Mod3
20 1. Robot! Robotl
2 Robot2 Robot2
3. Robotl Robot2
4 Robot2 Robotl
25 Upon inspection, only assignments 3 and 4 are viable. In assignments 1

and 2, the time interval between 1,=0.6 and 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, balancing loads, increasing
throughput. An algorithm is necessary which would determine, in cases more
complicated than the simplified example above, an optimal robot assignment.
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.. . , next mnext n- 7 S E P 2004 PCTIUS00/ 16791 'S " Step 5: Resalve
conflict through proper queuing and | aunching. Note that in Equat |"07n§EEI§}m
t hrough (Wb,01kh@se are three yet undeterm ned vari abl es usedniseokbs
calculation of arrival and departure tinme of a wafer at a process nodul e by
a particular robot. These are the intentional delays called queues q,~ ,

gf" and the timng g 'tn!?r% tel] I i
Optim zation pr oceg&%eé&%%wgﬁﬁyﬁg@%qﬁtﬁhggsﬁhe nggtﬁ{égflg{b%inn%ﬁ‘oﬁgwgf t hese
t hree vari abl tshsiqoér genedate dibpassibée robotcassighments,cand deteeminzttht vajidityesf | s

m nimzed. Cenetic Algorithns are one su optjm zatio racedure. Ot hers
will be appar E?Fﬁ"qsﬁ)‘gﬁﬁ‘&msk?l’ Frsyrs that alkmahyles Jssigne Peagliﬂgﬁgd‘géécri ption of
vari ous enbodi 3 i i : f pur poses of
illustration g%efc?gggri gitaﬁ(}lnﬁyﬁgtt? g%?ﬁﬁ?ﬁéﬁﬁ?%ﬁi?ﬂ% t he invention
to the preti sessignmmtgithes gereeated ivap plsobdisélectad bnnddidonkl egtsriaakwesthtas
arrangenent s le | Ié#)e apparent. 28 - 7 SEP 2004 WO 0116p93 CLAIMS " What
is clainmed iso3BbHAE 1679~ 1. A nethod for wafer processing comprising:
| oading a first plurality of wafers into a wafer ciuster fool, wherein the
5 first plurality of wafers are |loaded into the cluster tool individually
at intervals Selving fordipdated Timings{endi ng peri od, and each wafer of the

first plurality of wafers is cessed accor dj to a first recipe, the
first recipe incl um&c_é%"fainpgg%ﬂ’&fﬁﬁﬁ%m@tmﬂ_rtb%gg?‘%?‘étﬁga o fsrtglf plurality
of processyti ABevatishVF eheuRiRed HIAEE TveR bR | TolelBorkte, fin 5@@ 49Fawence of
process steps has a corresponding process’'tinme in the first plurality of
process ti nesalgbrton ngtlined eartian tha alg@ithingwaffedapdatad valhes of thpwherec| ust er
tool, wherein_the second plurality of wafers are | oaded intq the cluster

tool indivi dufaTapy &wo moquigsaych shaged 3 rabok dhaFgspective vh yaluen diffigedY i od, and
each vafer i neidinsGhonhiiow BeYORckd hodt nllER ek A RIGAaT6ER ding to
second recipe, the second recipe I ncluding a second sequence of process
steps; a secoagtomatedahethyd of dgrivimgethesd tmes, wherein each process step in

t he second_sequence of process steps_has a correspondi ng process ti-me in
the 20 sebdndVyres Png juchitechninuedsas follaws: wherein the ciuster tool has a
transition period, i IG u t S nor e
wafors from the {1 Fof citolfth 4 D6t BLE e SOLLEREERRIMGARE 21 0 g
one or nore waf er s Fbr edthtdagbueition ¢f Eedé alalhys, 8drt Maft8hafied Gopl bwedt fo0 t he
second recipe. 25, 2. The nethod of claim1l, wherein the first and second
sequences of pighesiss st &pseanhsortadlistiafalvah®s: The nmet hod of claim 2, wherein

the first sending period d the secon 0 sending period are equal. 29 -
7 SEP 200 4. The et hod 'o?p’@f"eaq cque Yﬁl‘ﬂ“ﬂihgeﬁ'i%?]é‘?s’m&%ﬁ plurality

of wafersp@re processed inpghagafer cluster tool. .5 . The. nethod of claim
4, wherein the wafer cluster tool includes a 5, plurality or" processing
chanbers. . ¢ Determine the difference between the given t value and the

one that precedes it
o I[fthe difference is less than the time allotted for the robot to
move, increment the t value sufficiently.
25 * Go to next 7 value.
When this algorithm finds an updated set of t values for a given robot that
eliminates conflicts, these become t~ values. It can be proveh that if a conflict-

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

30 Genetic Algorithms
The synchronization, robot assignment, and derivation problems can
also be solved by use of a genetic algorithm (GA). A GA is an iterative process
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6. The nmethod of claimb5, wherein each process step fromthe firsty §Fﬁulﬁﬂce
of process steps is perforned in a processing chanber fromthe plurality of
processMAP44¥ers. 10 7. The nethod of claim 6, wherei RCTAENOMEDEr of the
first plurality of wafers is released fromthe wafer cluster tool at
intervals deJimted by the first sending period, 1~5 8. .The nethod of

clai m7, whdR¥iSHrEQUnWikagrnigal Rapuladien of gentsuPatqhigncede pessblestates r el eased
Ito om t e Yaf g o pidbRin. ! PAS pifulddtnil ¥henBRlFikBovRY AP ERRTR-RRAT N0
A AAgeAAi.SﬁﬁgoAgh gfpmsceié stéleéfn\;z: Hkb’edéﬁg.A$o@cﬁbﬁnA¢l@’c’tik reédiyig AhatAde. AY. AUR
: . A AS?. . A7 A OXuw> .a . C
~ysni d_ZU] cé’fgﬁ @f]) ?ﬁf"&%ﬁh@%‘%&f’aﬁﬁf 8?%&7%%?&%]3&&}1&%?@3%%9] §9%8%] ca] caU] ¢
Ra ! .
fjl][ E?L\Cg] gTM% }C?x;n%g?]\(]cg;];g%qg;galﬂ] gg} gg] cal i:a] cal ca] ca]bca] ca] cal ca] ca] cal]
karacteristifcef] idsca ] adt¢rize®R .
g?]c?%] (r:ﬂa} ?g];a] '(':#2# ﬁe g'jcL]rJO/lS?/«‘!]i?:/ﬁ ' e&g?sca?sg%@a%céj:r cairge ngl(:%e]n(e:;] ca] ca] ca] ca
] ca] caU] ca] ¢a] & Bré’f’ By ‘Eﬁ%ﬁ&?jp }’ggﬁ‘%éig‘iﬁ affé"&f ?’L%f]o % ca]cajca] ca! ((<
))) ** 1 *<* 2* doKpdirkent, and B2 Qb HARRASRFHRME 280 A dSABE veirkplk Vhdealmal cal ca] cau
] cal] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca_] ca] cal] calU] ca] ca] ca] ca
] ca] ca] ca] Céipm.z;pfmg[qggmqg_ﬂ}m. The robot assignment will range from 1 to

D" <k<<<gs<057=xl! > 272 N .

| cal cal 1] ca] R RERE Hiic WETI o &L FALE AL Riohle DUk sligh el ool catd c2

| ca) ca] cal cal calcal cal cal] cal cal col bal ool ool cel ca) CoL Ge] 6o] cal 6o ool 6ol ool ¢
cajcalcalcalca cal ca ca) cal cal ca] ca] ca] ca] cal ca] ca] ca] ca] ca] ca] ca]c

a]calcal Il 5‘%9%&]95‘9?}3%3% RERRIGDE i ﬁ%éié“wpé%‘] ] ca] ca] ca] cal]

;ﬂ;@} g:} gg%ﬁ%ﬁgﬂtﬁﬁﬂé gaﬂ O%%m&mqeaam%mmmwmw ca] ca] caV] ¢

RRSbSSSBUUUUNWVMMmdmﬁgﬂZQﬂ[SiZ.VH laghhedkaree sead the] areiyal aff cfof ors}anag.cal] ca] ca]

[ C. I\ +\d

o ) B FPARBGRS) T ARGy o halobS R P cal cal cal)

ca] cal] cal] emoduter]witt\gush Hitearti 02 Vinfetb GRe/h&a |t 26l mdlieAdd feadivaMiecal cal caj ca

V]ca]caUjca]Jca_ $a- aba7a=aDaHaCa’ ai a{ a} aaaaaaaaa

bbbbEcl c} wr ﬁﬂ‘b’?'ﬂ-vql gb] X] cU] ca] ca] c™a] ca] ca] caV] ca] caU] ca] cal] ca] cal] ca] ca]

cal] caV] ca] c&aV] ca] caV] ca] caV] ca] caV] ca] caV] ca] caV] ca] ca] cal cOcQc] cccgcei cnto

cccccccce%eef f!fHFNFRFZf fdflfgf sfuf}wglf YS{vqglgV]ca"

WV] caV] cal] Fafness jfcaSpedi¢sc aWeaxah emehsure fitness by the reciprocal of a species

L1111 kBkik BSPH ot TS0 PbE8] BOBBRHL bR SIOMItY BI calieckerceiof | -

UV] cal ca] C@b&ﬁil:??faeﬂ %gﬂhgg%s@&%h@&h%k%@é&@i&@]&% edlspadiedis bl cal cal ca]

aia?]r rC?;/]UJS: ?s Fyn%:gg/]aﬂedtssmmwmaqm Oy ganfliof in{roppy asqilggim}ew: alUl c i’;l] c i’;l] c i’;l] c i’;l] c
a] ca] ca] ca] ca] calca al cal cal ca] calcal caVl cal cal cal cal ca] ca] ca] ca] ca
]ca] ca]cajcal |- {Tﬁ %ﬁ%g@q%ﬁhf@ﬁﬁioé" {"9 %‘é%%‘%}qfﬁf %%ﬂj ?@]C@éﬂ:@fca] caV]ca] ca
] ca] ca] ca] cahmbbred redlusdint aYigamleair]frdachlrobdtC Afheakanisaad aahmad éall ca! / yNZp

mux{) $5G-yt oj.e” [ Vc] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] cal] cal] ca] ca] ca] ca
er

V] ca] caten] alFebats andall Smeeanesa]a his e oa)eRrosaadipiegunt the num
“y &) wyl gbyL Wi ®i : -
v ool a8 Rcthihan e oo oo ol

& 09<EUFvf Q t V_k{upkfa\ W] ] ca] ca] ca] ca] ca] caV] c"a] ca] ca] ca] ca] ca] ca] ca] ca]c

a] ca] ca] ca] ca] ca] £&§,¢ hkcateateateatcal cal] caU ca] ca] ca! QOGT9B_g#l g{ uoi d_ZUk

fa\ W ca] ca] ca] caV] cal] ca(LlJ]"‘cH’j%ét]\eal])ca] caV] ca] ca] caV] ca] caV] ca] caV] ca] caV]ca
caU] ca]ca] calcaV] cal.calca] calca]ca . . .

EqulLJJ]Z\ ‘ ]A>) Lﬁ?&%%ﬁ&%@?ﬁﬂ%&éﬁﬂ%&ﬁ&%ﬁ eeeEding 49 theyrelative {RQHAIFE a] ca] cal] ¢

a] ca] ca] ca] ea} eedrqal] ca] ca] c”a] ca] ca] cal] ca] ca] caV] ca! R 2@Y\ x~$Yt zupj d_ZT}

xsni d_ZV]ca] ca] caU] cal] ca] ca] cal]ca W] caV]ca W]caV]ca

UV] ca] c&Y cal] cal] ca] ca] ca] ca] caV] ca] ca] caV] ca] ca] ca] ca] cal] ca] cav"$) 29; @JP

-g}wpke ZUPj d_ZT] ca] caV] ca] caV]cal ca W] caV]ca WV] caV]ca W] caV]ca

UV] caV] ca UV] ca] cal] ca] ca] ca] caV]ca WV]ca] caV]ca WV]ca] ca] caV] caV] ca] cagl
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{-upj e_XR] V] ca WV] caV] ca] cal] ca] caV] cal] ca] caU] caV] ca] ca] caV] ca] ca] c_a%/] A
WV] cal] ca] ca] ca] caV] ca] ca] ca] caV] ca] caV] ca] caV]ca&, . 7CTl t w. 8@t nhc \?@] G

. /] caV] ca
g\chawac g%wc.’g ;/]alCJ]a]cgaU]V]cg?]cg?;/]a]cgL\C/’?L/]?E%]_SS]EaaDL}?i]sﬁﬁ\c/]"ig%%%(?% caV] ca]
cal] ca] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca] caV] ca] ca] ca] cal] ca]ca]calcaUc a]Jc

Z]ﬂ(zl\?\]Pcz?ilV]r f%}:ﬁﬁmgﬁvgg\ﬁg] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] cal] ca]c
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10% & () - d 209 . ) +£ 1006 & () -
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10: 10:; s10% &y(the tdcip and throughput requirements of the entering and the %xitin lots. v
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15 The following parameters will be employed in our discussion of recipe *

cascading:

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

entering or exiting lot.

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

20  populate the cluster tool.

SP= =Send period of the ith wafer which is the time interval between the
launching of the
(i-1)th and ith wafer.

SP” =Send period of the wafers during steady state.
25 SPi, =The delay in the launéhing of the 1st wafer of the entering lot to
accommodate the change-over at the jth process module of the exiting lot.
CO, =Time it takes to change the jth process module of the exiting lot
over to a new setting.
T, =The arrival time of the ith wafer at the jth module transported by
30  the Ath robot.
T;" = The departure time of the ith wafer from the jth module

transported by the kth robot .
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igl/fal I(: ) - o 6% &ﬁ‘?;%s}; gwg&g‘#%wﬁ HEgse %be performed on a wafer as the
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15 where WPH is the throughput requirement in wafer per hour.
By the nth wafer, the cluster tool will be fully populated with wafers.
. For every wafer exiting the cluster tool, there is a wafer entering to replenish it.
All process and transport tasks performed on the wafers occur in a periodic
fashion, the periodicity being delimited by the send period. When the system
20  reaches this stage, it is said to be in steady state. The number of wafers n

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

is given by the expression

n=l+lNT(%); | | (A)

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

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

30 need to keep track of the movement of wafers inside the cluster tool.
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step. In the other situation called transport conflict, two wafers have to be
transported sequentially by the same robot within an interval shorter than the
robot transport time.
One solution to conflicts is to add more modules and robots. This
solutlon is costly and not pracucal Another solution is to devise a set of
15 pnonty rule and 1mplement “if- then” algorithm to react to the conflicts. Because
of its combinatorial nature, this solution generates huge combination of
outcomes that eventually lead to chaos and unpredictability. The fundamental
solution is to eliminate conflicts completely through proper timing in launching
wafers of the entering lot and insertion of intentional delays at the non-critical
20  process steps of both the exiting and entering lot. This is the principle behind

recipe cascading described herein.

Procedure
Step 1:Estimate the number of wafers in transition. During transition, the
25  exiting lot is emptying while the entering lot is populating the cluster tool. The
number of wafers involved in the transition can be estimated by using Equation
(A). The algorithm for the estimation is as follows.
¥ =
Fori=1,2...m
30 T =n" + pf 1
Next 1

= INT{r* /SP¥)
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fore proper timing of the launches 1s important. 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 resolution
must be greater than the lower bound. Referring té Figure 12, the lower bound

can be derived as follows.

SR e 3ot +i7)

20
SPu, =CO, +Z(p" e ) i(pf" +f )
i=t
SPi, = max(SPL,, SPL, SPE .. SP . j = 1.2,.m™)  (B)
The following is the algorithm for estimating the lower bound of delay per
Equation (B)
25 Forj=1,2...m~
spy ;= CO;,
For/=1,2...j
SRS, = SR, + (o eer)- (o +)
next /
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wafers in transition can be tracked. The arrival time 7, of the ith wafer at the jth

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

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

module:
10
T/,I: =T o+t ©)
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

7:;;:’=le:+Pj+Qy (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=l1,2...n*
-
Sum =0
Forj=1,2...m*
Sum = Sum + p+ g5 ®)
30 T = Sum — (n= —i)* SP=
ifj = m*, go to out
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'For wafers of the entering lot,

Sum =0

10 Fori= (n" + ]),(n" +2) (n" —]+n"‘), (n"‘ +n"")
Sum = Sum +sp~, (Note: SP/" =delay) 03]
Psum = Sum
Forj=1,2...m"
Psum =Psum + py" +4;" +¢* (€))

15 - - o TR'=Psum- ¢
ifj= m", go to outl
T = T +1]'

Outl: nextj

nexti

20

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

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

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

the module. Thus conflict occurs if the following is true:
OR{AND[(T;,.'; >1e0) (ray =T, ), ANDfra <) (row 2T )]}

30
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Similarly, a transport conflict occurs when a robot, the th robot, is
called on to transport sequentially two wafers, the mth and the nth, within a time
interval shorter than the transport time. In other words, the time interval
between the arrival of the mth wafer and the departure of the nth wafer is :

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

ORnT""l n,k|< g IT““ -To -Thl< g]

mjk mjk ajk

<g [T - Toe

njk

mjk

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

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

transport conflicts may be determined:

25
Forj=1to (v +m®)
Form=1to (n*+n*)
Forn=1tom-l
30 Conflict if
onﬁ Toi =~ To| <2 |Ton ~ Tii| <8 [Tin ~ T | <g [T, - Tin <g]=TRUE
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|1|_ng I( %LO(I)/GE@_ /§Q & St%% {All’? c{%ts}ét lir%ﬁéh kg%r@%ﬂuinl " Féu(t)chm%. Y6t that
in Equations (E) through (G), there are three yet undetermined variables used in

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

" particular robot. These are the intentional delays called queues 4;, g, and the

timing of launching the wafer of the entering lot S7* . Optimization procedures
10 are used to find the best combination of these three variables such that there is
‘no conflict and the total queues is minimized. Genetic Algorithms are one such
optimization procedure. Others will be apparent to one skilled in the art.
The foregoing description of various embodiments of the invention has
been presented for purposes of illustration and description. It is not intended to
15  limit the invention to the precise forms disclosed. Many modifications and

equivalent arrangements will be apparent.
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delimited by a first sending period, and each wafer of the first plurality of
wafers is processed according to a first recipe, the first recipe including

a first sequence of process steps
a first plurality of process times, wherein each process step in the
10 first sequence of process steps has a corresponding process time in the first
plurality of process times;
loading a second plurality of wafers into a wafer cluster tool, wherein
the second plurality of wafers are loaded into the cluster tool individually at: .
intt.ervals delimited by a Second seﬁding period, and each wafer in the second.
15 plurality of wafers is processed according to a second recipe, the second recipe
including
a second sequence of process steps;
a second plurality of process times, wherein each process step in
the second sequence of process steps has a corresponding process time in the
20  second plurality of process times;
wherein the cluster tool has a transition period, during which the cluster tool
processes one or more wafers from the first plurality of wafers according to the
first recipe and one or more wafers from the second plurality of wafers
according to the second recipe.
25
2, The method of claim 1, wherein the first and second sequences of

process steps are identical.

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

30  sending period are equal.
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5 plurality of processmg chambers.

6. The method of claim 5, wherein each process step from the first
sequence of process steps is performed in a processing chamber from the

plurality of processing chambers.

10
7. The method of claim 6, wherein each wafer of the first plurality of
wafers is released from the wafer cluster tool at intervals delimited by the first
sending period.
15 8 The method of claim 7, wherein each wafer of the second plurality of-
. wafers is released from the wafer cluster tool at intervals delimited by a second .
sending pcnod
20
25
30
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