; e3e 4h6LT¥%0 OCT 2003 wo 00/ 79356 PCT/ USOCQO 17430 ROBOT PRE- POSTTI ONI NG I N
A WAFER PROCESSI NG SYSTEM BACKGROUND OF THE | NVENTION Fi el d gf bEE 2

I nvention This invention relates to the field of wafer proce sui ng. ?Gral
particul ar, WR&YS3P%vention relates to schedul i ng techni quesctasoowaiior
cluster tools. Description of the Related Art In the process of

manuf acturi ng a sem conduct or device such as an integrated circuit,

numer ous st eps AROBOT PRESPOSTEHIONINGTIN OV %}N@ : devi ce.
These steps are perforned serially on the |l§g§m&®$ enng(S?Térrg[nuf acture
in individual nodules; the itens of nmanufacture are transferred between
nodul es by transport nechani sns such as robots. In order to achieve
desirabl e throughput, reli BACKGROUND ORITHE sNVERTIOR! i ty. several
conditions nmust be net: 15 1 ) The delivery and renoval of the substrate to
and fromthe process nodules, as well as the transportation of the wafer
bet ween nodul eFijeldrobtheIaventivanpl i shed in a tinmely manner. This tinely
delivery and renoval of substrate is achieved when the flow of substrate is

mai ntai ned in a perThidiikveatish feYdiésdtbAd ﬁﬁﬂ'of@%ﬁﬁroce&éiﬁx@?ﬁiﬁgﬁc%%go and

synchroni zati on are not maintai ned, the process resu

i nconsi steng f S : ted throughput may
be reduced. 5,9;\% OOII%%%E%S%Q%ﬁg%?&%%@%@%gggﬁxﬁ@%s2) t is desirable
to transport the substrate in simlar process flow paths to avoid

i nconsistency in process results due to variations in the process history
of the substra - | te 4 Spl tive to ensure that the articles of

manuf act ur e dot]jraleg?"é%m °§6§ﬁ§ei§ﬁ§{% -process or post-process tine idling in
nodul es where criti a*_l grocessfes are perforned. The addition of pre-process
or post-process ti f PI9SEssT magyfas drsamicandygtor deviiae sudheastanr oughput  but
al so the process results. For exanple, in an |C fabrication system if a
substrate i s ndHCFRAEEFGHnYMETous SRy ofamicro-fabmcation arp perfartied cxformadul e to a
bake module to thermally cure a photo-resist filmlayer, the resulting film
t hi ckness 1| dpwicainthessistepscase perfortnediserially ompiisiadibidealtiems of al | y el i ni nat e
pre-process and/ or post-process tines, they should be rendered as brief as
possi bl e, and mapuipcureiniindividial mathdes; theiems ofunanifadnge adk lnauéferedl>5 The
inability to neet any or all of the above conditions cone fromthe failure

to resol ve trahspeen modulks by transptin midchaismeguch &5 robts.| RRsdedcRieVe SEPAr at e
nodul es demand a robot within a tinme span insufficient for the robot to

service desirable throughput, reliability, and fabrication quality, several conditions must
be met:
15 1 The delivery and removal of the substrate to and from the process

modules, as well as the transportation of the wafer between modules,
must be accomplished in a timely manner. This timely delivery and
removal of substrate is achieved when the flow of substrate is
maintained in a periodic and synchronized manner. If periodicity

20 and synchronization are not maintained, the process results will be

inconsistent from substrate to substrate, and the expected throughput
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may be reduced.




t hese nodul es One conventional solution to the concerns |listed above is the
addi tion of 20 extra process nodul es and transportation res il suglowever ,
the size i mgabjfneg and geonetrical constraints ,of a trac%&m},@mdd m t
the possibility of resolving the above difficulties by addi ng additional
process nodul es_or transportation resoyrces. MO 00/ 79356 3 0 O CT 2~3
PCT/ US00/ 17430 %he addﬁ‘ﬁdé’rﬁmgie 1R SARPaRt Ly SebskrAtria S jarBracess floyyRathy
substrates between adjacent nmodul es (hereinafter called Inter Bay Transfer
Arms, or |BTAs) is anotori¥pidigsopiaenss dyproesss repilihdue i vaiatiepiin thhd el i ni nat e
some of the preprocess and/ or post-process tinmes. However, the addition of
| BTAs al so has 5 seri oPf§cess hisioricfdhe mb#iyatest ed transfer arnms conplicate the
tool and increase its cost, constrain the position of the nodul es, and
cannot be used ¥ver ywhliisimparatietorepsire thaitheartieles, pf manyfecturgsiogobf managi ng
the substrate flowin the track system while maintaining both high

t hr oughput ahd qual i t yspend anypredpracesy onpdst-progess pingetiding inl medulestygreoe
unmanageabl e. 10 Anot her conventional solution is to assign a set of
substrate transport pr icsitidal processes are performedt Gheadditiarbef preaprazesstdie cont r ol
system also referred to as the software scheduler, verifies the status of
substrates in differenpodipeitksdinirif tHesasdulesalegiades nut onlyi thy thimughsutons based
on these rules. However, to achieve high throughputs, the schedul er may
generate undesirabl e, wiplRAhEHoEdsSreald. Bd exanplafih an IC fatpicadess and
post-process times in critical nodules, and the substrates may al so be

forced to follow diff erspaim fif DbBHdS nbtOmeediatety Garisferted fomdrspincycl e.  Yet
anot her conventional solution is to add nmultiple grippers to robot, to

enabl e waf engswappi ng. Nildddaleo §bhiRREIdUleQE BHefmallyecuré & ghGBirksist fid i n the
prior 20 art in order to allow wafer swapping and mnimze the nunber of

robot transfers. Hovevgiye Wil SedGMihEcRENIAR dfiidanal raaast rai nt to

the cluster tool, as a ro dual grippers requires a wafer on one of
the grippers in order t; @%ﬁ j EEEP‘CH LlRbdass s
per formance of the cI_us@ggg{bﬁ%%rﬂpﬁ rgq’ 2%8%9%%/%800/ 17430 tool .

Furthernore, the svvappiﬂgoghpﬁﬁ%g&%?etu&mpé%po%ﬁgﬁb u; s,g{ig%q-y s, which

may al so be del eterious € perfrornmance r et of ore,

the requirements of conflict resol uti ynchroni zation, quality, and path
consi stency referred to&ﬁsﬁg\’}"eesg%\%%ﬁgﬁ%eedzn fully nmet. What is 5 needed is

a solution that sinultane | y address | of the requir ts. SUWARY
OF THE INVEI\%a ON The ﬁﬁ&‘@ﬁ#‘?%ﬁ “&‘t&ﬂﬁ}yi°§§@°§‘l"6\é e cghidifions €8 &‘f"@%& ation in
periodic fashion, The clyster tool processes wafers. | oaded.into the system
at intervals of %Wﬁ%rﬁ‘gﬁﬂmﬂnﬁﬁg‘ fyarg s Bt ROEEH SRR ural ity
of process chanbers, and are trangferred between . prqcess ghanbers by use of
robots, or waf er mpdulpsdeaiapds °'EPP6‘BHFH‘E‘HPW“?£%£‘V%V&E? ng'ﬁt VAR
periodicity of one sending -period. The invention enables the determ nation
of pick-up tinmesthesymediesprocess 15 chanbers, and enbodi ments of the

invention allow the creation and mai ntenance of an updated ti metabl e. The
tinetabl e i ndi cates tOnecpnygnsianal selhtion to the concerns listed above is the addition of

20  extra process modules and transportation resources. However, the size

limitations and geometrical constraints of a track system limit the possibility of
resolving the above difficulties by adding additional process modules or

transportation resources.



of the process chanbers is to be serviced. These val ues are updated as the
process chanbers receive new wafers. Robots in the cluster tool nma
pre-position thenselves in front of 20 nodul es, or process (ﬂlﬂilﬂiﬁéréﬁto be
served. RobBP Y7®5Hositioning elininates the wait time of iPcdrusochmabo

nodul es beyond queue tines which have been pre determ ned for the nodul es.

This renders the paThbadditidEr deRfll ‘E!Jﬁ! r 3 ?E- et.erm.nistic, enabling
the cluster tool to utilize sicng?%eéhgrl Eeprea?rgg%’bo sf‘.g“%% s(?e n2(~3 Wo
oon93s6 PC TNa§jeddnt fbal iSEedi ts of the.inventi i ncl ude a
plurality of processi ngesgatl ons?g%g?‘gfrrﬁaga%ﬁ“&rr ’sﬁgTé% i on i ncl udes
erbodi monts, - Ehaner el (R8T il pipehptend it o pee
conmuni cati on_wj |l clock in each processing station. The naster
server has a Wé’%%é@@éhﬁ%é%&ﬁ?‘ﬁﬁ QBY’&V%&E‘E Wéil“@n\%?%?ﬁﬁr dsohass a | ocal

time for each_clock in theplurality of processing stations. In some such
enbodi ment g £ %’@“ﬂgm%ashuﬁgﬁmf%ﬁgs&rwwwc@ edenl phdincrease ite
processing station, wherein the |ocal clock coupled to the process chanber
resi des on t hEoSEAQnstiaiR thepogitiop of the arodules [andreannat keusecdheveryoehee inocal  ar ea
networ k coupling the naster server to each local clock. The tinetable my
take the forcthedpola Ase rgsult thel tasksof rasaging thasubsraeflon @eihe wifle MBSt er
server, in turn, my be coupled to the local clocks via the Internet.

Speci fi cal | y, system wiile mairsainingdodsitgh throvghgit asd 18 anl QQbIVAGEA! di g to
claim1. The invention further proposes a nethod for synchronizing a wafer
cluster tool aengogiconflicts betsthérudmanagéddlel Nvention further proposes a nethod
for positioning a robot in a wafer cluster tool according to claim17 or

claim 22. 10he i nvephbder EdhvemainaPioliiRE &Sto Asd] itioning robot in
a wafer cluster tool according to claim 35.5%;mg0%%s%% 00l 79356

PCTNSOD) 17430p ki B AR 5 T B Fh B Kbl |11

illustrating the points at wh ers are

wherein the i f i ryalks of .o sendi erjod. 5
Figure 2 ill 5g°?g?§?°?ﬁe%fg‘h%€igpéﬁaaé§§ggwiﬁIBBﬁ’{fﬁm{ m?aglcgfm hr ee
wafers at a p | as the ntissas of the pick-up tines,
wherein the pf’%&%‘%ﬂ’{‘fﬂ?‘\i@e&ﬁ‘aPnﬁFﬁ{% '&’ﬁset"gll‘?rsH%‘Y“FhéD achifyeng peri od.

Figure 3 illug%ﬁﬁes t h varigu nmodul es and transportation nodules in the
cluster tool. Oy ghnuts, thescheduler may generate undesipabled napgedietable and | ust r at i ng
t he m)dul? paths in the cluster tool. Figure 5 is a table illustrating the
reci pe of 3 c'arigble prepspcess and post-process times in critical modules, and the

substrates may also be forcefl to follow different flow paths to complete their -
process cycle.
Yet another conventional solution is to add multiple grippers to robot, to
enable wafer swapping. Multiple gripper robots are frequently used in the prior
20 art in order to allow wafer swapping and minimize the number of robot
transfers. However, this technique adds an additional constraint to the cluster
tool, as a robot with dual grippers requires a wafer on one of the grippers in

order to perform the swapping. This constrains the performance of the cluster



Figure 6 is a graph and. correspondi ng table of nodul e pick-up tinmes which
arise in a sending period, wherein the sending period is br®keocT B 6 15
sub-i nterval o g@Seskd1ere are six possible robot noves W thi necdraSdobdt B0
sendi ng peri 08. Figure 7 is a graph and corresponding table illustrating
conflicts that arig&hbetv\e n processes for access to robots, wherein

conflicts are 190k THEheRNasH IR iGTeases FRasReRAnS raeendpodulssaye pi ck- up
dermands within a, singl 0 peri,od. Figure 8 is raph and acconpanyi ng
tabl es and mat I”Yhé‘i‘ ,a?'\hfﬁ"g’ﬁdﬁl"leﬂg‘fsrt%% W#@W%P?fbgﬁﬁ’é T®0kues to elininate
conflicts between npdul es for access tq rohots. 6, 3 0 0 CT, 2D13 WO

001 79356 PC TI US00/ HemeEors;th seguieements of confiigtresqletiogesynghrgnizationne tines in a
cluster tool. Figure 10 jllustrates wafer flow in steady state in a cluster
tool. Figure 1]9“P‘I1W’L?§§Pﬁbé%“slf‘@%ﬁ&r{%lé‘ha‘i?é’ﬁhé‘éﬁ nqt Re hmeheWBYiSt er t ool
processes an entering lot and an exiting lot. 5 Figure 12 illustrates the
timng of tHe frieeded isqesolytiopthat simubaneapsiy,addresses all qfthese requirementy ol accor di ng
to an enbodi nent of the invention. Figure 13 illustrates a plurality of

| ocal clocks in an enbodi nent of the invention. Figure 14 illustrates a
robot positioning algorithmused in an 10 enbodi nent of the invention. 3
0 OCT 2003 wo oon93s6 DETAI LED DESCRI PTI ON _Synchroni zed, Confli ct

Resol vi ng Schedul ers PCTNSOOSUMMARXOE J¥H: NHONyr esent i nvention
conprises a nethod for maxim zing throughput and quality in a manufacturing
system by scheduling events in the systemin a cgeri odi c, pr,ecgi ctabl e

fashi on whi ch el i mi néedeveptinpoomprisespyafenriustantoql OBYANQNIN PRROUS anpl e of such
a manufacturing system conprises a series of process steps.1, . . _., N

whi ch are per f ofasion. cBesiuster fookprocesses waghry/oaded intathe systsm #dmaralscfre. The

i ndi vidual process steps of the systemare conducted in "nodul es", or
"process chaobebss sendimgipdriod. Mafdreare pfocessedin 4 pluralist af procasseehambers.pe” . 10 The
manuf act uri ng system al so i ncludes resources for transporting the units of
manuf act ur e bet waide tmEfenes bétwednprocess ¢chambetsthysse pErobets.cxwvafiety i ncl ude

robots. transporters. Embodiments of the invention have a periodicity of one sending
period.
The invention enables the determination of pick-up times for the process
15  chambers, and embodiments of the invention allow the creation and
maintenance of an updated timetable. The timetable indicates times when each
of the process chambers is to be serviced. These values are updated as the
process chambers receive new wafers.
Robots lin the cluster tool may pre-position themselves in front of
20  modules, or process chambers, to be served. Robot pre-positioning eliminates
the wait time of individual modules beyond queue times which have been pre-
determined for the modules. This renders the path of the individual robots pre-

deterministic, enabling the cluster tool to utilize single gripper robots.

4



Conflicts may result between processes in the system when separate nodul es
demand a robot within a tine span which is insufficient for the robot to
service these nodules. Additionally, it is desirable to schg%uhgrbaﬂ system
in a 15 manner which exhibits periodicity, so that events i system are
synchr.oni zeWOt®78¥6€ur at periodic, predictable intervals. Ascpotmdrigent of
the present invention includes a technique of selectively scheduling delays

t | i m nat |
Such-conf 1 ot ipsaigm“é%%?ﬁ%@%&%%%%' PSSR RaRiRl Fafrshet hr ughput

or quality of 4 nflict-Resaol vin

Synchr oni zatlon %s%er Eq ust ég}ﬁ'%o?%k%nu&m %pﬁfesﬁﬁéﬂ? ‘gfb"al

manuf act uri ng, ribed a fer cluster tooI In a wafer
cluster tool, ﬁééoﬁgnkg °@5°r?]3§“3€m§%§€§§g¥‘a cqprdimerys e dugierdoni 2003
PCTNS00/ 17430 chanﬁﬁ whi ch arge organi,zed around a group of wafer
transporting &% &ssamﬁsrmrsﬁ’%f?“f‘gn%ﬁt@ﬁmﬁltbemdm@ckcﬁepqix)cess st eps
on the wafer. A wafer enters and exits the tool through a buffer called a
| oad port. ONBWCessing 5igHon. cThe master sarvisahasra masten clockpad tpmetablet he wafer is
transported sequentially through the series of nodul es specified in a
reci pe. The t sofovasewhist ratefdsiaddcabfime foméazh'chock i thephealit of proeedsing and t he
wafer's exit fromthe nodule is referred to as a nodul e process tine. This
process tinme stadénsdes the tinme actually spent processing the wafer in the
nodul e as well as the overhead tine required to prepare the wafer for

processing and pi Cia séfhe si¢h dmbvdirgeritfahe Wafer BlsteP@olBESRasE eper tool is
descri bed above as passing an individual wafer between nodules, it will be

apparent to oggupld tb |ﬂ%rb&s§xﬁ@stﬁ’t‘i6n Whateid {h@ lcEUa?@lﬁElE cdugl’e‘a% 'ﬂ%rb gqua! ly

applicable to a wafer cluster tool in which a discrete set er5|s

passed bet me@h&ﬁ?&?k&ﬂeﬂodgx?ﬁ"ﬁahfkm%lﬁ&e&%ofﬂ& Ech’ti’ﬁxtcﬁfdeta?QJal a delay in

pi cking up the 15 processed wafer may advers on-wa results;

such nodul es es t hey cannot
tol erate del agégnﬁ%m &%lhﬁ‘gg %%os%&%%%rggjstgg?c ?§§mgn5§§%‘“§§§ﬁj§% al |
nodules in th clus 1S tified as.,the "ga nodul e"; the
process tine ftg fjﬂf"iﬂ g?'legﬁi%ﬁ?smt&rf@"?ﬂ%ﬁbrﬁﬁ er $¢f¥CTe Must er t ool .
Because the gatin & rs;rg??@lesI the .2 th roughput of the cluster tool,
it too cannot ™EA B °831F ¢lagks fer cluster tool lists
the nodules in se.sq iﬁl order al ongsi de thelr respective process tines.
The tine requi r ed®P5§iligailnibe IIEVGH@Q%H@BB?GF WSt elustsetopd arcardiBeiddul es i s
referred to as its transport tinme. 9 3 0 ocT 2eos WO 001 79356

PCT/ USOQ i 74%9m\Viaf er Fl ow Managenent in the O uster Tool Wafer flow
managenent, i.e., the orchestration of wafer processing and wafer
transporting in &he invemiont fusther depesasi namthodt for tshechrbuioinghpwiafeand t he
onwafer results delivered by the system Effective wafer flow nanagenent

requires the;hgsltémi,&eh@@&uﬁlg&auagﬁqgtl on of the following two conditions: a
waf er which was just processed in the sending nodule and is now ready to

nmove shoul d do sorphgledsi I fer will
subsequently be pr oceggl(e |s eﬁﬁ%&ﬁ&&bé@%gpﬁ& ﬁosg{btﬂ@sg?%tﬁg \té,g transport
waf ers bet wee t Hose, qodul or%ulls ayai | rcla1 |0t the prior art, condition (1}
was 10 satis dCB provi ol ng gdgcf’atl onaci 1Efundant nodul es. Such a

sol uti on, homeve

The invention further proposes a method for positioning robot in a

wafer cluster tool according to claim 25.



conprom ses condition (2) in tw ways: (a) it results in an inadequate
number of robots serving too many nmodul es or (b) two or nor @ (88l may
conpete sinultanequsly for the service of a robot. Wen th jtions
listed abové”%f)@ggg‘rrpr om sed, delays in wafer 15 pick-up rgpsc{’f\l?&ogﬁwdsuch
del ays occur at critical process nodul es, they adversely affect on-wafer
results. And if such delays occur at the gating nodule, they slow down

t hroughput As such, it i %PESCNPFMNQEEP&'EPQWS conditions |isted
above are guaranteed with respect to critical process nodul es and the
gating nodule. In case (a) wherein nore handling is required than the
robots 20 coul d prokigwe,] isasmsdinghilustraiing the peiats ahyvhich wefers aseloadedyat | on.
However, in case (b), the problemresides in the timng of the robot

servi ce requesinto ¥ taakl vhereinghe peipisarssepamted by intervalecfiane sendinge (b), this
is an i nadequate solution. Since the recipe prescribed for the cluster tool
det er mi nes t heperiod. ngs of the robot service request, a fundanental solution
to resolving the two conditions 10 3 00 CT 2Q03 wo 0o0on93ss

PCTI US00/ 17830 can &igusee fliustrates| thereiatiye andahsaliuterpickeup tiestof thssenchr oni ze with
waf er transport. A scheduling algorithm described herein perforns such
synchr oni zat i ORvafer§ata prodeesli) hewelll esthe niaatissheofithepiclanp imes mbemdimdhé n sof t war e
executed by a conputer, wherein the conputer conprises a nmenory for storing
the software, k- tishdd dr@normatieadtin bgmislothecérdivyperiod.n an enbodi ment of the
present invention, the scheduler may be used off line fromthe

nmanuf act uri ng syst epgdiee 9anSkaEhe vaticus GeidalerhitPeansonader @odudds ih he system
Al ternatively, the conputer may be coupled to the manufacturing system so
that the schedyh&flusdtospdate the operation of the systemin real-tine. 10
Synchroni zing Wafer Flow in the Cluster Tool In an enbodi nent of the
present inygntion, \ﬁéx& i ' Sponiiag tholyillSRashg e ddhly pathial wafers
t hr ough th\g%cl ust er toolé4fé1§t§%‘a%hzanr§¥dg§? lsrbgt e.g This rat eg,lgreferrgd to as the
tool ' s-"sendi ng, L Gusteritsol EXPr €ssed in nunber of wafers 15 per hour, and
paces the wafer owwth a periodicity equal to (3600/sending rate)

seconds. This peri ods; . : i o of the cluster
tool, is the heart b?é%‘ﬁg?q{%gg%w&a?w ydggc&/g{#e@%ni ts are introduced
to the systemat i ntar vglﬁs?&,‘g?&d;&r;g%@g‘dgﬁr b?gofﬂgqle'p%k% Afest ©

synchroni ze the cl usStBr 100 roc transport tirmes are neasured
inunits of sendin er. od. 20 Furthernor to.,.ensure.t . sanme tasks
can be repeat edwh’?ggﬁ?clgé‘(ff %)%ﬁnlc’SU‘gf,;er?lﬁzhersSB‘Bngﬂgsf%bte}asé’flhﬁsl?8r tool are
schedul ed tpo acconplish all service requests, hereafter referred to as
"tasks", withi nﬁﬁ*"@-eﬁ\ersea% ﬁ{gi#ng%g?ﬁS@gﬁm L TAQYER WE ésﬁkéﬁ’? zation of
the cluster tool requires a determnation of 1 ) the total nunber of tasks
that are perforﬁ@'&?dwithi n a sending period and 2) the 11  wo 0oon93s6

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

20 period.

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

illustrate the insertion of queues to eliminate conflicts between modules for

access to robots.




3 0 OCT 2003 PGI/US00/1 ?430 exact nmoment within a sending period that
these tasks arise. These nonents shall hereafter be referreflgtgrTaggd he
“timngs" espective tasks. The concepts of sendin rd nd
synchr oni Zghofg)z?sasﬁe illustrated in Figure 1. The tineli neq’fgguirqggﬁéﬁ origin
102, which denotes, the noment when 5 the first wafer is |oaded into the
cluster tool. TheFigpred illyatratenyerigesrndareips timesin aglistestost. one sending peri od
| 10. Each demarcation 104 106 108 indi cates, respectively, the tinmes at
whi ch the second, Fighter1f, illasteatésovafeflove iresteady statelinadluster bl t he cl ust er
tool. A principal characteristic of synchronization is periodicity: the
present 10 i nvent Figureehisillugteatéshwtrarisition @eridd, irawkich theictubtertool ., n, the

pi ck-up times for any wafer undergoing that task are identical. Thus each
task i in theroekssed & erteritlg I60dhdod exitigdotat ed with a rel ative pick-up tine
denoted Ti, where T, is normalized in units of the sending period. Figure 2

depicts this feat Figardf2 MRLLAEH tht tihing STREANENHeSof tWeéRering 1648 theaf er 2
210, and wafer 3 212 are depicted on the vertical 15 axis 202. The

hori zontal | icRRted IRl &dedrdi onnl\ﬁlb%mﬁen@P e if¥Entinl 9i N of this axis 201

indicates the tine at which wafer 1 1s |oaded into the cluster tool. The
relative pick-up tg AH Lot i I r_each wafer.
Because t he Wafer;Fﬁﬁé%g‘%&ﬁ@#&ﬁ?&&ﬁ%@gb%%%f%%\e%q?xgengp?gﬁe sendi ng
period, the act ugl pi ck-up tinmes are separated by units of one sending
period 20 Fi dU¥®"9™also illustrates a distinction between relative and
"actual " or "absol yte" 1i:k-up tines. The relative pick-up tinme of a
process i is denotfa@re ‘#,“%ﬂs.ag{gb@slqﬁ’émﬂ gorithmused dnan,p tine is neasured
fromthe time a wafer is introduced into the wafer cluster tool, the

rel ative 18i clemhodimeppof hejinkeptional for each wafer, wafer 1208, wafer 2 210,
and wafer 3 212. The absolute pick-up 12 WO 00l 79356 3 0 OCT 2003
PCT/USCO | 7430 time 214 is nmeasured fromthe nonent the first wafer was

| oaded into the 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 tinme of wafer wat nmodule i is 5 (w1 ) + T, This period
(w1 ) is illustrated in the figure 216. Another paraneter which is '
critical in synchronization is designated by the synbol t;, The fraction r
=Tr - INT (Ti) , where INT (T.) is a function that rounds Ti down to the
nearest integer, is the fraction of Ti that has el apsed 10 since the

begi nni ng of the current sending period. These paraneters 206 are al so
illustrated in Figure 2. Since the T; values are identical for each wafer,
and since the wafers are inserted at intervals of one sending period, the
val ues of T;



206 are identical for each wafer. These fractions, (err) , i =1, 2, 3. .
N conpri se the timngs of the tasks the robots nust acconpBigspCTM2803i n a

sendi ng peri Jhe nunber of tasks N and the timngs of ks
constitute the ?oacf of the transport. Si nce Ti is the accunukg}ti’sgor/l‘%g% to

the ith nodule of the process tines pj , j =1,2,3 ... i ; and the robot

transport tinmes tj, j =1,2,3 IIows that for any wafer, the
relative pick-up tinme at mduIBET%Eﬁﬂﬁélcﬁ'ﬁ' QN; -, (=1, 2,3 Nt gt
Italsofollowsthatthetlmngofthetasks z—123 ..N;isz:T.-

I NT (T~) 13 US00/ 17430 ~P~+~t ~-~' ~p~+~t~ ;
i=1.2. 3 ..N (1)SyncpromzecPSC3M?hct &éﬂiﬂﬁb

—= rt times t, are fixed for a
gi ven cl uster tool arent from Equation ( 1) that the tini ng of
robot task r is depe‘“‘c?é?ﬂ“téﬁ-ﬁ P’§s°8h‘nt’??é‘°bF%‘BE%§5P|“H‘é§°dpf°fﬁ’@xﬂéﬁ‘é@&r| bed by
the recipe. 5 Periodicity and Wafer |dentification The property of
periodicity al srosghpyt end quality jinje manyfaciyringsystem byscheduling eyengs iajthest er t ool .
As el aborated infra, the synchroni zed schedul er ensures that 1 ) the wafers
are | oaded iSt osystem ie B periasic, prsdictable fashipnavhicheglineipates confli¢th fassys¢ém of one 10
sendi ng period, and 2) each wafer |oaded into the cluster tool undergoes
i denti cal event esaurces.hAn sxample dfisuch a manufachiringesystem) comprises aserissofioment  t hey
are | oaded. A consequence of these two conditions is that wafers enter and
depart each nodpioeess stegsHe. c) Nswiech dre pérfarmed bensecutivelyt dvepdimigiuel wiitsgi nal | y
| oaded, at intervals of one sending period. As such, each wafer in a nodul e
can be 15 ident bfﬂnﬁdlf&ttﬂ&)l%ebx)ﬁﬁxﬂmbmngstsﬂapsﬁmiﬂystdmmlcohducmynentered or
exited that nodule. This feature of the synchronized scheduler is referred

to as wafer i denmbdil@ator Ofrocess chamibers”, ahdithgiséries of SrREgisigtedrinla Madipks Pat hs 20
In an enbodi ment of the present invention, each wafer | oaded into the

cluster toohof olThewemBadhgingispitént blso Holldestefdatdas foritra@sporinghe uhitsdfar set of
nodul es whi ch correspond to the processes in the cluster tool. This feature

of the present ipveRithrebetweer Mbtiésia tRWcridd; fdireoutices mibytifdladexdbasli ment ,
each process in the 14 |
Conflicts may result between processes in the system when separate
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
15 manner which exhibits periodicity, so that events in the system are‘synchronized
to occur at periodic, predictable intervals. An embodiment of the.present
invention includes a technique of selectively scheduling delays in various steps
of the manufacturing process in order to eliminate all such conflicts, as well
enforce periodicity, without degrading throughput or quality of the system.
20
An Example of Conflict-Resolving Synchronization: Wafer Cluster Tools
An example of the type of manufacturing system described aboveis a

wafer cluster tool. In a wafer cluster tool, the modules comprise process



wo oon93s6 3 0 OCT 203 PCT/ US00/ 17430 cluster tool has one or nore nodul es

associated with it, wherein the wafers are processed. The nodul eﬁ_ %'ﬁé\ each

process are ordered in a sequence such that when wafers arridy8 0k t

process, tN¥QOEMWEepl aced in the correspondi ng nodul es in t RETASAYUEMSE al

order (for e.g., if a process has two correspondi ng nodul es, the first .

vafer in the gusb@mvaaast orghiieed drbid SBub 6f waltk mARGRATheNEIAE A0S 0 Lhe
e

second nodul e, the third wafer enters irst nodul'e, the fourth wafer

enters the se q&gj,%%mm - er of

nodul e pat hs frhat a waf er %&%%ﬁ&rﬁgg%ﬁhgﬁ%géﬂ?bhﬁkgqﬁg common
multiple of th Q%HB [ﬁ:@ﬁl r ondin 0 _each pracess. 10 The
enbodi nment de%n?rel e gg’t())g{\l/ué sg:bﬁﬁﬁlgﬁlgﬁégoa@ oégaéﬂff@rf’ Otﬁftﬁ'ﬁyeés%. Figure 4
shows a sequencge. of ocess ste . VP 400, VPC 402 404, SB, 406, SBC
408, PEB 410, wﬁ%B%mﬁ%o,aﬁlﬁﬁa’ ‘ﬁi&?f% YansPorigd sequentially @?ftﬁg‘l the,geries oy ocess
step appeasrs for ch l.e corresponding tq the process step. For

i nst ance, he°ﬁ??f@géép%$ggﬁhaﬁé§’°t g dmesgiogd de YbWAEEpERENSE, the 15
synmbol of CT appears three tines 404. Above each process step is the nunber
of modul es f of® aTAedulennd theswafer sexitfram themodyle issefemsd do ag amofelast common
mul tiple of the nunber of nodules is: LCM2,2,3,3,3,3,3,4,2,2) = 12 Hence,
t he reci pe foproc¢setimeBisprocespiimp insbudes thedtimeadtuallyrspent| progesting the20 whi ch
are listed 422. Each columm in the table 422 lists the nodul e nunber for
that process wafepinithe mhdule espellds theovarheadainpaiehuirdbtotphepate the evaferel ve

possi bl e paths, every twelfth wafer follows the sanme nodule path. As such,
by identifyi ngprarisedsing addipick p. order in which it was | oaded into the tool,
the 15 wo oon93s6 3 0 OCT 2C03 PCT/ US00/ 17430 present invention enables

the det _ermbnag;&auﬁfmb tHOWkeLcliabitoblOk iewpile P ibdve 8s PRkRE-anAddi Ng Queues
to Elimnate nflicts for Transportation Resources 5 It reci pe gives

rise to si il {RneAUSwaePBRGLdn Hodtfdsit BRI bE SbSRtrt tf Be MAleliiG et T ODOLS, it
woul d be desirable to resolve the conflicts 'not by adding nore robots, but

rat her by nodifyi : i ' ieqt dify the
recipe is to Ik}%%/frhgghegégﬁgérl ogﬁsa%éexﬁgg%%g}gaﬁﬁgggéfa?gﬁ: fte'??gebgﬂgﬁé%ggoq , to.
the non-criti r0cess ~St eps._.i rder tq .achieve timng which resolves 10
conflicts w tﬁghﬁcgégtr?gr%vgﬁﬁr%‘sﬁéssfﬂgaf”ﬁ?%ﬁ'ﬁﬁblﬁf'?or on-waf er results delivered
by the tool. Such schene,. used in conjunctjon with Equation ( 1), is the
basis for the "syn@‘rﬁ‘ﬁﬁ&&"dﬁﬁﬁgﬂ‘l’ﬁlrﬂs‘“%?ﬂraé{e&d,mélmi é-{"%ls originally
prescribed_may introduce conpeting service requests which result in del ays
at criticaf pPreesed walsr may adygrsslyaficct amwafen yesults; sueh medulesarevaf er qual ity
and throughput of the 15 single-wafer cluster tool. The aimof "synchronous
al gorithnm i s idestifiedsas/ ‘critiegl pracess medulgs’ ay they cannot taferpteidelays.pfheess steps in
order to ensure that no delays occur at critical process steps or gating
st eps, and t henasluie whoseiprocegs tima s loegesbamomgsoail hpdtlesindheweluster ohisi t y. 20
Sol vi ng For The Queues

identified as the “gating module”; the process time at this module determines

the throuéhput of the cluster tool. Because the gating module determines the
20  throughput of the cluster tool, it too cannot tolerate delays. The recipe for a

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

respective process times. The time required by a robot to transport a wafer

between two modules is referred to as its transport time.



W shall now denonstrate how to solve for the del ays, or Let z be the

timng of robot tasks as dictated by a prescribed recipe per
). By addin g, to the process tine pi to rrodlfyth%ﬁ%g;b@% enew
timng ~ * ?"s&bé’%%ﬁ by: 16 3" 0 OCT 2003 ' WO 00l 79356 P 19430 1
1-1 1 1-1r" ==(pi+tg~~+~t;-11VT ~ E+|)+~t ~j-=-lj—lj—lj—l~-l '
“r.~q, - I NT ~( p¥afer Flasy Manggementinithe Chyster Todl-| i~ :-i it The objective is
to find a set of queues q; to be |nserted at the non-critical process steps
such that the time Waferflowimasegsmant ignyhearchastatidnes wafeaprpcessingand=1, 2, 3,

N, and m= k, k+1, N, where nodule k and nodul e m are assi gned to
have their wafwafer tnspesting fn belustergosladeserminesthothi the ghreughput anditea onhe
transport tinme of the robot. This would allow for tine intervals sufficient
for the robot wafesmeswisalelinéred hythelspsteranBffettive weafer fibvhmanagemend serve nore
than one nodule at a given tine. 10 However, the queues so derived nust

al so be snmed | eguirghhd simaitanedusesatiefastioncofititd follgwirig two doditions:Amdrafeer e shoul d
be no queues at critical process nodules or the gating nodule. The set of
queues Wi || bewhieh was jusoprodessédinkthsisehding modhle ahdiisnow ehdistoaode syst em of

| i near equations (r' - ~) _ ~ ayq; ; where a~ is a |lower triangular 15

matrix with adsholid ddf 9 when<1) the réveivirig mddulé v whickthe whier wi\O 00r 193567T1-
ZIti- tiz3- t3T4~ T~Tr'v- Zlv1 000000011000000111000

0011110 G Qﬂbelbésédlﬁ andl(2} thk rdbok adsignét to3trdds 2~3
PCTNSO00/ 17430 q, ?:](g’eqsﬂqu( %) AN ,pﬂqu q]r(hé ccfnstrallgrﬁé t hat IL%ca)ldel ays

shoul d occur aly,ftd hdtiwedn tﬁg%&ﬁxlésﬁs HANaBIe.PId B ptibr art, condition (1) was
10 satisfied by providing additional redundant modules. Such a solution, however,
comprorhiscs condition (2) in two ways: (a) it results in an inadequate number
of robots serving too many modules or (b) two or more modules may compete
simultaneously for the service of a robot.
When the two conditions listed above are compromised, delays in wafer
15  pick-up result. If such delays occur at critical process modules, they adversely
affect on-wafer results. And if such delays occur at the gating module, they
slow down throughput. As such, it is imperative that the transport conditions
listed above are guaranteed witﬁ'respcct to critical process modules and the.
gating module. In case (a) wherein more handling is required than the robots
20 could pmvidé,.adding more robots can mitigate the situation. However, in case
(b), the problem resides in the timing of the robot service request. While adding
more robots can also alleviate case (b), this is an inadequate solution.
Since the recipe prescribed for the cluster tool determines the timings of

the robot service request, a fundamental solution to resolving the two conditions

10



Equation (3). For exanple if nodule #3 and #4 are critical, Equation (3)

should be nodified to the |inear equations as shown bel ow 31009@?02@@T~-

TI ~110U0000T~-

Tz0001UOUUSSDHO3%00q" x. . 00. . . . .. 00.... TN 1 ~-h. 1gN1100111ONTA'se0/iTAS0l N

Equation (4) above) the timings ~ as prescribed by the original recipe are

known. The t isdl fdBl s~ X : 1 I_m e,conflicts
RufiGisd odth Atin the Yafer Woind @ YRG0 ol (IHOA O

bet ween all nodul es usi ng tgne same robot, e Thus LHS of

Equation (4 d T vector. al IS then solved for b re 10
mcjl tiplyi ﬁ\g) (s @@@Q%gﬁ%ﬁ%&%@e@ﬁ;ﬁe%ﬁ{f rglsr%%l FREGORHERT ai nt rr)eltt rpi X as

shown in Equation el ow. , Addi this get of, g. tq the corresponding
nodul e process ti nlfal@p%gs\*tﬁfrdsfflﬂ'&ﬁagﬁfe c échngHbﬁg?vFevﬁxFWtﬂgtVer process.
18 wo oon93s~ 1 0000000-'g=1 10000000 01000000 0010000 . .pO.... Xx.

. pO0. ... fNLgNP oY %‘M@i‘im‘ﬂl“‘efﬁmpﬂﬁs a menporyJorstoriggithe soffgare, TA - TN An
Applicatiqgn of the Synchronous Algorithm3 0 0 CT 2pp~ PCT/ US00/ 17430 (5)
Speci fic énb@&#ﬁe@ﬁ‘é¥qrfexe%@nsmfévgqv@m-v%n|amemmﬂmenmfghmpseuescri bed by 5
the follow ng, no.nlirriting exanple which will serve to illustrate in sone
detai | vari ousvension the scheduler may be usedoff-liefrom tzempanaficquring systateth nerely to
facilitate an understanding of ways in which the invention nay be practiced
and to furt hegenerated preidesmined seliedhle fonthe lsystem.t Alterngtivelyt the@ompeter nvent i on.
Accordi ngly, the exanple should not be construed as Iimting the scope of
the i nventi onmay Be ddupleaito eliv amiufadtiririy syktewisorkiat tHeaiohddalet cai dpdatéal er process
in a cluster tool will now be illustrated using a specific exanple of a
cluster tool.thEiogetaBoniof the SyskeaiBivRall@mEOr a conceptual plan-view of a wafer
processi ng apparatus. The resist coating and devel opi ng nodul es are
identifiegyas CT 300 and DEV 302 respectively. Also showmn in Figure 3 are
the different bake nodul es vapor 15 prinme (VP) 304, soft bake (SB) 306,

post exposures%grlg%?)wﬁgg,qﬂg%wélulg&gq-ogﬁB) 310, as well as their

correspondi ng chi ul-es. arrows connecting adj acent bake and chill

nodul es represent el r fer. ar | BTAs 312 hat transfer the
substrate bet ween gnhh%seg% r(r’o u&géf{h@?%‘seségﬁ @n’t%agerﬁi"éva‘ffgﬁbm&wﬁ hese bake
modul s constyal it S biOGRL ites throlgh the tlaster ool o & constard rate. This

rate, referred to as the tool’s “sending rate”, is expressed in number of wafers

15 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 tixe cluster tool, is
the heartbeat of the system. Individual wafer units are introduéed to the system
at intervals of one sending period. And in order to synchronize the cluster tool,
all proce"ss and transport times are measured in units of sending period.

20 Furthermoi'e, to ensure that the sarhe tasks can be repeated in succeeding
periods, the robots in the cluster tool are scheduled to accomplish all service
requests, hereafter referred to as “tasks”, within a single sending period. As
such, the synchronization of the cluster tool requires a determination of 1) the

total number of tasks that are performed within a sending period and 2) the

11



3 0 OC7 2003 PCT/ USO0/ 17430 corresponding chill plate. The cassette end
station (CES) robot 314 shown in the figure transfers substraégs%éﬁmand
to the cassette end station. The stepper interface (SlI) robot” 31o transfers
substrate fro@AA®PS%o the stepper interface. The |/ O nodul ePGRESIE780hyf f er
zone for the substrate transported to the stepper 5 interface if and when
it becones necessdmomehti@ithifiaRerdigeriddMal thede MBkOBARS Theselrham&RoOrt the
substrate between all other nodul es such as vapor prinme chill (VPC) to

resi st coat (CEhjll érgifteebdirekeired iGaBERInmifigs OF theh@pyafieasRE.0cess flow. As
can be seen fromthe schematic, when the transport nmeans is the |IBTA the

substrate will have Iﬂaecs;meytseﬂ@n&agP&wa&&dﬁﬁcmbﬁﬂﬁ@hwmmmm{iﬁ is the
case when the substrate is transported froma vapor prinme bake 400 to vapor

prime chill 40ﬁviﬁﬁewmﬁm\emmobm§s&r PR w ﬁg&dﬁzﬁbmaﬁgﬂwﬁ&bot the

substrate coul ave several options. For exanp en a substrate is

renoved from.a i t j 1 1C . y of the
soft bake n?dul%gmfsgafs\eﬁ%v%%@% |g§?@ﬂiﬁ5&%f ﬁﬁgﬁg%éz ro%?%lg‘tgﬁc%tgdg{]gorithm
W will now de t e Li,cat 4 " i algorithmto
this cluster tor%lnéé)g%ac s’s?{é‘?lg%g&g’fl Iﬁgu%%gtdg%?%%ﬁ)bgtq%?qt ﬁ?ﬁ%‘!& The Reci pe
And Thr oughput Requj.r nt. This,di scussi refe t qQur his step
commences by i nrs?é‘?%l;{%equﬁlheem?eéc# B'g’c# ﬁmeéectog%ﬂlgngaﬁé ?°’f‘ﬂ-§ Vﬁfag tm% tl\g\%d eé-ol ums 502
list the process, ste i n sequential order. The sending period, also
referred to as m&‘°g®§%‘ﬁ?kakt time" is also noted 504. Cycle tines, also
known as nodul e takt tines, 20 wQ 00n93s6.3 .0 OCT .2003 PCTNSO0/ 17430 are
then cal cul ated for %é’&ﬁ‘“ﬁﬁ&é“?‘?qﬁ“‘f P%Y“%Bmmﬂfﬂ’ém‘gﬁ‘lm eRFSNy ensure
each nodule takt time is |less than the systemtakt tinme. The nodul e takt
time for eath piyertion egsuses that forieaghdaskiini=}, -c oMy ths PIEEIP YrpesfSE a0% edundant
nodul es are added to reduce nodule takt tine. As wi|l be 5 clear to one
skilled in the Wefer undergaing-thatiask areddenticaly, Thygeachiask i is heglustertael can| N
(Module takt tine / Systemtakt tine) In this exanple, nost nodules require
one additional beasseeiated withaslative pick-uptimeaienated Fiwhere d isaqumalizad fror  each
process step is listed 10 in a colum 508. Step 2 Determ ne The Load of
The Wafer Transpuoitsof thgsedding pesipde Higurec depictsahis featuge ofperigdicitoilhreef ers to

t he nunber of noves it is scheduled to make as well as the tinmes allotted
for the robot t ovafers,fwafen! 298 wedera 3t6yand wafes 31232 sxerdepicfedom théreertieali nni ng of
the current sending period. The determ nation of the robot |oad is depicted
in the tabl ¢560@xis20Ei The leorizontdlting degicisthe TIMBaris 200SThe origin of thisaxd e has
twel ve process steps. The tim ngs of the twelve correspondi ng robot noves
are determ ned 28l indidatiathe tine dd ivhith viale? 1tid IoBdel Mot vtustaridsll Thbe wafer 20

| eaves the | oad port (cassette), cunmulate the process tines of each nodul e
and transport tirgRGvetick-Gp fifies TRtk 200 ark MefficS for el waRSA Bdcguseltly t he
nodul e code-nanmed VP 602 (hereafter all nodules are coded)) it is (62+6) =

68 sec; for md%ﬂe&'ﬁ@nﬁ&%sdréinﬁ&d&&ﬁﬁt@ﬁéﬁils&ﬂ&ﬁs&ﬁﬁigﬁ?ﬁ)d,aﬁ%u&halti mngs in

seconds for all robot noves are listed in a colum 2
pick-up times are separated by units of one sending period.

20 Figure 2 also illustrates a distinction between relative and “actual” or
“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 iﬁenﬁcal for

each wafer, wafer 1 208, wafer 2 210, and wafer 3 212. The absolute pick-up

12



3 0 OCT 2~3 wo o0on93s6 PCT/ USO0/ 17430 marked "Actual" 606. To determ ne the
relative pick-up times T;, the actual tinmes are divided by the actual
sendi ng period. . For exanple, dividing the actual pick-up t3 0e3CTo200%P and
VPC by t he WOON#3SGendi ng period of 45 sec results, respectPlCF&ISP0/17430
normal i zed pick-up tines 1.511 S . and 3.067. The nornalized pick-up tines
for each of thgebYRlMReRIrOE &SR (7 ABRe(tRe fist Waftr WAS Badbdgus eurm " T,

Normal i zed" 608. Subtracting the iInteger portion of the T; values results

inthe t; val ?@%8&%?19204. E{h%e%‘é%;jﬂf??h%i thd@gw&iﬁ@ﬁgfsccétjo\ﬁ@s es have to

be served by as neasure omt egl nning of sending period, and

10 expressed in.uni ' [ | Skr.at e , val ues
of VP and VPCpﬁole&? Btfého%jsé%g?%fsagggjaﬁgv\ﬂpgﬁf tﬁga?%;gftéeéi# ﬁ%t%fn%%?r ‘lzﬁe servi ced
within .511 interyals. of -one sending period, and VPC nust be serviced
within .067 i ﬁf@PﬂY)"ifé‘sof one sending period. The list of normalized z;
values are listed .in a colum 610. The diagram 612 is a 15 pictori al

repr esent afi ofWdd thie | oad: a total of twelve noves and the tine they have
to be served within a sending period. Figure 7 shows the sane information
from anot her phissgedod (w-d) isSilustrated incthe §pere 21fansport times are around 5 & 6
seconds, the nunber of nobves one robot can nake within a sendi ng period of
45 sec is (45/67; wmgther pararasertwhitheis 20ticah int $ynchronizatiomisidesignatettby Thus 6
vertical lines are drawn in the graph 700. Wen the tines the nodul es have

to be served hye @niuaPal Theédrictidh ¥ 1) -INE (TH! Rhere INTSEDNis aFurRBen #Q2, DEV. 704,
HB 706, and Cassétte 7'08, all of which fall into one interval 710, it neans

that they are co i for . th . bat ‘given tine. To

el aborate, 22 ro%e%odrﬂﬁl’%é%% %%WX&%%?Q?Z%t%CM%&e’ are two or

nore tasks, which use onpe, rohqt, and if.the T .values of the t asks fall

"ot one cl0"t s Bishe@iiping OF teicuR B sding eribrhe BN PArAMART 206 BRL i e f or

t he robot to service each_of the t\/\ﬁﬁor nore ropots. These ééonfl icts"
Bistls v

bet ween t he t 2d%edillpgrateddnFigpre 2, gine alpes are jdeatica) for cach waltkanded in the

subsequent steps. Step 3 Allocate The Transport Load. The first step to
resol ve conf | i sinee the wafers are inserted at intervals of one sending period, the values of 7;

206 are identical for each wafer. These fractions, 7, i = 1,2,3...N comprise
the timings of the tasks the robots must accomplish within a sending period.

15 The number of tasks N and the timings of these tasks constitute the load
of the transport. Since T is the accumulation up to the ith module of the

process times p j» J=123...i; ahd the robot transport times

y,j=12,3...i-1, it follows that for any wafer, the relative pick-up time at

module i is:
i i=]
20 T=)p +t; i=123...N
Jj=l Jj=l

It also follows that the timing of the tasks, 7=1,2,3...N; is

7=T,— INT(T)
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in the manufacturing systemis to allocate the |oad equally anong robots in
order to achieve a bal anced transport |oad. Although confli g garexdd

reci pe depengdgiimos@ssi gni ng fewer |oads per robot still redyces the chance
for conflict. However, the possibility of balancing the | oab“1LS%&Hdhdent
on the layout of the nodules relative to robots. Poor layout limts
accessibility tqLnoduwies b Qbot &1 and makes bal anced | oads difficult to
attain. In thi 5‘(2)?&1’75:69,‘ £ a’y'bﬁt;]}s suchi¥hd3.+Wo robot(s) 15 CES and SI,
can each only sef've o noddbes, keating the bulk of the load to the main
robot C-1 and three dedi cated robots known as | BTA (Inter Bay Transfer
Arm . . The besBings wranspert Gmest are fnedior o givendlusienthot, itihepparastromi nt s of t he
|l ayout, is as shown in Figure 7. Six nodules, VPC 712, CT 714, SBC 716)
PEBC 718, DEV Eg@tioafh thid theo@dmimgef adtod taak ardlis 28pdndentisaielyminnhe pabsess C 1 Wi th
three of them SBC, DEV and HB conpeting for one nove of the robot, as

di scussed ear| tifes plBepresceided by tHetedipd.| be resol ved by queuing as
denonstrated in the next step. 23 wo oon93s6 3 0 OCT 2~3 PCTI US00/ 17430
Step 4 Queuisng For Synchronization. The information in the table 800 of
Figure 8 is a summary of |oad allocation fromStep 3. Only the six nodul es

served by main L 1 CT 804, SBC 806, PEBC 808, DEV
AR Water aoHBR Rz

810, and HB 812, nee 0 be consi or queuing. 5 The remai ni ng nodul es

10, 2 . “consid . ning |
TBTA, serving them TRPRen S REpURET RN (B G 8

f he 6 dul F f. . L d, i h ,
cet Lor e o TR o dohs Shotl R APOHBSR LM WBPDS, o o
o 1 03 0Nl o R AT 8he f REBE e RS Pl R 00

HB, need to have timng.targets. different .fromthe original values for t
prescri bed ¥ £ %Ftﬁ“g@a“?% e?clhrﬁ'ﬁﬁrelf’%‘{l&é‘ﬁtg%Er%“ﬂtﬁré?%g“‘?eﬁg"&scoI um 814,
and are set such that the timng jnterval bea\l\gen any pair of the 6 nodul es
is larger than fOHER Ysutsat Himes,3s measunsd rejativeda the mamengithey &g ences
between the target and the originally prescribed timng profiles are
referred to as !0adgd-gAsenseapense of tespiirosandifensds thapvalsmsanterprddepat e shown
pictorially in the graph 818 adjacent to the table. Another objective of

t he " synchr onof3chmadie inthe cluster gokindha erdenthey were @aiginglly loadedi att r oduced at
critical process steps. In this 20 exanple, critical process steps are step
3 804, step 4 guervalsiof one sepdingedod. Nas spebusach wafeninia medueickadbet 0 nodul es
corresponding to these steps, i.e., the target timng for these nodul es
shoul d be tHe dSdentified siniply by trackingtbelordet moxhichithey emtpred ovexited tht i 1 t he Gap
colum 816 may now be substituted in to Equation (3) to solve for the
gueues that w |hoduleskhis featnee @the syRichrofiizdd hedilerds referdsdas wafer

identification, or wafer “tagging”.

Tagging and Module Paths
20 In an embodiment of the present invention, each wafer loaded into the
| cluster tool follows a particular “module path”, i.e., a particular set of modules
which correspond to the processes in the cluster tool. This featuré of the present

invention is illustrated in Figure 4. In this embodiment, each process in the

14



PCT/ USO0/ 17430 gaps. However, to ensure zero delays at the critical process
nodul es, the matrix 818 rel ati ng gaps and queues nust be nodifi| %g p
Equation (4) to generate a nodified matrix 820. Pre-multipl yi3n@1 ﬁef@%{ps
fromthe GafCYTH 816 with the inverse of the nodified neREI/HSIB23G
produces the queues needed to close the gap 824. The solution for the

queues is tradhb@f ol hidord dRuorCalodiRs Bxk6ciattd Svithal, WhieRlk mmg&ai nunits
a

of the sending period, is converted to actual tinme in an Actu e Col um

828. 10 St epprocede@K The fodfles! FdrRBch @&tsﬁ‘dﬂ‘{ﬁ'ﬁer@@gﬁe&r%@eﬁgﬁe gugk}ﬁ‘tagp 4 are now

added to the nodul e processing tine e origin isto

ed to the _ corrgrnal’ TEETT 0
o Lhe £ gur o 68 VRIS NeaF thal B0l ey B eheckd i e et opondcu 1 ng

probl em whic It | i.s . the assignnent of robots to nodul es.
For exanpl e, 'ﬁ\&@{égtﬁﬁgﬁ%@%ﬁgggﬂa@ﬁ? » 1??5’(%%2’% ‘E’I‘?S%"Qﬁgﬂﬁi ch assi gned
a single rqbot_ hetween ch.pair, of consecutive nodels; this allocation is
shown in tRe M&H é'ﬁ?’]‘ﬁ%&vﬁf lﬁﬂﬁlﬁyge’?.gﬁﬁtﬂé?‘éﬁt%@dﬁt@hs%@ wafesen
anongst many possi bl e allocations. In general, there is a need for an

al gorithmt hatg°EFetPé-L?rF‘?‘F8§é)5‘HdB]ﬁt e third Wafst enters thefirstrmodyle, the foustht he

determ nati on of queues. The need for such an algorithmw || be

denonst r at ed iwafensaterythesosond eedwiape.) Appsorequanch shegotal minder of i ed t r ack
system consisting of three nodules, |abeled Mod 1, Mdd2 and 25 WO

001 79356 3 0 O®HuRopatrChatscEaien mag follewsis cengirained tavthe fmmstcommmnr obot s, Robot 1
and Robot 2, both of which can service all three nodules. Let the sending
peri od be desimuitiplecdfitye rumber af mathhles Gifresporaingste eachidoddss.t 2=0. 6, 13=0.7, in
units of the sending period, and suppose the robots can nmove in 0.3, in

units of SB. Ther e Fieenibodimdnddedchbed sbwois iﬂus’ﬂ-altéafb@'teix%?lé ifeiglugyrent Mod |
to Mod 2 Mod 2 to Mod 3 1. Robotl Robotl 2. Robot2 Robot2 3. "Robot| Robot?2

10 4. Robot2 g e4%@@99séqasﬁacaﬂpe&esmépsbvwbwmhéz%: §arare viable.

I n assi gnnments and 2, the time interval between ~r2=0.6 and 13=0.7 is 0.1

sendi ng peri odge, SBCUDS! pﬁ;ﬁ@ﬁ%ﬁ%ﬁ@ 314 98814 10 HRRY A 30 %éils(raed for a

robot to nove. Hence the 15 op ocati’ons are, in thi

Surt ot ent i STApESctss Ao bial P REEAR RGO lBRd MR PR | noert
dol 2y, S ner SEGkR, TRV AT TN e oI SRR, B o0 ont
RERIR RISt TR S M
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
Hence, the recipe for the cluster tool prescribes twelve module paths,
20  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

identifying a wafer and the order in which it was loaded into the tool, the

15



One nmethod of perform ng such an assignnment is sinply an exhaustive

t echni que: generate all possible robot assignnments, and deterdprecTt g3

val i dity owoemoB3sassi gnnent, i.e., ensure that all nodul es pegaisgnedsso a
robot differ sufficiently in their z values to permt the robot to service

them The 26 . S6 0 2003 PCT/.US00/] . 7430 signmepts thus
generated may 4 Stoﬁg%%égleﬁl%s&%etaw%%ﬁg SIS R f‘g@é’ﬁ%d’é’ '-F%ad

bal anci ng. S#J ving for Updated Tim ngs (~c~) 5 Another feature of the
synchr oni zat iOfthat nerits automation is the derivation of 'the updat ed
timngs, given by t~. To elaborate, in step 4 of the algorithmoutlined
earlier, the algorithmwas fed updated values of i*, where for any two
modul es whi ch shared a robot, the respective i* values differed by enough
time to al | owAddiag Qusdes toElminate,Conlicts forEransporsation Resoureesd for an 10
aut omat ed net hod of deriving these i* values. One such technique is as
foll ows: For each Ifelseripagives sedosifriultaneous, abmpeting sdrvicelrequdstsrforach of its
nodul es. For each conbi nation of these ~ values, sort the z values from

| owest to hi gpartitularfrobots,dtivouidibe desifableito adsolive thelcogflicts hot byaddiagd
sequentially through the t values, fromlowest to highest. Determ ne the

di fference beinpraBbststnd rathe bl nYalifyRgahehetipe it OltdonPerBERdeRernd | f the
difference is less than the tinme allotted Tor the robot to 20 nove,

i ncrement t heyd my@kiige 4tidd i§ titrbduce dEibekdte das, Ke Y 00n9356 3
0 OCT 2003 PCTI?JSOWCM:}}% lV\hen thl?cg al gor?tharsn}sﬂ rﬁé@egﬁalhcg utcg set of ~c

val ues for a qgiven . robot.that elini confl.icts..these becone i~ val ues.
It can be pro%’e’r%op}f Onrqrtigal PIRTE %%ﬂ;?lﬁ §r§°btp§ﬁ%e‘6cftlwgﬁ?§bgesgﬁfsst, t he

al gorith utlined above will find it, 5 Genetic A gorithns, The

synchr oninléa)lt i gontlicts pashoutcompromising the throyghnut, a5 Qrswale? rshitsdelivared by

the tool. Such a scheme, used in conjunction with Equation (1), is the basis for

the "synchronous algorithm." To recap, a recipe as originally prescribed may
introduce competing service requests which result in delays at critical process
and gating steps, thereby degrading the wafer quality and throughput of the

15  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 process steps or gating steps, and thereby ensure guarantees of

throughput and wafer quality.

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

7 * is given by:
16



al so be solved by use of a genetic algorithm(GA). A GAis an iterative
process that starts out with an initial population of genes, which encode
possi bl e states of the problem This population is systematically inproved
with each iteration, 10 through a process of selective breedBrig0CTdger f orm
sel ective brgading..the GA needs to a) define the charact eripdiGoRi48
speci es, and E j udge a species' fitness. Characteristics of a Species A
specie is characterized by n genes. For our problem we use two types of

genes, one to represgnt t he rolb_olt 15 as ignrrent, ang_tjhe\ot her, a queue
segnent. Consider t exanpl e dint escripti ag—of |[the earlier

al gori thm The #okot aéﬁi-pg@l}&ntii wi;H INEng® f(porgl) 4 0 M4, itndi cat i ng whi ch
robot will work on articul dul e. ue segmne ¥s |al so an i nteger

i ndi cating how manyj&tine zonegx] i.e.,\yehhot nove perl ods, are to be added
to a nodule's arrival tinme in order to avoid conflict in robot 20

assignnment. In our earlier exanple, the ules, aryive in.six different
time zones, as shoWnh,ily, N 4 i ESZPNEe sees (he arrival of,
for instance, fi vej.q’dul e %l(g cg)n%&c re l;tps.,zjh addi ti gil’l) of a queue
segnent to one of the nodules will push the arrival tine to the next time
zone and hence figsgl 5 bet 6F quedd ;102 iBRRIBEFhS ndn SFfical~3
PCTNSOQ' | 7430 Fitne eséﬁ‘ééﬂgo pec# es %‘é caqr'1 nmeasur e ?itness by the reciprocal

of a species " badness'._ | : ;m;@os i ghted sum
of the degree o?m&e&ﬁ?tf?scstu%%’g{ T'F%tégggﬂnﬁg% b%@ﬁ%%"d qu@égggg\éarr@dnftﬂg. An i deal
species is agne t_bla_Lfl()? hﬁse“gio added segnents, and results in no conflict in
robot assig k=1 P> delt the fitness function, we scan each tine zone

and count the nunber of redyndant signments for each,rqbot. The results
are sumed for E‘ITk'fkﬁﬁot-ﬁé‘H’ﬂreé??d“Eﬁﬁ@%Mf@ mEm ?ss‘gﬁfit°§lﬁfg’.°“% pr oceed
to count the nunber of added queue egr,rents,ﬁnd call it t. T‘CBE fitness
function is thewafFCFchkeé,uptb)’ﬂ‘—esimFré"? js grpater thappthe trapspogt UmeokiBe ght s wi and
w2 are assigned according to the relative inportance of s over t. Recipe
Cascadi ng 15 Anrcrbnbo'ﬂiiwmldeﬂowfmtlmwétﬁv’ﬁléﬁ%lcleamfﬁhféﬁéﬁ}gﬁwmﬁégl to
change froma first recipe to a second reci pe, while preserving

periodi city, anthodulssiaridthus dvaid haviag to strve mare thanane modulerstaigiven tisef. nt s.  Thi s
procedure is referred to as reci pe cascadi ng. Cascading invol ves enptying a
first | ot ofowatHeweverjthe qadueeso desivedmiudt Ao bx salbhendugh to avdid axaebsiwd er t ool ,
and sinul taneously and serially populating the 20 cluster tool w th another
lot of wafers, litﬁ{ngfb&‘hﬁameﬁmﬁﬁh&beh&mwdmeh&tm ciitical proressdnisdulesiorl be
performed with no delays incurred at critical process steps; and with no
addi tional robotg aRdg Ho@giess nmodul es other than those called for

The set of queues will be solved for using Equation (2). This yields a
. N . .
system of linear equations (ﬁ' - zz)= Z a;q;; where a, is a lower triangular
iml

15  matrix with a,=0,for i< j;and a,=1,fori2j:
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by the recipe and throughput

| ots. 29

have dif f ewernst/7938ci pe and t hr oughput

Notation 5 The foll ow ng pararreters wil |

requi renents of the entering an b g
WO OOr1 9350 3 0 OCT 2(~3 PCT/ US00/ 1743 The enteri t

tlng
y al so

requi renents from the REAUSOOVYT4POL .

be enpl oyed in our discussion of

reci pe cascagi ng:;, nex= nun‘i)er o 008 step superscript (en, ex)
hereafter demot & =®hter| ng 1 of. ur@pﬂ of exiting wafers to
fully enpty, {or pf_enter N@feIS(;oo‘ubl 01(bp uljfate the cluster tool.
SPlex = Sendiperiod of the ith wafer which is th td4re| i nterval between the
| aunchi ng of {thes(+7d)th bhd lthlvvé}elo P& -9 Seindgpef i od of the wafers
during steady stitegs 15| SP;" Tl*ie (6el gy an:] I@pn:hi ng of the 1 st
waf er of thelentering | pt go accommdate t he chgpige- over the jth process
nmodul e of thg exiting |bt]|eCE e Tieeeit et akem [ 0| cltange the jth process
nmodul e of thg exitng |ptfover to a new settingl [T~ mfhe arrival time of
the ith wafer| at ¢he jth Bdu?e ?rhsPor Ped® by® pO pe th robot. T,~, = The
departure tineg"of tﬁ’é i{h yaf gr from tiheyj th rppu Q%& ransported by the kth
robot p~ = Prjo S 1 of jth process step of [hp iting lot. 30 300
CT 2003 wo 0oQn93s6 PCTI\LBO(b_/M?hSOl 1 =1ITr énsborlt tkme bétween (j-1)th and

jth process step of the exiting |ot.

9;

. g | queues added to the ith wafer at
the jth procepg cshmin®that BE d&%Yd §Homld Sdcur 51 chigcalimodifless abwapplisaaadi ng

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

be modified to the linear equations as shown below.
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In Equation (4) above, the timings # as prescribed by the original recipe are

known. The target timings = * are set to values which eliminate conflicts

between all modules using the same robot, as described earlier. Thus LHS of

Equation (4) are known values. The vector g is then solved for by pre-

multiplying (11' - a) with the inverse of the modified constraint matrix as shown

in Equation (5) below. Adding this set of ¢ to the corresponding module

process time p: will synchronize wafer transport with wafer process.
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Figure 9 illustrates a typical recipe 900. It specifies the process aad
transport tasks and the timng of each task to be perforned 9 C% as
t he wafer goes through a cluster tool. To satisfy throughput gwr nt
succeedi ng WAPEM3S6are sent through the cluster tool at a c®EIUSAYIBaNd
period, as 10 illustrated in Figure 10. This-send period SP 1000 is given
by SP = 3600 WPH where gDH i the throughput requirenent in wafer per hour.
15 By the nth[ gaflen, Ohd cPudt & Q0B Wi leBer,fUl |y popul ated with wafers.
For every wafpr, exiitling ahe ol wst@rofool, therejis a wafer entering to
replenish it. A FIbO(bESﬁ gng ty apsport tﬁ’sksﬁp rformed on the wafers occur
in a periodic|@aghijon; the periodicriy bei ng deliimted by the send peri od.
When the syst e rled®nds @ hisOsthag, Oift {s s8id tlo be in s%eady state. The
nunber of wafpre |n |30 .remubred;o.full;’f popel at e t he cl udPkr ‘tool and ranp
up to a steady p riqdic %tg_e. is given 1hby %Jhe Xpressi on ~~ al n=1+ | ~SP~:
(A 31  wo opfI3s6 3% 2093 PET/ UBR0/[-17430| where n is the total
process and t | aasparlt I i@e0Opdrflorired|on a_ fer fas indicated in Figure 9
902. The synbpl 1NT() lge@Obesi g fyngtiop that Tounds a number down to the
nearest integer. The above equation also applies for the nunber of wafers
for alot to ranp down froma steady state and fully enpty out 5 . the
cluster tool. In the steady state, every wafer has identical process aad
transport tasks perfornmed on it at identical tine intervals. There is
therefore no Adetpplisatiancf the Synchpgnous Algarithmbnt of wafers inside the
cluster tool. During the recipe cascadi ng, however, the wafers are in
transition from t hpesificgmhpodimgnis obthe timention wilhgowdbe further descaibesdhbly st at e of
the entering lot, as 10 illustrated in Figure 11. During the transition,
some waf er § wilielfollawing, noslimitidg axenple which avill serva de dludiratg irt somehdetaibci pe and
send period prescribed for the exiting lot; others, will be processed and
transported aearoud featurésmf sigaificance pFheexample isddtehded tbrelyeto fsvilitag anot .
Periodicity therefore can not be nmaintained. "Conflicts"™ will occur.

"Conflicts" rehderstindidgwf wai$ inaiticitie idventisiEmay bel piacticedddd €fur@er pr ocess
conflict, two wafers have to be processed sequentially by the sane process

modul e Withine%létﬂ&ééro;f?llillffﬁ"%faﬁﬁoﬁrla&&ettﬁ@in%m&ﬁ debfinglf, thd1at step. In

> SA
the other situation called transport conflict, tw wafers have to be

transported s %ﬁgﬂ L %ﬁmﬁﬂ nﬁ@% ik o ryval shorter than
t he robot tragsp r%’slﬂﬂ%n.o@g%& e So ll.ll.l 0 tthgns%:@ﬁﬁf?%t%o%n?o 0 add nore
nodul es aqg robotsTh

g anz?hronization of wafer transport with wafer process in a cluster
tool willlnow be illustrated using a specific example of a cluster tool. Figure 3
is a schematic for a conceptual plan view of a wafer processing apparatus. The
resist coating and developing modules are identified as CT 300 and DEV 302
respectively. Also shown in Figure 3 are the different bake modules vapor

15 prime (VP) 304, soft bake (SB) 306, post exposure bake (PEB) 308, and hard
bake (HB) 310, as well as their corresponding chill modules. The arrows
connecting adjacent bake and chill modules represent the inter bay transfer
arms, IBTAs 312, that transfer the substrate between these modules. As a result,

the locations of these bake modules constrain the location of their
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solution is costly and not practical. Another solution is to devise a set
of priority rule and inplenent "if then" algorithmto reactd § PGTh 03
conflictswdex@ise of its conbinatorial nature, this sol ut PEUSWAIE43AL es
huge conbi nati on of outcones that eventually lead to chaos and

unpr edi ct abichirbspondifg chilNslaREThedassotte en?iabioh ¥8ES) rdbb: % EhARPR the
PCT/ US00/ 17430 solution is to elimnate conflicts conpletely through proper

Lmng | 0 | el aarakaisRael shiiulih O dled@lend Wb L0l nlent | onal

del ays at the non-critical process steps of e exitl and entering

00 ot kiR AR, SRGLRE At deagt hedher el S
Lransi L on. S GHA% 0k o R E R LSS B0 8 0 Lot

transition can be estimated by using Equatjon 10 (A)._The algorithmfor the
estimati on j8teHacs¥ap g@enﬂh&ﬁ%m%?“Fsséin,J“Emmmb“é?%ﬁé%mmﬁ? Next i 15
n=INT(a" /SP,” ~r'" =0For i =1, 2... n~ _ ~" +"'" +1to P) Next i 20
n" = INT(a' tansport shesubsirae betweemall ethermodyansichas Mapasprimgehilly " . The tini ng
of launching the wafers of the entering lot is a primary vari abl e

responsi bl e (HRC)tomésist coat¥€T.) WJ Uu~i y~~ 3 0 OCT 2003 PC T/ US00/ 17430
occurrence. Therefore proper timng of the |aunches is inportant.

Addi tional |y, t heFigure 43 anfchémativcfor thg wafer frocess flowf As carhir seerf frem cal | ed t he
"del ay", should be such that it provides the tine needed to change a
process noduli seéaticOwhen e thaasfortgeaaslid td IBTA thy sibsgaenikhaveg | ot . So
that when the first wafer of the entering 5 lot arrives, the change over is

conpl et e1gnd oL RnPbPE&SH P ABlAidgrarn CPRLY id tBe A8deQMenithe subfipdi@iswi | | be as
many "del ays” as the nunber of nodul e change over called for by the recipe

of the ent et iagloftd s Vb il hicé AUl vapbi sk QU b2 4Ry, L e del ay.

Any amount o ay contenplated for confli tion must be greater

e 1S B i i RO, 0

derived as ~7,r~ SP~. cl

~  +~~ 4+ ~~y~ +=~ ) )
- pa =t opgons. For example, when a substrate is removed from a resist coat module

404, it can be transported to any of the soft bake modules 406 shown in Figure

15 4

The Synchronization Algorithm
We will now demonstrate tixe 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
recipein a tablé 500. The first two columns 502 list the process steps in
sequential order. The sending period, also referred to as the “systém takt

time” is also noted 504. Cycle times, also known as module takt times,

20



J.l ft Sk, X,, = nca~SP,~.! . SP,~.~ SPJb.r ...,SP,a.l ~~ =1 ~~...nt"" ,)
15 The following is the algorithmfor estimating the | ower bg)ldnd of delay

per Equation (B) For j =1, 2... m- SP,~.1 (0, For 1=1, 2.
= SP, ~ + (WOoevmss (p; +r;'~ next 1 34 wo oon93s6 SP p, | mﬁESwmso ~ J~
+ 1 ~~) n&xtj SP",, :rrtax(SP~ , SP,~.?, SP,~.~ ,...

LZ....rn" ) 30 ‘,gg[h (]ap%ba‘? USO /17 m‘E{héSI‘ﬁ dtﬁeng?,aCE thg0 verrent of

wafers in transition. of A els™T n ran R tracked.
The arrival time T,~ of the it jih nodule transported by the
kth robot is the d%rﬁ&ﬁ‘ﬁ‘f’ H‘E%m"“ﬁ"sf%@w o tet tim %?’Fh process
nodul e plusthetrana&grt tinetj fromthe (j -1thtothe |th nmodule: 10

T, ~ =T, ~, ~ +t] (C)me d@lﬁmmrwﬁarqqsﬁ%ﬂfnﬁél At eolemp 696 bERli e is the
arrival tinme plus the rocessing tinme and queues deliberately inserted for
conflict resol uti ofed moduleyage-addedtojreducg moduiertakt tise. Asiwid bor nmul ae of

Equations (C) and (D) above permt one to map out the novenent of the
waf ers in $ransiti clear tvlons skittedinthe ag, for sachfprogesssttem t he 20 | ast wafer of
the exiting ot is launched and transition begun, see Figure 11, the
arrival and departure oNoaMudiiles Requicedyr INE @dodulel taketimanSyseenc mkc ul at ed per
the 3s wo oon93se 3 0 ocr 2003 PCTI USO0/ 17430 al gorithm bel ow. The

arrival and departgh)ti mes outside of the transition are not considered
and therefore marked with | arge negative val ues.

In this example, most modules require oné additional redundant
module. The number of modules required for each process step is listed

10 in a column 508.

. Step 2 Determine The Load of The Wafer Transport. As defined
earlier, the “load” of a robot refers to the number of moves it is
scheduled to make as well as the times allotted for the robot to perform

15 these moves, as measured from the beginning of the current sending
period. The determination of the robot load is depicted in the table 600
in Figure 6. This cluster apparatus of this example has twelve proce;c;s
steps. The timings of the twelve corresponding robot moves are
Aetemmed as follows. Counting the time from the moment the wafer

20 leaves the load port (cassette), cumulate the process times of each
module and transport times up to the module of interest. For example,
fbr the module code-named VP 602 (hereafter all modules are coded), it
is (62+6) = 68 sec; for module. VPC 604, it is (68+65+5) =138 sec. The

actual timings in seconds for all robot moves are listed in a column
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For wafers of the exiting lot, see Figure 11: For i =1, 2... 3n0BTT2M3 =

Sum0 For j =1, 2... mQ Sum= Sum+ p~ + 9,a (E) T~;° = Sum- ~n'~ - i~
SP," 10 if WORUVS& o to out Ti~.r~ = T,g~ +r~ if ~T,r~, PGT/ES00/17430
.T,i~,~if ~T~ s o ,-ao , T~ out: next j 15 next i For wafers of the
entering lot, SunrfaikedF atuzl"608ITe Géterline the Adativerbick-up tiIBS T, the SUM @ Sum
+SP ~a (Note: Sp'" . delay) (F) Psum= Sum For j =1, 2... nr" 36 3 0 OCT

2003 WO 00r 19356 Pictib@ittel af3RviBSINY the BT 'séndiig petiod~For eXamplé,® T~ = Psum
- r~ if j =gin" , gotoout 1 TIrIW=Tjr +r~5 Qutl : ne&t ] next i

Step 4: | dentify canfdihgits act il IGhel dFVIEHhd iR BY feBbud bifRigl, ~  and the

departure tinme T,~~'" , ©One can'c contlicts process ¢ ct
occurs when 10 a pLQe t the,. jth process, st s call.ed on to
process sequenti al Fg‘?ﬁds%fé‘ig%gg%egﬂgf‘éf?°°?#&'ﬁ’?ﬁ°‘a}?§zi%%°§'5ﬂ,“%ﬁsﬁrﬁlﬁ atine

I nterval shorter th ocess. .tijre.. I n.other rds, the nth wafer
arrives be?bre theaﬁ{%‘b%f °8M¥ﬁ?‘%ﬂ?ﬂ8ﬁﬁ6#é’?%ﬂ??WPﬁsét occurs
if the following is true:. 13 OR~AND~T~ Z T~ ~' ) , (T"j't" 2 Tv~, ~, ,
AND~(T"j >, ~ 5 Te~t Steps are ligied under the cplumn“T; Normalizad; ve logic statenment to
exam ne all possible conbination of (m n) pairs for all process steps, all

process conflicts may bSubkrsting thednteger portion of the T; vajues resultsiin theporm= 1 to
(n"+n') For n =1 to m1 37 WO 00l 79356

values, i.e., the available time the respective modules have to be served

by robots, as measured from the beginning of sending period, and

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

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

20 on the conservative side. Thus 6 vertical lines are drawn in the graph
700. When the times the modules have to be served by a robot fall
within one interval, such as SBC 702, DEV 704, HB 706, a.t_xd Cassette
708, all of which fall into one interval 710, it means that they are

competing for the same move of the robot at a given time. To elaborate,
2



Conflict if ORFAND~T ~ > T'~) , (T,~ 2z T~,, ~ AND~T";"' S T"' ~ ~T ~

z T~, )~ = TRUE next mnext n 5 3 0 OCT 2003 PCTI US00/ 17430 P &J 260¥
transport conflict occurs when a robot, the kth robot, is ca o]
transport sg&P@ﬁﬂ lly two wafers, the nth and the nth wi tA ﬁusé?o’t’

interval shorter than the transport tine. In other wprds the tine interval

between the arri vakf thére hiz@wsbhmpfftasks dRRthubeortapbot, uikifdhe t heudtdf wafer is
10 shorter than the transport tine. Thus transport conflict occurs if the

followng is true: ﬁ@tag_ks"falirtﬁ{oﬁmolfth-g § mt-ErvaIs ﬁ%eah; iat thérdis| <$

, I Tm~r-TAI <$, 15 In the above, the synb denot es absol ute val ue and

g is-the tine al 'u%ﬁﬂfc?e‘fhﬁrﬁé {&Qﬁ{%ﬁ’@% s&@cé@égo@%ty acﬁ%)&ét o¥pyve. The

time "g" is greater or equa ranspor ero By using

above logic statenent t a I 0S onmbi n m n) pairs
for all process steps, ?P%étéggﬁ f)sgrb ch%S’hﬁ’f%&fﬁ’é’ﬁe ‘2‘5‘8@? %ed: 20 For |
=1to ~m_.+ ne'" For =1 tom1l 38 wo 0o0n93s6
Conflict if OR-T~ gledPSdclsmlbg%mmﬁﬂ’se&“‘f*w <$. f'I'm~- T~ 1| <38
ot~ ~t I < $~=TRUE 5 next mnext n 3 0 ocT 2p03 PCTI EJS00/ 17430
Step 5: Resolve conflict through proper Queuing and |aunching. Note that in
Equations (E) thro&pé there are three yet undeterm ned vari abl es used
in 10 the cal cul ati Allagate The Teangpart basd.uFhe firshgepto rgsalug eqnfligts a process
nodul e by a particular robot. These are the intentional delays called
queues g, ~ , g~ andntheenanufactugngsystemuis tdhallogate ithe loed equatly atriveg estiots i ng | ot
SP,"" . Optimzation procedures are used to find the best conbination of
these three vari abliggsrdetiwhachied a balmeed tramsport loadf Althéughrndnflives &rot al queues

is mnimzed. Genetic Algorithnms are one such 15 optimn zation procedure.
Qthers wil10 be appaeepé dépendei assigningFelvérodds Bertrobot still reduces the
| chance for conflict. However, the possibility of balancing the load is
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,
15 CES and SI, can each only serve two modules, leaving the bulk of the
load to the main robot C-1 and three dedicated robots known as IBTA
(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
20 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

resolved by queuing as demonstrated in the next step.



The foregoing description of various enbodi nents of the invention has been
presented for purposes of illustration and description. It i 40T 208ended
tolimt thwo9#r79IsAti on to the precise forns disclosed. Manypomdsooi€dbi ons
and equi val ent arrangenents will be apparent. Architecture of the Custer

Tool Including Lo g i . of - er cluster tool used in
the inventi ongi s ?Iﬂlpus rgg gﬁﬂgﬂgﬁ(’%&vnt ﬁﬁ?ﬂ'%l.o“ﬁ?onﬁﬂéh‘éfﬂi}gter t ool

includes a series ocess. modul es 1300 arranged in_linear order. Wafer
clusters are pr ocggésggﬁlgﬁmxlsqo . oﬂ@gg’édﬂhﬁcﬁg‘?’%’ﬁb?‘m@%@l’17430
sendi ng them through_ the seri of .prqcess, nodyles 1300, according to

al gorithns descri Bg‘cfn%ur%qisgpeﬁrs?ytwg r@??é ‘H‘Gatl{fp&\go%rgff 804, SBERIPnent
illustrated in Fi o} 3 es&& of the_process nodul es includes a |ocal clock
1302. The local cl §08, DESL B 1R, 284 HB 312 seediorbeconyifierad fay qubtengyr ocess
modul e 1300. The | ocal clocks 1302 are coupled to a server including a
mast er cl éck 1304 The zeraainigg anodmlessshiildwot éxpediendeainflR@ssindereactrhasnbodi ment
of the invention, the master clock 1304 periodically pings the |ocal clocks
1302 in order to sigdicitedrubot iehanIBTA| sarvingltherd StheiTakyet O6lurmS16; Ccl ock
1304. The master clock is in comunication with a tinmetable 1308. The

ti metabl e 1308 conhe iafestininieprofiRsie siifocthe Stridditest For badiasT theecor ded on t he
plurality of l|ocal clocks 1302. The tinetable 1308 nay reside on the server

I ncludi ng the mastgsddsdsted s Mb table, HEbribsSEHRAS a@uéﬁfs!ﬁfoff@%mefédr‘to the

mast er clock 1304. The timetable 1308 may be stored in the’'formof a

spreadsheet, a rel.ation dat abase, .a.flat. file r custom zed data
structure, as will® B%u%‘%hegrv@%': 518"&‘:}‘3%%85?%11?%%% °F“faﬁksefe%odi ments of
the inventjon, the ti rre§1 noted _b téhe | ocal clocks 1302 or the naster clock
1304 are F®cor ded PROtEnPinGe 6‘Flyt3h¥f & Gimepubess SBE 806nDEY R OopmsB rent s of
the invention, each tine a wafer cluster enters a process nodul e 1300, the
nodul ' s | ocal , or812mreinsantlist.anky two, DEEandHB, needite havetiming targetst i met abl e
1308. The tinetable 1308 is continuously updated in real-time, so that it
may retain a curr edifferentcioom tief originallvalues fdr s prélAbedby the redip&tRie t ool . As
the total tinme a wafer resides in a given nodule 1300 is 40 WO 001 79356 3
0 OCT ~ PC f/USOO/&Kﬂ:gQargétsdﬂlﬁdiéﬂiﬂQQoM B4, 260 ki Aith A et the
[

timetable 1308 will entify wafer pickup tinmes for each nodul e 1300. Robot

Pre-positioning i npteng) Q%Eﬁﬁnfgﬂf omg%%mj.&%t & ;Bg@%%rtal | ow a

robot to be positioned at an upcom ng no ter “conpl etion

of a prio task. J ' he. 10 N re-pesition itself
in front (li) t he rm‘!cli'afﬁ%@gﬁggk'\%&%ﬁﬂ?ﬁtbeepgéeﬂ\é%%%eﬁﬁ?‘g fon of the
prior task. By pre-posiiionin bot s_af, nodul gs, .excessi ve it time
beyond the queuei n&&""‘ﬂ‘@ﬂ‘?e gf 1&.%@?&%5?&5@‘#%&?%%&3%%%% oughput of
the cluster tool. This cadtgows robﬁ;{ g@th to be pre-determ ned along with
the processing schEputed thegolumu 816, Jbessare pigtorially in e EAPRSEE | pl e

gri ppers on robots for throughput inprovenents. An enbodi nent of the

i nvention supporti F@%P@%B%%Pﬁb qr objertivasefithe esynchronous algorithm”

is to ensure that no delays are introduced at critical process steps. In this

|}

20 example, critical process steps are step 3 804, step 4 806, and step 7 809.
No queues should be added to modules corrésponding to these steps, i.e.,
the target timing for these modules should be the same as the 'prescribed
values. The gaps computed in the Gap column 816 may now be

substituted in to Equation (3) to solve for the queues that will close these
24



in Figure 14. The process starts with the generation of a determnistic
schedul e 1400 for the cluster tool. This involves inserting® §u&TedMn the
nodul e processing tines in order to elimnate robot conflicts, and may be
per f or ned B9 991834 i near transformations or genetic al gori t MFEUSBAZ4RI bed
earlier. The determ nistic schedule exhibits periodicity, with an interval

of one sending pegipRdHoWRAEY, EPémBLRIZeRdediysat HeQEEH phdcef thoddles@ ' Obot R
1402, the cluster tool refers to the tinetable 1308, to determ ne which

process step robofheRiiix 898 Rdstirg' 3 ?Lﬁcﬁqilehemwwiﬁotdﬁ%eag@ggﬁﬁéfiwvol ves

pi cking a process step j, wherern Is closest to portion of

the current tinme : e ] t | has not
been perforned ing‘{’ﬁiaﬁﬁggﬁ?‘ké‘?r@%%gg??f’bg?%@‘“%?‘fé‘?’% %’S%{%ﬁt step 1404

i nvol ves: pick a |, f | etabl e 1308 erein . 41 . 0 OCT 2~ WO

001 79356 PC T/ USOB?C%H&%‘%?Q&L@F}bee@ycrfeooqtﬁgﬁogﬁg 4 Hast er) and step
] has not been perfarned,in current,sending .peri.od Wen such a process
step j is5found iﬁrﬁﬂﬁeﬁtpﬁﬂlfe&'ﬁf%“g%@c?%éﬂ? 5&){2‘#{ i S%‘B’é‘?"cébﬁéd at process
chanber j. Benefits of Robof Pre-Pgsitioning It _wl| be apparent to one
skilled in the ar@ueusais wAnstegmed it Qye Column 826t Erafoltion; whigh isdessi ng
schedul e 1400 with the robot pre-positioning algorithmdescribed above, the
path of the indi viuditaef thesending peripfds epnysrted ta astial time dmasActual Que
pre-determnistic. Because the tinetable 1308 is updated in real-tinme, and
t he schedul e 1400 Qodurnul828.i cal i n each sending period, the collection of ij
values maintained in the tinmetable 1308 is identical in each sending
period. As such, the selection of Tj for each robot Rwll also repeat at
intervals of one sending period. Thus path of robot Rw Il exhibit

peri odicitoy al ong Stép 5 On2ek The'SbRitioh O The §GdiRE dbermindl i Spireowhe pat h of
each robot Rto be pre-determned along with the generation of the

cl ust er - tool - scheqlel b4R0modie pRictsdifiidht SRR Grighniftetipli THIERGY | bed above

i nproves the throughput of the Cluster tool. In particular, each nodul e
that needs to be sgpwl @Onilfelsihadd bR P¥sofRYC TRisiS B aitﬁéac{sﬁgoslho sitioned in
front of it. This elI'mnates any walt-tine required for e robot, thereby
elimnating any | ﬁ%% yond the queuing used to elimnate conflicts.
Optim zation of t e times, according to the al gebraic techni ques or
t he genetic algorithmdescribed earlier, along with elimnation of robot
redundancy by use of pre-positioning, maximzes the throughput of the
cluster tool. 42 3,0 OC T 2003 WD b0179356 PGINS00/ 17430 Robot

pr e- posi t 1oni RePotiAssignmedls the systemto use single gripper robots. To

el aborate, nmultiple gripper robots are typically used in the prior art in
order to al | ow wafépotherAspech gf the schednling prebleme tHIUQIBHION, ISt ansf er's.
This adds an additional constraint to the cluster tool, as a robot with
dual gri.pper sthe essignmant af rabpisito oedules Bor axamply; ingeprthree tisted amveto perform
t he swapping. This constrains the performance of the cluster tool.

Furt her nore, tehipe sxaaphoseg which assigeed 4 singie pobat between Eazh\peie of nodul es, whi ch
may ultimately slow the throughput of the cluster tool. By elimnating
robot wait ti coisecutive modplspthéyatiotation i§ SHowoiARke recipalibted inBigurehot
pre-positioning mnimzes any need to perform wafer swapping. Thus, the

cluster togl TRYaIRERHGH whOEHsen MhédpsBmahyBosSib% dIRRRIons.Thi s sinplifies the
robot, and m nimzes any need for on-board processing in the robots. 43

wo uunyssa CLAI M5 clab thirdi He £ GeteiiStSin conpri si ng:
3 0 CC1 2003 PCT/ U 174330&2 a peurgl%lt%goo pr ocegm ng sta P%hlﬂs for

processi N 2l 8l sl Rl Bl bl BPaluIE PR SGOTRE L 4 2 Process

chanber, 5 a [oca process chamber, 6 . a nmaster
server in co ni.cat | wi.th the l.ocal ock in each,7 processing station,
The mast or oo PABFER RALbY HieisHeisy 8 B SlRe cGutiit o ShPE S RSAT e wherel n
the tinmetable sﬁglxlﬁvggru%ck system, consisting of three modules, labeled Mod1, Mod2 and

25



10 records a local tine for each clock in the plurality of processing
stations. 1 2. The wafer cluster tool of claiml, wherein eagh EFU'IO?@gSi ng
station 2 WEH78¥S6conpri ses: 3 a CPU coupl ed to the proces®Cmyset/ata3on,
wherein the |l ocal clock 4 coupled to the process chanber resides on the

CPU, 1 3. Th i ising 2 I I
area networ k?%%ﬁ@bﬁge%‘gﬁgjp rgéorg\cilgr% b&é%@%&éﬁ%ﬁ%?%&%h% i naeagﬁa

processi ng staaf. i Vi 2 o cal t wor 4. 0Qn93s6 00CT
D005 paT] Csodr R A thfes REMAS Lot B Sohaly b b desiemaif oy  VEEPher

conpri si ng: U cou d tq,.the ter server, wherein the naster clock
is 3 resi denfsparﬁfgﬁgsedi%b@&%ﬁﬁgdt%_g'%mg ¢ sending period, agd sypRoOsaaf er
cluster tool of claim1, wherein the tinetable software 2 conprises a

rel ational ddhepbets can movein .3y units of 8Bt There arolfousfpossitle nobbt wher ei n t he
master server is coupled 2 to the CPU in each processing station via the

| nt ernet. 51 T7alloGationgaf er cluster tool of claim1, wherein the tinetable
software 2 conprises a spreadsheet. 1 8. The wafer cluster tool of claim?7,
wher ei n the tAssiinakdne i MfodpceMed2i n 2 Meilto™Mo®8. 1 9. The wafer cluster
tool of claim1, wherein the master server further 2 includes scheduling
software for jhe clusterobgtPl. 1 10. Rusomafer cluster tool of claim9,
wherein the scheduling software 2 includes a pre-determ ned schedul e for
the cluster tgol. 1 11.gdfgaWafer cl ugigpiot ool of claim 10, wherein the
pre-determ ned schedule 2 1s periodic according to a fixed sendi ng peri od.
45 wo 00on93g6 3 0 OCT PGTNS00/ 1 12. The wafer cluster tool of
claim 11, mhe?éin t he tﬁégg?ecorded oﬁ&ﬁﬁg 2 local clocks of each
processing, station is ed inunits.of. the 3 sending period. 1 13. A
met hod forl" sy bhronizigggéaaafer cl ust @ool, the wafer cluster tool
2including a plurality of process nodul es, the nethod

conpri sing: 3a)generating a determ nistic schedule for the wafer
cluster4tool, the determnistic_ schedule having a periodicity of a5sending
peri od; 6b) | oadi ng HPPR inspectigncanly assignmerys 3 and # are visble: dopssigamentsiln

the7cl uster tool according to the schedul e;8c)in response to | oading the
first wafer sand2,the timefintenabpteesnsa=hband ©=0.7 éskbi sindipgpetiods; twhickcal cl ock
coupl ed to0l0.the first process nodul e;11d)recording a first time fromthe
first |ocal cisdedsthan the2i3 seadiapperiodshequiredforabbtt eompvee Hémeelthee pl urality
of 13process nodules, the first tinme neasured in units of thel4dsending

peri od; 15¢3 | 0pptimel AMoeMEEH AN Hils AR adsiphihert B3RS, RHRCERS inffBdhlse16i n the
cluster tool according to the schedule; IT7f)in response to [-0ading the

cl ook coupl ed TOTETRE o ZEREEMERALRARI R G i hlepBBafal 880 0T 4
21 the ti met bl R L P Y oG ERAR sy ot rh e SERBRRONRER, of el ai
First vl or odbopemabotsstignhan for hiiard. BuBiingloafio®ierisk orocess moaul e
4 according t %oﬂ&p%%hig%g%ﬁthm is necessary which would determine, in cases more
20  complicated than the simplified example above, an optimal robot 'assignmcnt.
One method of performing such an assignment is simply an exhaustive
technique: generate all possible robot assignments, and determine the validity of

each assignment, i.e., ensure that all modules assigned to a robot differ

sufficiently in their © values to permit the robot to service them. The
26



1 15. The method of claim 14) further conprising: 2 i) in response to

| oading the third wafer set, resetting the 3 first | ocal cIo?I% feH dto
the first process nodule. 1 16. The nmethod of claim 15, further conprising:
2 j) recordVR§Va¥hird time fromthe first local clock in tREI/ES00i1TH80 abl e,
the third time neasured in units of the sending period. 1 17. A nethod for
posi tioning aaskighients fud gékkAEd MhpBEE be defRled chRBdWBAA criterfd a&g\% t ool
including a first process nodul e,” a second process m)(fm e, and a 3 third
process nodul g dggg?dﬁé'hod conprising: 4 generating a determnistic

schedul e for the wafer cluster tool, the 5 schedule having a periodicity
defined by a sending period, wherein the schedule 6 has a first pickup tine
for the first nmodule in the cluster tool, and a second 7 pickup tinme for
the third nodyl.e, the .second.pickup time occurring after the 8 first pickup
tinme, the det ?W%@f@ﬁgtfﬁg.d&%sr{:bl uding a first instant and a 9 second
instant, wherein the first and second instants are separated by a tine 10
span equal’ to t he Aaetherfeatyeof the syachronization thatrmerits @ptoppation hotbe 6

PCT/ US00/ 17430 | oading a first wafer in the cluster tool at the first

i nstant; pi ckderivatipn af the apdatedvtadiegs, givemby he Ta elatoratednistepui dftheéd r obot, t he
pi cki ng up the second wafer occurring between the first and second

I nstants; del higeiinAdodtinedanien the i diithrh WA TddRpdhted FhluBDSH*C Wheret he second
nodul e with t%lg robot before theevaggecond instg%t; imnlsldi at ef afet er the

: y
delivering th f NOSI.ti.oni he I at_the third nodule, the
positioning t Oé%rggg\g?m‘é’?ul?{]vgmgﬁﬂagéd?ﬁ)rag& %’Egﬁ rc?i%étbe I df%é'c‘gg%ond pi ckup
time. 18. The nethod of ¢laim 17 furtheg conprising: deliverjing the second
waf er from t h&Q rt’ﬂnen’B&ﬁ?‘@ﬂied° HOBPYHOSHNERH therpy | BYE 199 N§YdOF #bot bef ore

the second instant. 19. The nethod of claim 18, wherein the robot is an

i nter bay!@raputpmatedmgthadof derivingtheses of cl ai m 18, wherein the generating
the schedule is done by a linear transformation. 21. The nmethod of claim
18, wherein t keluge@ueduchtpchriqueds isfdilbws:i s done by a genetic algorithm 22.
A nethod for positioning a robot in a wafer cluster tool, the wafer cluster

tool including a fiFeséachidtRENih FRSHTI&, take BEC Vakle FSrREES 5 #PFYHRes.aNd a third
process nodul e, the nethod conprising: generating a determnistic schedule

f he waf | : | L' fined b
o i warer ! o8t el bbbl SRSk L Gl ARG PR o | e Y 2

nodule in the, cluster tqol, and A8
h?ghest. 90: each sortt:ﬁl list of © values:

15 o Proceed sequentially through the t values, from lowest to
highest.
J .Determinc the difference between the gif/cn T value and the
-one that precedes it
o Ifthe difference is less than the time allotted for the robot to
20 move, increment the < value sufficiently.

e Go to next t value.
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3 0 OCT 2003 second pickup time for the third nodule, the 5%06@2 p@up
time occurring after the first pickup tine, the determnisti‘c ﬁe e
i ncl udi ng YO P9198% | nst ant and a second instant, wherein t hBCFS®1743Ad
second instants are separated by a tinme span equal to the sending period;

l'oadi ng a fiwskn Waf oﬂﬂﬂ?%ﬁsﬁﬂﬁﬁ&zﬁéd §c99t]tgiluérsr}§%% -hirvtéré]rcjb'&f pt; picking up

a second wafer fromthe tirst nodule wt 0 e picking up the
second wafer ;0 ing. between the first apnd second ipstants; delivering

t he second m%hiné%;réé’%gf%emﬂffg"twmfdblvéﬁ{e& pﬁ@“EEB@H&“@Bﬁ%P&W’Fﬁ t he robot
before the second instant; imediately after the delivering the second

waf er, -posi t iTesgraep e vrlmsnexist therpdgarithm @ulingd boverwill findgt-t i oni ng t he robot
at the third nodel occurring before the second pickup tine; and delivering
t he second wafer fromthe third nodule to a fourth nodul e by use of the
robot before the second instant; wherein the first nodule is coupled to a
first |ocsal Gledetlc Algbritimecond nodule is coupled to a second | ocal clock,
the third nodule is coupled to a third local clock, and the fourth nodul e

is coupled to a fyhgdyRcromiadtion) fbet akfihment)GnhQerkARBH problertidan?~3
PC TIUSOCO 17430 1 23. The nethod of claim 17, wherein the first, second,

third, and fgusblsshdifulsess #EcnctiOUNRAAIGA)! ACGA ifiPRerfbdfbless 1 24. The

met hod of claim1l In the rob y one gripper. 1 25. A nethod

of positioni Lobot s j: . | e 2

conpri sing aﬂ%f ﬂ%‘% ‘lg"ﬁyh@fagﬁ}rﬁgégs?ﬂr?olﬁgéﬁg5%&?’}1%1”\%/\2?%%6@%%sss?gel?%ﬁ%I uding a 3
first robot a a cond robot..wherein the wafer cluster .t.ool.operates 4
accor di ng to°ggﬁé’F<?S°§“d?€9@é H%ﬂ?%o,n IF fEstepmatically gngr(‘?ﬁ%‘ldm%té 3 ’ﬁeéatﬁ’gfi ned. by 5
a sendi ng_period, the nmethod conprising, 6 transferri a fiyst wafer
froma fiqpst %P%&m?ﬁﬁﬂﬂ{]ﬁ%ﬂvggﬁeﬁ Bi EPQF&%’F 63?“[9?'6 EE‘? ﬁﬁ%@ﬁ to a
second process 8 module in the plurality of nodul es by use of_the first 9
robot; 10 b) needsepkdeding thercharacterigticsof aspegiss; and Plgudaser speriss’ fitaesst at a 11
third process nodule 12 c) transferring a second wafer froma third process
nodule 13 in the plurality of process 'nodules to a fourth process 14
nodule in the plurality of nodul es by use of the second 15 robot; 16 d)

i mredi at el y aft er Chinegxteristivoof 4 Speciesy Alspecie tsxhdractehiatd by ngedds. fi ft h
process nodul e; 18 wherein steps a through d are conducted within a first
time intervalFor btiprdblern] wé sel twditypét! cfigends, bite/toltgprasetitthatrolt equal to the
sendi ng period. 49

15  assignment, and the other, a queue segment. Consider the example used in the

description of the earlier algorithm. The robot assignment will range from 1 to
4, indicating which robot will work on a particular module. | Queue segment is
also an integer indicating how many “time zones”, i.e., robot move periods, are
to be added to a module’s arrival time in order to avoid conflict in robot
20 assignment. In our carlier 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.
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3 0 OCT 2003 WD 001 79356 rcriu5o00l 1~a3u 26. The nethod of claim 25, wherein
the first robot and the second robot 2 each have only one gripgeger ®3

. A% ASy. A . JA@(.AL.A AL ANy, Ay AR A(T A3 A{@ . AE. A3(.

. As. A. A33. QWQ%A’Z&%F Af . Ay. As; . AYhf . A@AY. A; . A PCTUSH07230

, . Ah. Ah% Al A. Aa. AL A.. A A9. AL A AAY. AL AY@ . A9, . A{. AF{ . Aaf.A Zv>X_ )u!hqg

| wgl gb] XS] ca] ca] ca] ca] ca] cal] ca] caU] ca] cRa] c<aU] caU] caU] cal] ca] caU] cal] ca] c
ay] cay cal cal ca] cal] cal] caU] cal] cal] ca] ca] caq A2

9 B[} xsni d"Y] Fithbsabh Speisd c W eedmabaad mndss syhisbetaal 6l gadigal call ca] cal
] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca k( kW

11411 val gbl o thasdssalia ks aank eath bebabesd 6o cAlAMOAL el el aalaUl cal ool ¢

a] ca] ca] ca] ca] ca] ca] ca] ca] calcalca]cajcall"” YAN 99BN &
lJ&&&*ISItIIIII ‘Tnal"gal . N U
] ca%;g%gi] C?-.]légl}&g%]g?g] ca] ca] cgf%ai cﬁ%ﬁ%@%&ﬁ%ﬁkgﬁ gl?z]ﬁ‘(:‘:g SS?‘!E%%ﬂlca%)]CS] ]ca

allly ~ e .cal caleal].ca ca) calca] ca] ca] ca] ca] ca
] caU] ca] ca ca]hcai caagi %%Fca %saf%%/f%'g c%f%éf%@f%’ﬁ]’%ﬁﬁat@ﬁﬂ%% cal 44444(505~778
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)- 15 SPy, = 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 chahge the jth process module of the exiting lot
over to a new setting.
T4 =The arrival time of the ith wafer at the jth module transported by
20 the kth robot.
T4 = The departure time of the ith wafer from the jth module

transported by the kth robot

py" = Process time of jth process step of the exiting lot.
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lot.

5 Nature of Recipe Cascading

Figure 9 illustrates a typical recipe 900. It specifies the process and
transport tasks and the timing of each task to be performed on a wafer as the
wafer goes through a cluster tool. To satisfy throughput requirement,
succeeding wafers are sent through the cluster tool at a constant send pt;.riod, as

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

where WPH is the throughput requirement in wafer per hour.

15 By the nth wafer, the cluster tool will be fully populated with wafers.
For every wafer éxiting the cluster tool, there is a wafer cntcring 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
reaches this stage, it is said to be in steady state. The number of wafers n

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

is given by the expression
u .
n=ls 5) (A)
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number of wafers for a lot to ramp down from a steady state and fully empty out
5. thecluster tool. In the steady state, every wafer has identical process and
transport tasks performed on it at identical time intervals. There is therefore no
need to keep track of the movement of wafers inside the cluster tool.
During the recipe cascading, however, the wafers are in transition from
the steady state of the exiting lot to the steady state of the entering lot, as
10  illustrated in Figure 11. During the transition, some wafers will be processed
and transported according to the recipe and send period prescribed for the
exiting lot; others, will be processed and transported according to the recipe
prescribed for the entering lot. Periodicity therefore can not be maintained.
“Conflicts” will occur. “Conflicts” refer to two situations. In one situation
15  called process conflict, two wafers have to be processed sequentially by the
same process module within an interval shorter than the process time of that
step. In the other situation called transport conflict, two wafers have to be
transported sequentially by the same robot within an intervlal shorter than the
robot transport time.
20 One solution to conflicts is to add more modules and robots. This
solution is costly and not practical. Another solﬁtion is to devise a set of
priority rule and implement “if-then” algorithm to react to the conflicts. Because
of its combinatorial nature, this solution generates huge combination of

outcomes that eventually lead to chaos and'unpredictability. The fundamental
32



y, 10%4| & ()-Y s*' 10%4| & ()- | (t10%] & ()-F y&10%4| & () - $% Y0%%R98% %86 @
@f 1099& ()-! Y@ 1099 T& ()- 104 104| 104| 6310%21% & ()- 410‘(Ve)11|3?LU(Oc-T 2003
210%4| & () =% ' dE.@ @& 1099& ()-F109F& ()-, 109F& ()-

10%&" ()91"‘@@?%4 1099& ()-*'5t" """ bCl @&F10% & () - #FIHSBYIH0 10T
10T 10T 109%F& ()-1094& ()-y1l0%& ()-'"'"' (E(*o*dEbCl @& 10% & () -

109%&' () - 10% &lolutiow isQ8dBin{nate cbfidcts (omuTR@HE tRrdulh pFdpeRirhing AFRGchieR

, &F10% & () - @®$10% & ()-1 "10% & ()-Y 10% & ()-s10% & ()-Y

10% & () - - - O- wafers of thentefihg IBAEAd HEértioh-of irfdéntibRAl delys 4l ¥ndnhitidaly210% & () -
“010% & ()-SY.10% & ()-.-.0X0001aBmbCl @& 10%<& ()-910%& ()-&10%& () -

810%& () - LSdQsdst . " + Lo R RO () - F
#10‘V§&' 8 s! 109%& (@sn&ﬁ%@ﬁéﬁ%@_ ?&%??%gﬁ%{@ﬁﬁhvam

@ 10< 10< 10 %l { oo Ok ()-210%& ()- 010%& ()-3- 10%&’ () -
44( So5-775aBYREPe %{%&%@éﬁ@gﬁﬂ&' 0)-

5
Procedure
Step 1:Estimate the number of wafers in transition. During transition, the
exiting lot is emptying while the entering lot is populatirig the cluster tool. The
number of wafers involved in the transition can be estimated by using Equation
10 (A). The algorithm for the estimation is as follows.
7==0
Fori=1,2...m*
2" =1+ o+
Nexti

15 n® = INT(x* /SP™)

Fori=1,2...n"
" =a"+p” w1
Next i

20 n* = INT(x" /SP,")

Step 2: Estimate the lower bound of “delay”. The timing of launching the

wafers of the entering lot is a primary variable responsible for conflict
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108 5 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
called for by the recipe of the entering lot. The maximum of them is the lower

bound of the delay. Any amount of delay contemplated for conflict resolution

must be greater than the lower bound. Referring to Figure 12, the lower bound

10  can be derived as follows.

SP,:,+f " +1m)=Co, +$(p,"+t,"

Im} In]

SPa,; =CO, +t(p" +t, :(y" +r,

Ll

SPa. = ma{SP,. 5P, 5P, SPS, j = 12,.m".)  (B)

15 The following is the algorithm for estimating the lower bound of delay per
Equation (B)
Fprj =],2...m*"
sPe,=CO,
Forl=1,2..j
20 SPo; = SBZ, + pr +17)- (o7 +17)

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

l‘ﬂ+ -

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

module:
10
T =Tifin +t) ' ©
In turn, the departure time from the jth module is the arrival time plus the
processing time and queues delibefately inserted for conflict resolution:
15

7';;7"=7};7+P1+qu . o D)

The recursive formulae of Equations (C) and (D) above permit one to map out
the movement of the wafers in transition. Thus, measuring time from when the
20 last wafer of the exiting lot is launched and transition begun, see Figure 11, the

arrival and departure of a wafer at a process module can be calculated per the
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5 T =~
Sum =0
Forj=1,2...m"
Sum = Sum + pf +4; (E)
T= Sum — (p” -1)* 5P
10 if j = m*, go to out
Topen= Ti +1
if (ﬂrjom <0 -~ 'Tll('hlll)
if (I <0~ . 72)
out: nextj

15 next i

For wafers of the entering lot,

Sum =0

20 Fori= (s +1),(r"+2)...(0" = 14n™), (= +n*)
Sum = Sum +sP”, (Note: SP™ udelay) @
Psum = Sum |

Forj=1,2...m"
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ifj= m*, go to outl

Tijn= Ti' +1]

5 Outl: nextj

next i

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

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

10 aprocess 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
time. In other words, the nth wafer arrives before the mth wafer departs from

the module. Thus conflict occurs if the following is true:

njk mjk

15 | OR{ANDK ety ), (T 21s,) ] AND[(T;: <To) (T =Tl )]}

By using above lc;gic statement to examine all possible combination of (m,n)
pairs for all process steps, all process conflicts may be identified:
20 Forj=1to (m" +m=~)
Form=1to (a®+n")

Forn=1 to m-l
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nextm

next n

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

10  shorter than the transport time. Thus transport conflict occurs if the following is

true:

ORIT::[-T;:‘<S ’IT:;: |<g lmk ljk‘<g Iijl- n;k|<g]

15 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:

20

Forj=1to (m™ +m")
Form=1to (n"+n*")
Forn=1tom-l
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<g »[Tox ~Tor

in ia
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5 next m

nextn

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

10  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 g, ¢;" and the

timing of launching the wafer of the entering lot SA*" . Optimization procedures
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
15 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
limit the invention to the precise forms disclosed. Many modifications and

equivalent arrangements will be apparent.

Architecture of the Cluster Tool Including Local Clocks
An embodiment of a wafer cluster tool used in the invention is
illustrated schematically in Fig. 13. The cluster tool includes a series of process

modules 1300 arranged in linear order. Wafer clusters are processed by
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In the embodiment illustrated in Fig. 13, each of the process modules
_includes a local clock 1302. The local clock may reside on a processor coupled
| to the process module 1300. The local clocks 1302 are coupled to a server
including a master clock 1304 via a Local Area Netwprk, or LAN 1306. In an
embodiment of the invention, the master clock 1304 periodically pings the local
clocks 1302 in order to synchronize the local clocks 1302 with the master clock
1304.

The master clock is in communication with a timetable 1308. The
timetable 1308 comprises a database which stores the times recorded on the
plurality of local clocks 1302. The timetable 1308 may reside on the server
including the master clock 1304, or on a separate server coupled to the master
clock 1304. The timetable 1308 may be stored in the form of a spreadsheet, a
relational database, a flat file, or a customized data structure, as will be apparent
to one skilled in the art. In embodiments of the invention, the times noted by
the local clocks 1302 or the master clock 1304 are recorded in units of the |
sending period. |

In some embodiments of the invention, each time a wafer cluster enters
a process module 1300, the module’s local, or internal clock is reset and
registered in the timetable 1308. The timetable 1308 is continuously updated in
real-time, so that it may retain a current record of local clocks 1302 in the

cluster tool. As the total time a wafer resides in a given module 1300 is
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Robot Pre-positioning in the Cluster Tool

Embodiments of the invention allow a robot to be positioned at an
upcoming module immediately after completion of a prior task. In such
embodiménts, the robot will pre-position itself in front of the module to be
served immediately upon completion of the prior task. By pre-positioning
robots at modules, excessive wait time beyond the queueing time is eliminated,
thereby improving the throughput of the cluster tool. This allows robot path to
be pre-determined along with the processing schedule, and minimizes any need
for including multiple grippers on robots for throughput improvements.

An embodiment of the invention supporting pre-positioning is illustrated
in Figure 14. The process starts with the generation of a deterministic schedule
1400 for the cluster tool. This involves inserting queues in the module
processing times in order to eliminate robot conflicts, and may be performed by
the linear transformations or genetic algorithms desgﬁbed earlier. 'fhe
deterministic schedule exhibits periodicity, with an interval of one sending
period. Upon completion of a process step i by a robot R 1402, the cluster tool
refers to the timetable 1308, to determine which pfocess step robot R is to
position itself by. This step 1404 involves picking a process step j, wherein t; is
closest to the decimal portion of the current time on the master clock Tmager,
and process step j has not been performed in the current sending period. To
reiterate, the step 1404 involves:

pick a j from the timetable 1308, wherein
41



YI 310% & () -
YI 310% & () -

YI 310% & ()- YI310% & ()- hhhhhh~">"?Y] 310% & ()9 &\ﬂ(cil 2
A -

Y1 310% & ()- ew w$& hhhhhhhht X<I 310% & () - YI 3100

& ()-
1 310%

& ()- Y 310076 Y 310% & ()- $YI 310% & ()- YI 310% & () - PATAISABARSG ) -

hhhhhh&t X<ew w$& Y1 310% & ()- Y1 310% & ()- Y1 310% & ()- Y1 310% & () -

hhhi i i 11 pPOYI 310% & (150 Yl ,30.0% &} 7 Y1 310% & ()- Y1 310% & ()- Y1 310% & () -
Y 310% & ()- Yl 3105*‘5}55})"3355!°i e T4 1091 310% & ()- YI 310% & ()- Yl 310%
() - % & () - % & ()- YI310% & ()- iiiiij]A CYI310%& ()- Yl 310%
z. 8_ ¥ 310% & () ana( lst%%?h/gs nog en performgd in(c)urrent sendin]g period 0& () °

When such a process step j is found in the timetable 1308, the robot R is

positioned at process chamber j.

Benefits of Robot Pre-Positioning

It will be apparent to one skilled in the art that by combining the pre-
deterministic processing schedule 1400 with the robot pre-positioning algorithm
described above, the path of the individual robots in the cluster tool becomes
pre-deterministic. Because the timetable 1308 is updated in real-time, and the -
schedule 1400 is identical in each sending period, the collection of t; values
maintained in the timetable 1308 is identical in each sending period. As such,
the selection of 1; for each robot R will also repeat at intervals of one sending
pex:iod. Thus path of robot R will exhibit periodicity along with the cluster téol
schedule. This enables the path of each robot R to be pre-determined along
with the generation of the cluster-tool schedule 1400.

The pre-positioning algorithm described above improves the throughput

of the cluster tool. 'In particular, each module that needs to be serviced will

already have a requisite robot positioned in front of it. This eliminates any

wait-time required for the robot, thereby eliminating any latency beyond the
queuing used to eliminate conflicts. Optimization of the queue times, according
to the algebraic techniques or the genetic algorithm described earlier, along with
elimination of robot redundancy by use of pre-positioning, maximizes the

throughput of the cluster tool.
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in order to allow wafer swapping and minimize the number of robot transfers.
“This adds an additional constraint to the cluster tool, as a robot with dual
grippers requires a wafer on one of the grippers in order fo perform the
swapping. This constrains the performance of the cluster tool. Furthermore, the
swapping increases transport time between modules, which may ultimately slow
the throughput of the cluster tool. -

By eliminating robot wait ﬁmcs, the improvement in throughpﬁt enabled
by robot pre-positioning minimizes any need to perform wafer swapping. Thus,
the cluster tool may employ robots with a single gripper. This simplifies the

robot, and minimizes any need for on-board processing in the robots.
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What is claimed is:
1 L A wafer cluster tool corhprisi.ng:
2 a plurality of processing stations for processing wafers, each

3 processing station further comprising

4 a process chamber,
5 a local clock coupled to the process chamber;
6 . a master server in communication with the local clock in each

7  processing station, the master server including

8 a master clock;

9 timetable software, wherein the timetable software

10  records a local time for each clock in the plurality of processing stations.

12 The wafer cluster tool of claim 1, wherein each processing station
2 further comprises: .
3 a CPU coupled to the processing station, wherein the local clock

4  coupled to the process chamber resides on the CPU;

1 3 The wafer cluster tool of claim 2 further comprising:

2 a local area network, wherein the master server is coupled to the

3  CPU in each processing station via the local area network.
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3

a CPU coupled to the master server, wherein the master clock is

resident on the CPU coupled to the master server.

10.

1L

The wafer cluster tool of claim 1, wherein the timetable software

comprises a relational database.

The wafer cluster tool of claim 1, wherein the master server is coupled

to the CPU in each processing station via the Internet.

The wafer cluster tool of claim 1, wherein the timetable software

comprises a spreadsheet.

The wafer cluster tool of claim 7, wherein the timetable is updated in

real-time,

The wafer cluster tool of claim 1, wherein the master server further

includes scheduling software for the cluster tool.

The wafer cluster tool of claim 9, wherein the scheduling software -

includes a pre-determined schedule for the cl'usterltool.

The wafer cluster tool of claim 10, wherein the pre-determined schedule

is periodic according to a fixed sending period.
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7 cluster tool according to the schedule;
8 ¢) | m response to loading the first wafer set in the first
9 process module, resetting a first local clock coupled to
10 . the first process module;
11 d) recording a first time from the first local clock in a
12 timetable, the timetable coupled to the plurality of
13 process modules, the first time measured in units of the
14 sending period;
15 ; e) loading a second wafer set ipto a second process module
16 in the cluster tool according to the schedule;
17 f) in response to loading the second wafer set in the second
18 : | process module, resetting a second local clock coupled to

19 the second process module;
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generatmg a deterministic schedule for the wafer cluster tool, the
5  schedule having a periodicity defined by a sending period, wherein the schedule
6 has a first pickup time for the first module in the cluster tool, and a second
7 pic}fpp time for the third module, the second pickup time occurring after the
8  first pickup time, the deterministic schedule including a first instant gnd a
9 secqnd instant, wherein the first and second instants are separated by a time

10  span equal to the sending period;
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9$10% !: & ()- 20. The method of claim 18, wherein the generating the schedule is done by

a linear transformation.

21.  The method of claim 18, wherein the generating the schedule is done by

a genetic algorithm.

22. A method for positioning a robot in a wafer cluster tool, the wafer
cluster tool including a first process module, a second process module, and a
third process module, the method comprising:

generating a deterministic schedule for the wafer cluster tool, the
schedule having a periodicity defined by a sending period, wherein the

schedule has a first pickup time for the first module in the cluster tool, and a
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5 ‘a sending period, the method comprising:
6 a) transferring a first wafer from a first process module in
7 - the plurality of process modules to a second process
8 module in the plurality of modules by use of the first
9 robot;
10 b) immediately after step a, positioning the first robot at a
11 . third process module
12 c) transferring a second wafer from a third process module
13 in the plurality of process modules to a fourth process
14 module in the plurality of modules by use of the second
15 | | robot;
16 d) immediately after step c, positioning the second robot at a
17 fifth process module;
18 whefein steps a through d are conducted within a first time interval, the

19  first time interval having a duration equal to the sending period.
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1 26. The method of claim 25, wherein the first robot and the second robot

2  each have only one gripper.
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