LI THOGRAPHI C APPARATUS AND DEVI CE MANUFACTURI NG METHOD BACKGROUND Fiel d
of the Invention [0001] The present invention relates to a nethod to
determ ne a feedforward transfer function of a control systemin a

| i t hographi c apparatus, a |ithographic apparatus and a nethod for

manuf acturing a device. Description of the Related Art [0002] A

|it hographic apparatus is a machine that applies a desired pattern onto a
substrate, usually onto a target portion of the substrate. A lithographic
apparatus can_be used for exanple, in the manufacture of integrated
circuits (I CHTHOGRARHIG &%@E%AN& PENJCEMANYFAGATURING METHOD
alternatively referred to as a mask or a reticle, nmay be used to generate a
circuit pattern to be formed on an individual |ayer of the IC. This
pattern can be transferred onto a tBAGRGROUND on (e.g. including part of,
one, or several dies) on a substrate (e.g. a silicon wafer). Transfer of
the pattern is typically via imging onto a | ayer of radiation-sensitive
material  fleRPdiShe INQYoded on the substrate. In general, a single
substrate wll contain a network of adjacent target portions that are
successi vel y pd0oet]riBd. préentvientitionatlaies tdwaietholite detppanad dedforwaldduc@ster
so-cal l ed st ers, in which . each target portion . is irradiated by exposing
an entire éﬂgﬁ%eqﬁ? cgRtre S@’ﬁ@“’t“é?é‘ﬂ’logﬁ’@g{q apRargtushlithographic appasaips wy avpethedr s,
in which eRemah@h88kingUtyed is irradiated by scanning the pattern through
a radiation beamin a given direction (the "scanning"-direction) while
synchronously scanning the substrate parallel or anti-parallel to this

di rection. 1s al sjhle.to transfer the pattern fromthe patterning
Pibribof of fufiRaidi

device to rinting the pattern onto the substrate.

[0003] As an e){&ﬂﬁﬂ}@kli&ﬁbgﬁfﬁﬁ HpArbRY iS4 MAcHAChSCAPIiEL 4 BRGEa phitém 8pRar at us,
both reticle stage_and wafer stage perform step- and scan noves at

nanomet er S§bsifate, ypvaliypmio 2 tprgeb netien of thesbsiete. Aditbpgraphit appavaioesintby vaed
I ti e ' | e be caonfl.ictin
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during acudtesaltematiphipsdaredid b ainasiner areéle triaysiRhisk®tol genéra®lrdiRbif pattern

settling ti bef Qre expasure can . ‘
g to gg formed on an 11%)1v1 ual layer 0% the IC. This pattern can be transferred onto a target

portion (e.g. including part of, one, or several dies) on a substrate (e.g. a silicon wafer).
Transfer of the pattern is typically via imaging onto a layer of radiation-sensitive material
(resist) provided on the substrate. In general, a single substrate will contain a network of
adjacent target portions that are successively patterned. Conventional lithographic apparatus
include so-called steppers, in which each target portion is irradiated by exposing an entire
pattern onto the target portion at once, and so-called scanners, in which each target portion is
irradiated by scanning the pattern through a radiation beam in a given direction (the
“scanning”-direction) while synchronously scanning the substrate parallel or anti-parallel to
this direction. It is also possible to transfer the pattern from the patterning device to the
substrate by imprinting the pattern onto the substrate,

[0003] As an example, in a so called step and scan lithographic apparatus, both reticle
stage and wafer stage perform step- and scan moves at nanometer scale accuracy. Throughput
demands require high velocity and acceleration levels. These high acceleration levels may be
conflicting with a demand for position accuracy as dynamics of the stages are excited during

acceleration phases. Vibrations need to settle in a certain settling time before exposure can



begin. To address these needs, sophisticated notion control is used to
control 6 degrees grees of freedom (6 DOF) of nechanics of both reticle-
and waf erstage. Feedback control is used to guard stability and inprove
di sturbance rejection, while feedforward control is used to achieve the
desired tracking performance. [0004) In the past years, iterative |earning
control has been considered to determne a feedforward signal in
controlling a position related quantity (such as a position, a velocity, a
jerk, etc) of a stage (such as a substrate stage or a reticle stage) of a
| i t hogr aphbegiragioaddtessthedemeads, sepiiiticatdd freidh comeol ds vscll eecthaoks dogbeslf

t i terati i trgl i des, f | i f th
£ vedt of war BFAPEDGE B houbied ten v frisriss. KTtk cedraliprsed e em
appl yi ng agnatditlibiBly 28 iRpRVE aiéﬁiryarfé@}e@édﬁoﬂ%ﬂe%é&fefvm&% Hd Rlsed f%ﬁ:‘f’é(r% ng

an error signal _expressing a difference between a desired response o
st age and the desired traeking perfuraianesd response of the stage, and determning a

following or s df orward signal fr th error, si.gnal, and t he
feedforward si ﬁgﬁﬂgg Q%ep%%f‘ée&rs’ *I?aﬁagvep#ﬁ%@ : °°H§r§ﬁ %%F%@Qﬁgafeﬂg%_ﬁ%rﬁwm,
until a nustdforwird slgeilds canfollisa parbraehit@upEntitQ(siRRYs bhehors WiveRRtE a
criterion has been net, such as a convergence of the feedforward signal, a

magni t ude J&W FE} ph ottags (Fushap Aisrlptaterstage os b gatisle stagerof arlithegraphic apnarates. ea

| ear ni ng =0l 4, H‘}%&j@ ! . f.Qrwar i.gnal .off.-1ine
based on ;&%el%%&rfg %rrorﬁgfgngﬂgﬁf&tlg}&%ﬁfﬂee\?v& ¢ iq% sngf§%t?°gtl°f°c}’ﬁ‘§e)s f%l”’stabl e
| LC converlgesingtof ttenfeedfemtard sigadl b wasvidis iz gRatpoinntirallupfootié dagrodBystdm, ity to
renmove or at. least. reduce a repetitive tracking error. [00051 Despite
benefits tARRPIHEAN BUELPRIPYEESTH etgﬁfﬁﬂ?ff%?@ﬂ@ﬁv@fi Sjgnal gepspEing @p eFphyjgnal

control, axptadiih@h !dﬁferéﬁcg ipbtwRY ala@siféa%spﬁﬁ&rbfltﬂ@gt%daggiaQH@alsm%@ Ly oltalndg for

a particular setpoin (e.g. a setpoint “versus ti ttern correspondi ng
to a stageesponenefithe gage, endisterveining atfhidowing op subsequehtfecdfasy dvé signalfpdn €

during the_iterative | earnng. .\Wen the setpoint changes, system dypam cs
are excitegd Flﬁpﬁlragﬁﬁ@ée%r‘%d Elgﬁéliaﬁéil’%l&f’%t %Sﬁﬁsw&%ﬁeﬁéte@“%@’
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variations may be so numerous that alnost infinitely many setpoint
profiles righactennvergsnes ofshrofeedforward signalg s magaitwds ormormbot 2 reaimiog erromil t i
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desi r abl e dfflitiskastden h aranged eridraigial. iASTer a few trials (iterations) a stable ILC converges
to an ideal feedforward signal, which provides an ability to remove or at least reduce a
repetitive tracking error .

[0005] Despite benefits that may be provided by application of iterative learning

control, a limitation of it may be that such learned signal 6n1y holds for a particular setpoint
(e.g. a setpoint versus time pattern corresponding to a stage movement pattern), being the
setpoint that has been applied during the iterative learning. When the setpoint changes, system
dynamics are excited differently. It is considered too time consuming, or even impossible to
learn every possible occurring setpoint profile, because variations may be so numerous that
almost infinitely many setpoint profiles may occur. This aspect is even aggravated in multi
input, multi ontput systems, as there, a variety in setpoint profiles may increase as compared to
a single input, single output system. Thus, it would be desirable to use the learned information

from a limited amount of learned setpoints.



froma limted amount of |earned setpoints. 2 SUVMWARY [0006] It is
desirable to enable an inprovenent in robustness of iterative |earning
control systens agai nst setpoint variations. [0007] According to an
enbodi ment of the invention, there is provided a nethod to, in a

| i t hographi c apparatus, determ ne a feedforward transfer function of a
control system the nethod including a) iteratively learning by iterative
| earning control for a given setpoint signal a feedforward output signa
of the control system b) determning a relation between the |earned

f eedf orward output signal and the set§iiMMA®BYgnal; and c) applying the
relation as thﬁg &ﬁﬁgfg{war traqﬁfer_function.of the control, system
[0008] In anot HAPYG dhisfiestabic igrenable ap fpprovemment in Fbpatngss ofitewpive feaming

| i t hogr aphidatroPsyRi@rRlayRinitREhb PRy 0Cessi ng device to deternine a
feedforward transfer function of a control system the processing device

bei ng provi ded [P Axcoytingrtoi anstrboditiamn of the invahtion, teraisipreviged emethodyo, in
iterative Jgarni control for a qiyv set poi n i gnal f eedf or war d out put
signal of at]%go%%%qg? BPPaLiiey g?ﬁenﬁ?egé?eg‘&]?ﬁw_ﬁ‘é‘{) téal}sgqriﬂ%gﬂnﬁ ‘EG\%IEWT] Eem. g ned

f eedf or warrlethod Pidtudin®i 4 tadatidels) 1daRing B%r R&fafile Eh&]ﬁ@ conBOFof gﬁgﬂgéég&ﬁ@signal

relation as the feedforward transfer function of = the control tem
[ 0009] Accolegdfarard outpptsignad of Geisontrotshisternf b deterinininge redationttvereenitlse

provi ded ] vice. .incl yding: oj ecting.,by an
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devel opi ndetdferward ashsiérdan@iohof thatntralngstemnuf acturing a device fromthe

devel oped substr@% e, vvh(gt{lei n _at | east one of the patterning device and the
§)yfn gn

substrate is hdP Hganbogime of therinymtiomdhere iguorideda lithesrapbicl ed by a
control sy j . : g r r . f ' f forward
transfer f%h%ﬁug%y%%%%&%?%g%ﬂ%%%&%y% dgg%ﬁ%ﬁe & rfﬁ%h?éﬂg{%@d Eréelg?eﬁ i nggilgg of%

i terative dostelrnystgmg thetpradesdimg devigi betng revided with pragrah istrheifsos:wgr d out put
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relation aggdahéf theesHtN Wakdn, 1) AeRRInelatBGEbPPetwRln thi featrRAl L forasd ifbut
signal and the setpoint signal; and c) apply the relation as the feedforward transfer function of
the control system.

[0009] According to a further embodiment of the invention, there is provided a method

for manufacturing a device, including: projecting by an irradiation beam a pattern from a
patterning device onto a substrate; developing the irradiated substrate; and manufacturing a
device from the developed substrate, wherein at least one of the patterning device and the
substrate is held by a stage, a position of the stage being controlled by a control system having
a feedforward transfer function, the feedforward transfer function being determined by: a)
iteratively learning by iterative learning control for a given setpoint signal a feedforward output
‘'signal of the control system; b) determining a relation between the learned feedforward output
signal and the setpoint signal; and c) applying the relation as the feedforward transfer function

of the control system.



3 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0010] Enbodi ments of the invention
w Il now be described, by way of exanple only, wth reference to the
acconpanyi ng schemati c drawi ngs in which corresponding reference synbols

i ndi cate corresponding parts, and in which: [0011] Figure 1 depicts a

| i t hographi c apparatus according to an enbodi nent of the invention; [0012]
Figure 2 depicts a diagrammtic representation of a control systemto
iteratively learn a feedforward output signal; [0013] Figure 3A and 3B
depict a control diagramand a flow diagramrespectively to explain

iterative |earning cont BRIEF[MESZRIPRIQNIGF 2HECPR s WSINGSIi agr ammat i ¢
representation ontrol systemincluding dual feedforward paths;
[0015] Figure dﬁﬁhﬂﬁ%@ocﬁgwefﬁw@a%w@! QW B deicaiReth by Vay O exasenie aniyon
of a finitwith kTREA FIRSH ' = ' '

actions to det er_m'c:legothe fedlﬁﬁﬁatII gi 4%%&?@%’1 (?ae‘g%g%\\%ng‘h%rgﬁgﬁée# bllr@a‘l[‘éaﬁfécg%%e[ 0016]
Fi gure 6 dopibelssndicate colirespomding partsyadd intvdield errors and force of a stage

positioni ng ex [ 0017] Figure 7 depicts filter, coefficients of
finite inpul se%@?ﬁoﬁﬁéﬂe?{i eP’&tS?alﬁftgﬁﬁrgﬁ%lgF@@%u%a%thaaeF@P‘QP}eBh‘) £ween
remai ni ng i@vémionand an order -of the finite inpulse response filter; [0019]

Figure 9 depicts a feedforwards of nulti input, nulti output control
system and [ d89BA Higwa2denigtsaaingrammatitiegtesentatidnenfatcontralopsterolto déragyayn of

a feedfor f | f an enbodi mrent of the invention. DETAILED
DESCRI PTI Wgﬁ%&%du%ﬁt ! agrrati cally depicts a lithographi c apparatus
according to or{6013rRiget BBRNNdGB ddpect ia RUEIR1ideErand AR ABPH BAdISm r&pbUERE 8N

illumnation system (illumnator) IL configured to condition a radiation
beam B ( e. gPlARAtradyHeMBRMESONEAY ot her suitabl e radiation), a

[0014] Figure 4 depicts a diagrammatic representation of a control system including
dual feedforward paths;

[0015] Figure 5A and 5B respectively depict a diagrammatic representation of a finite
impulse response filter and a flow diagram illustrating actions to determine the finite impulse
response or other relation;

[0016] Figure 6 depicts time diagrams of unfiltered errors and force of a stage
positioning example;

[0017] Figure 7 depicts filter coefficients of a finite impulse response filter;

[0018] Figure 8 depicts a relation between remaining error and an order of the finite
impulse response filter;

[0019] Figure 9 depicts a feedforwards of multi input, multi output control system; and

[0020] Figure 10 depicts a highly schematic control diagram of a feedforward forming

part of an embodiment of the invention.

DETAILED DESCRIPTION
[0021] Figure 1 schematically depicts a lithographic apparatus according to one
embodiment of the invention. The apparatus includes an illumination system (illuminator) IL
configured to condition a radiation beam B (e.g. UV radiation or any other suitable radiation), a
patterning device support structure (e.g. a mask table or mask support) MT constructed to

support a patterning device (e.g. a mask) MA and connected to a first positioning device PM



patterning device support structure (e.g. a mask table or mask support) M
constructed to support a patterning device (e.g. a mask) MA and connected
to a first positioning device PM 4 configured to accurately position the
patterning device in accordance with certain paraneters. The appar atus

al so includes a substrate table (e.g. a wafer table) WI or "substrate
support"™ constructed to hold a substrate (e.g. a resist-coated wafer) W
and connected to a second positioning device PWconfigured to accurately
position the substrate in accordance with certain paraneters. The

appar at us ¢anfighesd to aeucrdedg pesiporofhe phitemingydevieaid scordagcerveift efaiMfarameters.

j ecti | t . PS.confjgured, to project attern jnparted to the
o ot on DRSHPERD TR indioi bt blelnon e able) Qb Shiebitaie wrperth,
i ncl udi ng @RstretedRMRId SktrAt (&0 &M@tsc_sora?ep%vaf W AP &nnds «gt#ol Aaég@adaat' on

system nmay incl ude various types of optical conponents, su
refracti veRosHiopngdevics ,P\Mﬁgm%mﬂ, toakcautticlymmgitiot it subbteate mostatlanceavithot her

types of opt. t r .any combj nation thereof, for directing,
Shoping, it HararfQERORR eBuraRs 18 ST R b RISy (et oo
struct ure frejegtion leRS$ysieab) S @nfig@ek t6 f & pattcthl BRQA{ed to theQadiRfR beam B by

wei ght of, the, a%é'ernl ng device. It holds the patterning device in a
manner thaHa“a@b&n IGMARRTRR gt apition Cofe-g Inslysting enermirmepre digs)owf the svbstddsi gn
of the litographic apparatus, and other conditions, such as for exanple
whet her or not the patterning device is held in a vacuum environnment. The
patterni ng devil8@22upipalltmatatiocystetn man inchelcvetbastysalof opti@l tiifonents, such

el ectrostatic. or. ot hﬁr cl arr&:nlrelg techni ques, to hol d the gat t erni ng devi ce.
The pat t SAPHRFIYEVPHEAY Bdpeetie elaskpriAgnetisy elerirostatic grethertypesiofloptical  or

exanpl e, VéhfianE@y, 0P 8ny EotRSinatRin TGO ks dﬁ%ct'ix%g %Jpﬁ%éoz:r QB %cﬂiatglglé devi ce

support structure may ensure that thée patter vicels a a ired

posi tion, for dQ&?ﬁ]l"ﬂiﬁmattMHWme stportstruptuog @, i roaskdstde ermasnsuppare of the
T 1 U B RS BB 85U 5 R SRR e, e o
Bgr 3!3 2 . s [1 gﬂ?rﬂleb@lfbd@aﬂ%syo% thé Sﬁ%{t@ﬂicﬁfbﬁt%ﬁe pzft%htﬁ{lé 8&88cd ﬂl_e?ié!’igg 8y hﬁ?itﬁ@?&ph&an
npart a radiation beam w a pattern in its “cross-section so

as to credPragtusaandatiericanditionss such ap Sortaxemplef whetler oubettthapaterning dérded id be
noted thatpe)q in a vacuum environment. The patterning device support structure can use mechanical,

vacuum, electrostatic or other clamping techniques to hold the patterning device. The

patterning device support structure may be a frame or a table, for example, which may be fixed

or movable as required. The patterning device support structure may ensure that the pattemning

device is at a desired position, for example with respect to the projection system. Any use of the

terms “reticle” or “mask” herein may be considered synonymous with the more general term

“patterning device.”

{0024] The term “patterning device” used herein should be broadly interpreted as

referring to any device that can be used to impart a radiation beam with a pattern in its

cross-section so as to create a pattern in a target portion of the substrate. It should be noted that

the pattern imparted to the radiation beam may not exactly correspond to the desired pattern in

the target portion of the substrate, for example if the pattern includes phase-shifting features or

so called assist features. Generally, the pattern imparted to the radiation beam will correspond

to a particular functional layer in a device being created in the target portion, such as an |

integrated circuit.



the pattern inparted to the radiati on beam nmay not exactly correspond to
the desired pattern in the target portion of the substrate, for exanple if
the pattern includes phase-shifting features or so called assist features.
Generally, the pattern inparted to the radiation beamw || correspond to a
particular functional layer in a device being created in the target
portion, such as an integrated circuit. 5 [0025] The patterni ng device
maybe transm ssive or reflective. Exanples of patterning devices include
masks, programmable nmirror arrays, and programable LCD panels. Masks are
wel | known in IﬁOpﬁﬁingamW?mmg:ﬂewme ma@éemm&m rsﬂledava%damp&rsysf patterning
alternatin 2587 ¢ dhlft and att nuat ed ase-shift, as well as varl ous
hybrid nas ypes ﬁﬁna&%ﬁfﬂ%a%ﬁna ° hrggr ﬂ%ﬁ’tﬂng Pregragmable 4D pansise

matrix arraegeabwafin GFBjlaphy, %ﬁ@[&lud%%?ﬂ%k@}pe%ﬁ&ﬁs%ﬂﬁg/? erthfHe ﬁéﬂ

tilted so as to reflect an 1ncomng radi ation beamin erent rectlons
The til t eddritteneated phaprashificaspealk asrvariows lybriddnask ityes Mememantpilebf s ref | ect ed

by the mr =\ ectlon S enl' used. h

shoul d be% %rac ;Ib!le?ﬁ%m{og ? %%m El%yge r%?g gﬁ‘@‘e%tr?; ’%‘9@@1’5?1”5;)‘?38]18??'&&;% can
system i rb:dmdhlvr@aﬂﬁﬁlmbstd a6@o réfRtl CbMBingGadi dtbntibmlif dxfféi&ﬁ'aﬁ{eétfons The
el ect romagget i c.and el ectrostatic gptical systems, or conbi nati on

t her eof dIRIBOB DTt Fagprmine redipiénnreany weichis réﬂe%%i Engthg gor watrikor

ot her factors ol e use

vacuum Any usg@g%‘b ?ﬁje t?gnr ‘FIR}%S?%JIP’&S |d3{r?1¥éecflf§é}& girl(giﬂ?\g?rgmag mtgg’ﬁ%te‘%gsr ed as
synony mousenepmpassing anp type g€ pryjatioh eystert finejéiag raﬁ‘hctiVég Tr@ﬂéctwé Q&E@]bptﬁ?z here
depi cted, the pr%tus i s. of a]transmsswetyp I0|n

transm ssi® %@Wﬁgvf’?% amagheiisand ElegirosHie ophpalystaas, @aﬁnsb@r%‘?m%mnéhwé@fs e
type (e 9 apBFApriate fB9H8 ex PsBR BIHREN Geifld ﬁ{eﬁr ﬂ’f ﬁ’iﬁerotfact@ﬂts\(la‘?a LI frdhed to

above, enploying a reflective mask)- ogr ap e appar at us
may be of igmpspgien hamd@gthewse ofambcunmaday vse ofthe aenné‘qat(geatmhéeﬂséhé:em 104y be

substrate and/ or or nor tte(nl ng. devi ce,tables or "
pat t er ni ng g%@i&% 3 SL?E‘%W{]% [ﬂ'fmﬁlegﬁ?&ﬁge ?rm epr%'F& SYSE®hi nes t he

addi ti onal tabl[@627rAs IskoRedtad, fﬂl?é’éi@afhﬁﬁ% bf‘a Qﬁ{sﬁhisﬁ}a ﬁ el BRBloRn3ly Steps
may be carried, out on one or nore tables suppo e one Or nore

ot her t abltEgsyissyagskk Altgmetivay.ribe mmtmma)e wﬁect{we@z@] (e Ehemploying a
lit hc_)g.r AP Y o ARRAL R i roP B aPb 5Lty BE aPfer@rdihP %b(%e(r)reéng]plgjtnng § aHecRvdS t](l).on of

[0028] The lithographic apparatus may be of a type having two (dual stage) or more

substrate tables or "substrate supports" (and/or two or more patterning device tables or "
patterning device supports"). In such “multiple stage” machines the additional tables or
supports may be used in parallel, or preparatory steps may be carried out on one or more tables
or supports while one or more other tables or supports are being used for exposure.

[0029] The lithographic apparatus may also be of a type wherein at least a portion of
the substrate may be covered by a liquid having a relatively high refractive index, e.g. water, so
as to fill a space between the projection system and the substrate. An immersion liquid may
also be applied to other spaces in the lithographic apparatus, for example, between the mask

~ and the projection system. Immersion techniques can be used to increase the numerical
aperture of projection systems. The term “immersion” as used herein does not mean that a
structure, such as a substrate, must be submerged in liquid, but rather only means that a liquid is

located between the projection system and the substrate during exposure.



the substrate may be covered by a liquid having a relatively high
refractive index, e.g. water, so as to fill a space between the projection
system and the substrate. An imrersion liquid may also be applied to other
spaces in the |ithographi c apparatus, for exanple, between the mask and
t he projection system |nmrersion techniques can be used to increase the
nunmerical aperture of projection systens. The term"i nmersion" as used
-~ herein does not nean that a structure, such as a substrate, nust be

- subnerged in liquid, but rather only neans that a liquid is |ocated
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di st ri but iaoadefion $ystepadi at i on beam General ly, at |east the outer and/or

i nner radi al 66 Etgh%c referred to as a-outer and a-inner,

respect i vely) o903 Tgmay inafiseiosadper Al sgpfgusd dnede tiaragular
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patt er ni n@edléﬁd tosondition He radidiien heam, kebave B depiasiamsfotrhity mghintdasitydisiribatiomn

system PS, ch focuses the beamonto a target portion C of the
in 1S CI'OSS SECi10N.

[0032] The radiation beam B is incident on the patterning device (e.g., mask MA),

- which is held on the patterning device support structure (e.g., mask table MT), and is patterned
by the patterning device. Having traversed the patterning device MA, the radiation beam B
passes through the projection system PS, which focuses the beam onto a target portion C of the
substrate W. With the aid of the second positioning device PW and position sensor IF (e.g. an
interferometric device, linear encoder or capacitive sensor), the substrate table WT can be
moved accurately, e.g. so as to position different target portions C in the path of the radiation

" beam B. Similarly, the first positioning device PM and another position sensor (which is not
explicitly depicted in Figure 1) can be used to accurately position the patterning device MA
with respect to the path of the radiation beam B, e.g. after mechanical retrieval from a mask
library, or during a scan. In general, movement of the patterning device table MT may be
realized with the aid of a long-stroke module (coarse positioning) and a short-stroke module
(fine positioning), which form part of the first positioning device PM. Similarly, movement of

the substrate table WT or "substrate support" may be realized using a long-stroke module and a




substrate W Wth the aid of the second positioning device PWand position
sensor IF (e.g. an interferonetric device, |inear encoder or capacitive
sensor), the substrate table WI' can be noved accurately, e.g. so as to
position different target portions Cin the path of the radiation beam B.
Simlarly, the first positioning device PMand another position sensor
(which is not explicitly depicted in Figure 1) can be used to accurately
position the patterning device MA wth respect to the path of the

radi ati on beam B, e.g. after nechanical retrieval froma mask library, or

during a swertstioke gedeleawhichnfarangat oftthe sdeendpdsitesriei PW. deteGasd ol sepMir @RY
be realized with the ai - st rol&e nodul e (coarse positioning) and

a short - st FEREHB A 5PTn ﬂ%"%@ﬁ?&’g% Disertabic Muhmap be sprrested o asharhetraker st
posi ti oni ngheeics 8%a§b€ﬁk@d |P)itterﬂﬁ§%i% 1\@& and Bﬁ)sﬁﬁgw lir?ag%etaﬁgrl‘ ? u\é\zlr-l

"substrate supp_ort may” be realized Using a long-stro ul'e
shor t - st r dReskrabignment ragrke MK, Mzquaﬂubstm‘te al[gmeatmarksﬁ’dsm i AlttogiPihe shlﬁ‘stﬁat&

may be cororeir RS e fERPAETpiRal dSERNE Bl AmyBE ok ”ﬁo@‘iev' clinspaces
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marks M, M2 and substrate alignnment marks P1, Al't hough t he stibstrate

al i gnment SYHARaRS AR Wﬂllqhuawﬁéle@cpr@@wqu}@@ndmthdpmrgeg derdee Még she mimky may

be | ocat ed,; rgLons (these are known as
scri be-| anegmnﬁgﬁﬁreﬁﬁ%nﬁg%g@teg een%%,&l?n situations in which nore than
one die is proVliEs] Tir depietgdaiphntus Bouid® usel VAL lchf@nBBSthe falldvaiRaRdMedTaS KS
may be | ocate en the dies. e depicted apparatus cou e

be | dslgg%ﬁfe he di [0033] The d d Id b

used in at |ea - of tlﬁétePé‘Ilqdév(ﬁhﬁ@a g devipgablg MT or " patieraipgdeviee t he
patterni ngy 'Caﬁdtﬂ?et%luﬁstp%e Qble WPk hﬁ%ﬂkﬂ@su&)@?ﬁﬁ‘cﬁe ké@%gé%r bial fs; s%mS'i‘ while V.

substrate table W or strate support Sent
while an aarmtlreqoaﬁaltntlmpartcdmathe sdidtion beem usqﬂnpbﬂed)bnib&a&ﬂﬂgleﬁpq@ﬁ@j e@t@d:tﬁﬂé 0 a

target portion.C,at,_one tatic exposure)
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node, the maxinmum size of the egosure ield limts th size o0 target
portion Cm#agen size of the explosure Siekt limitethp sizanéthe[t@gaGartion @ imaged inedmgld he

patterning,dev kﬁ@su}e‘?‘bl e MI or " patterning device

[0035] 2. In scan mode, the patterning device table MT or " patterning device
support" and the substrate table WT or "substrate support" are scanned synchronously while a
pattern imparted to the radiation beam is projected onto a target portion C (i.e. a single dynamic
exposure). The velocity and direction of the substrate table WT or "substrate support” relative
to the patterning device table MT or " patterning device " may be determined by the
(de-)magnification and image reversal characteristics of the projection system PS. In scan
mode, the maximum size of the exposure field limits the width (in the non-scanning direction)
of the target portion in a single dynamic exposure, whereas the length of the scanning motion
determines the height (in the scanning direction) of the target portion,

[0036] 3. In another mode, the patterning device table MT or " patterning device
support” is kept essentially stationary holding a programmable patterning device, and the
substrate table WT or "substrate support" is moved or scanned while a pattern imparted to the
radiation beam is projected onto a target portion C, In this mode, generally a pulsed radiation

source is employed and the programmable patterning device is updated as required after each



support” and the substrate table WI' or "substrate support” are scanned
synchronously while a pattern inparted to the radi ation beamis projected
onto a target portion C (i.e. a single dynam c exposure). The velocity and
direction of the substrate table WI or "substrate support” relative to the
patterning device table MI or " patterning device " nmaybe determ ned by the
(de-)magnification and i mage reversal characteristics of the projection
system PS. In scan node, the maxi num size of the exposure field limts the
width (in the non-scanning direction) of the target portion in a single
dynani ¢ exposmant ofuhe selératettable W bh" sobsttatesuppamhorrig bemicen Bucca@ierradings t he

hei ght (i e .s¢annin i.rectio of .the target portion. [003613. In
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support" i thatgilizesSsi6 Qanniblfpatbin UM ' e L0g
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scanned \Aﬁﬁfegeé“péiqvé{n inparted to the radiation beamis projected onto a

target portion i. ener al | | sed radiation source..i
enpl oyed and ttlgﬂ :?o‘ﬂr] (I;%&rlig%ﬁﬁraaq g%%&w&%%y%%gﬁ Wegeﬁfﬂgﬁ‘f@ﬂg?s"fﬂ"é?ﬁﬁ anEF?Y
aft er eachiifférenmved®nif ugd mhjpissvbahpried.t abl e WI or "substrate support” or
in between successive radiation  pulses during a scan. This node of

operation can HE03&lAymoging principle obiteprat ke kaming contigh wibimpw bedescribad i 2es

pr ogr ammahy} : i [ le mrror array of a
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be enpl oyed. %ggg%h A wor Ki ngrofgri nci pl e of iterative learning control wll
[

now be deddP choas aghqgstroke paiteriing devicetiegsy having astopdfosviard & angdyasdbe
f ramewor K.cohfr§llegtd hﬁ@g ' I; 3 . reyi i r
ILC. A conct0 r ol sct%%ﬁe\g i nc@gggﬁﬁagﬁ’flg%?ga;ﬁ{ﬂ?é%ﬁ?gl %Fé%%g%ﬁf % f;sld{é?e%ﬁe%%
process P aglifferenes betwermrsetpoint oked peatuesdpositionsy hcwilbheagyp]aitnaiih mgpra detail

f eedf or war, d an ILC. .controller in I ni cqonfi ation,. is

depi ct ed ib%IOE!" ggl%semé?f eAﬁfegl"Pt(?réeé#b&‘ﬁ‘_a‘Fo_ngoﬁ? (g‘gée&?l%?‘ﬁ@ cﬁgt%i%r _hil??yéflé}ﬁée

bet ween sekpapRicohsigtd df AEARMHSKbIIHCEIQAVN arfBsnvp edRBwS IR RRGds Mor e
detail below. This error e is fed into feedback controller C. Feedforward

cont r ol | erfeqdforkard signalife Théib@ﬁplétﬂdlm seputepd fegd foowiridmatpud sigodl, imabisl er at i on
and snap feadbaruard siaglﬂgl DT W iflS8as8d on previously measured errors. In operation, this force

is added to a feedforward force from feedforward F, resulting in a more optimal feedforward
operation. The learned force fj. has been learned with a given setpoint r, and therefore may
provide a desired feedforward during operation when a setpoint r is applied which corresponds
to the learned setpoint. In case however that another setpoint is applied, the learned
feedforward may provide a suboptimal solution.

[0039] A principle of iterative learning control will now be explained in some more
detail with reference to Figure 3A and 3B. Figure 3A depicts a so-called lifted ILC controller in
‘an iterative (learning) domain. Herein e* represents a matrix with error si gnal of a kth iteration,
L represents a learning matrix, Z"' a one iteration delay operator, I a unitary matrix and P,

matrix of the form:




feedforward signal fff. The ILC controller conputes a feedforward out put
signal, in this exanple a force signal file off-line based on previously
nmeasured errors. In operation, this force is added to a feedforward force
fromfeedforward F, resulting in a nore optiml feedforward operation. The
| earned force fil0O has been |l earned with a given setpoint r, and therefore
may provide a desired feedforward during operation when a setpoint r-is
appl i ed which corresponds to the |earned setpoint. In case however that
anot her setpoint is applied, the |learned feedforward may provide a
subopti mal (ol ution. §O039] A principle of iterative learning control will
now be exph@ingd in so nore detail with reference to Figure 3A and 3B
Figure 3A icts a soq{called lifted ILC controller in an iterative

(1 ear ni ng) mai n.OHergin ek represents a matrix with error signal of a kth
iteration,{azlL Eepresenis a |l earning matrix, Z"1 a one iteration del ay

oper at or, "a d’ﬁitary trix and PS matrix of the form 9 ho 0O A0 h, ho

MO h" hi-1 ho Were paraneters ho, ..., h" are so-called Mrkov

par anmet er trix P.__has a,Toeplit ructure representing a_process
sensi ti vi tSVyVh % rPﬁ}r#‘Ee%er%F“ or oLeds sg,-,caliquﬁérkgv%@mqqrg hﬁ‘&ﬁ" xﬂ%ﬁa Eoepﬁtz

sensi ti vi tyyrudyherEhesenting @4Rdcedd seRAGYitY BHadtibF phdtRsEr 20 siaSrJegfi&*}ﬁe&r& gfiyced

by learning a nore appropriate ILC output signal to counteract errors.
This can pERElPHed®amissy the fol | owing error equations in a domain of

iteration (als I L) e gkt =S(h-d)-PSJ k+l ek+l =
S(r-dy- Pk +ugtT 2 B firhln HRBRML Bl v R bt aiors BRI OEG
i s schematdugait signalapicotrtetattreriory This caBbs bwediad By tHeawll 6/ Ag At ¥WafisnsiAl a

domain of iteration (also known as trial domain):

ek+1 — S(r_d)_Pka+1
e = S(r—d)- P,(f* + Le")
e =e* — P, Le*

e = (I - P.L)e"

The above process is schematically depicted in Figure 3B showing a flow diagram where in
100 the setpoint signal is applied to the control system, thereby providing as the feedforward
output signal an approximation of the feedforward output signal. Then, in 110 an error signal of
the control system is recorded. Next, in 120 from the error signal and the approximation of the
feedforward output signal a following or subsequent approximation of the feedforward output
signal is determined. As indicated by a loop in Figure 3B, 100, 110 and 120 may be iteratively
repeated applying each following or subsequent approximation of the feedforward ouptut
signal as the approximation of the feedforward output signal in a following or next repetition.
| After a predetermined criterion has been met (such as a number of iterations, a convergence
criterium or any other suitable cirterium), the approximation thereof which has been
determined in a last repetition is provided as the feedforward output signal.
[0041] It is noted that the term setpoint or setpoint profile should be understood as a

setpoint over a time period, e.g. a time sequence of setpoint signal values. In the example where
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100 the setpoint signal is applied to the control system thereby providing
as the feedforward output signal an approximtion of the feedforward

out put signal. Then, in 110 an error signal of the control systemis
recorded. Next, in 120 fromthe error signal and the approxi mati on of the
feedf orward out put signal a follow ng or subsequent approxi mation of the
feedf orward output signal is determned. As indicated by a loop in Figure
3B, 100, 110 and 120 nmay be iteratively repeated applying each foll ow ng
or subsequent approxi mation of the feedforward ouptut signal as the

appr oxi mat the gomfol syrterh éwilifdes aatage carttylibysting i setpoint tiay ihowilagpefldext
repetitio er a predetermned criterion has been t (such as a nunber
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i ncluding a se_c;[ﬁence of accel eration, constant scanning speed, and
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t he

determining the feedforward signal from the setpoint signal and the transfer function, Thereby,
a sensitivity for setpoint variation may be reduced, whereas an implementation of ILC as
compared to stored ILC output signal tables storing IL.C output signal time sequences, may be
achieved.

[0045] As an example, the relation may include a filter, such as a finite impulse
response filter.

[0046] Other relations may be autoregressive (ARX), infinite impulse response (IIR),
Wavelet or Fourier transformation type. An example of the above, applying as the relation a
finite impulse response filter, will be provided below.

[0047] In generic terms, in a discrete time domain, the finite impulse response filter
may consist of a plurality of coefficients: the coefficients, in cooperation with a plurality of
setpoint values at different times in the time sequence of setpoint values, to provide the
feedforward sigal value at a given time.

- [0048] In discrete time the above may be written as:
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| earni ng, however enables to adapt the feedforward signal towards other
setpoint signals by determning the feedforward signal fromthe setpoint
signal and the transfer function. Thereby, a sensitivity for setpoint
vari ation may be reduced, whereas an inplenentation of ILC as conpared to
stored ILC output signal tables storing ILC output signal tine sequences,
may be achieved. [0045] As an exanple, the relation may include a filter,
such as a finite inpulse response filter. [0046] O her relations may be
autoregressive (ARX), infinite inpulse response (IIR), Wavelet or Fourier
transformati on type. An exanple of the above, applying as the relation a
finite |rrp iBe response filter, vm LI be provided below. [0047] In generic
terns, kdis&rafent Trdnoohmiin, T the Liddite i mpul se response filter may
consi st of a plurality of coefficients: the coefficients, in cooperation
with a pl urallty of setpoint values at different tinmes in the tine
sequence oW @‘efmpn@senmbﬂé@ﬁfdmaqdr@mwmghﬂeﬁ (daepll) dibveek. d S| Gplesyad the at a
glventlne q4%§]u {Idl cretE_Ftllmethe above may be witten as: Il _fk"lIc
= g-nl rk+nl° P CUMERILL § v RO BS éetpﬂmﬂéq&tﬂ%aééﬁmletﬁﬁ@ k-n2, and

f eedf or \Narglnprapmsbntslfﬁfbaho@ﬁm(eﬁta%' %)ulé eéregeﬂfg filk Rb&HERATh2 HEs noted
setpoint value at sanple tinme k+nl represents the setpoint va alte
sanpl e ti riBatkinhis eémpiegmﬁppmg;ﬁr@gmau@l,fasIﬁt iera fonaiohiofir emt. Inthhs, emhmleeaand

appi ng 1 o Ronvel pher B3] KL bmRe d foly PSR e abéave't%uét%?cgﬁ%f‘s@ei

non- causalwmmasmfsuhhmtionlfbﬂplu&hw Wnereas a causal part is n2. The above
equati on can al so be vvrltten as a summation for a plurality : n2 filc(k)_

Ig(l)r(kl 2?15 % Srmwlth R a Toeplitz matrix containing
set poi nt d (k} gtdfleonttai ning the |earned feedforward signal, and g
a vector vmth the #inlter coefficients:

In matrix form with R a Toeplitz matrix containing setpoint data, f a vector containing the

learned feedforward signal, and g a vector with the filter coefficients:

(-fkl ) Friem Verimn2 || -n1 )
M B M O M
M M Fitem M

35/ Yiamao 4 4%/48s/
S : R g

or,

f=R-g
*)

In simple terms, a set of equations now has been obtained providing as many more equations

than unkown variables. This is because the setpoint values at the various sample times are

known, while the iteratively learned feedforward signal is known too. Therefore, the unknown
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[kl rkl+nl rkl-n2 g-n1 MMOMMMTrkl+nnl Mrk4+'t 4 2 4 4 43 ~n3 f R g
or, .f =Rg (*) In sinple terns, a set of equations now has been obtai ned
provi ding as many nore equations than unkown variables. This is because the
setpoint values at the various sanple tinmes are known, while the
iteratively |learned feedforward signal is known too. Therefore, the unknown
12 variables, i.e. the coefficients of the filter, can be determ ned
therefrom with a reduction of noises contained in the data points. [0049]
Using matrix cal culation, the above matrix equation may be solved using a

l i near | ea@nablq&ame@eapﬁﬁmnmf iterfilzasad bedetennined thegpfidir, l@\ﬁﬁl a@dttt)anRBf R) -

RT .f Once oeff|C|e determ ned, a generic relation between

set poi nt O c@%@&? ggM%BBW%ht si gnal has been det erni ned. Pref erably,

k >>n (k i s mjotd]arges mhﬁﬂrbal'&ﬂanbﬂ tﬁ& Ql%ve“l‘ﬁ’e[tﬂ)?e lﬁtﬁ) Pb@ ‘«46@8{ uﬁﬂ%a

di screte tjme setpoint output values of the setp I'S

pr ef er abl ylneay ]Qﬁﬁtﬁfﬂ‘@é?ﬂﬂppquahﬁmn)basm Ia{)nmhmuatmis coef ficients in the
determ ned relation. Therefore, apart fromthe possible benefits expl ai ned
above, a data amount reduction may be achi eved which may be beneficial
froman i nplef®tRYT'RT poi nt of view [0050] The described process may be
summari zed, referring to Figure 5B, by: iteratively learning by iterative
| ear ni ng control for a gi ven setpoint signal a feedforward out put signal

of the co I I 208 | atjon bet
| ear ned %%%fcgﬁﬂmgir gwoggfggﬁetc d(eél s QE‘I&-EF?@QE{;& lgelt‘ﬁ%en% B’ QU T Ay eggfoﬂﬁjj and
appl yi ng tduéput eigaslilan bees detmnuﬂedeﬂfefﬁrdlﬂy,dc ¥ ﬁl(lsfseﬁudhuﬁt@éﬂ t@én BY, it fBerGRsHS Ol

system ( bl éll num%er of discrete time setpoint output values of the setpoint is larger (more preferably
significantly larger) than a number of coefficients in the determined relation. Therefore, apart
from the possible benefits explained above, a data amount reduction may be achieved which
may be beneficial from an implementation point of view.

{0050] The described process may be summarized, referring to Figure 5B, by:
iteratively learning by iterative learning control for a given setpoint signal a feedforward output
signal of the control system (block 200), determining a relation between the learned
feedforward output signal and the setpoint signal (block 210); and applying the relation as the
feedforward transfer function of the control system (block 220).

[0051] The relation that has been determined between the setpoint signal and the
learned feedforward output signal, which in the above example forms a finite impulse response
(abbreviated as FIR) filter, can be applied in a feedforward controller with a FIR filter Fg,
parallel to a known feedforward F, as shown in Figure 4. By using dual feedforwards, accuracy
may be improved as the FIR filter derived from the learned feedforward will function to reduce
remaining errors from the known feedforward. FIR filters may be easy to program and they are
inherently stable. In another example the FIR filter may be used as a sole feedforward.

[0052] The FIR filter Fs, may include a structure as schematically depicted in Figure
5A, with Z'' represents a one sample tome delay operator, Z represents an inverse thereof, i.e. a
one sample time lead operator, and the coefficients g representing the coefficients of the finite

impulse response filter.
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[0051] The relation that has been determ ned between the setpoint signal
and the |earned feedforward output signal, which in the above exanpl e
forms a finite inmpul se response (abbreviated as FIR) filter, can be
applied in a feedforward controller with a FIRfilter Ffir parallel to a
known feedforward F, as shown in Figure 4. By using dual feedforwards,
accuracy nmybe inproved as the FIRfilter derived fromthe |earned
feedforward will function to reduce renaining errors fromthe known
feedforward. FIRfilters may be easy to programand they are inherently
stabl e. | n anot[i853]eWhepieentining i delatibashipimya foem v$ e FIRSanass@hEon of a

feedf orward. .[ 0052 he FIRfilter Ff~ may inclJude a structure as
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5A) , proAIReg ! Bite ERPUlssapInoBeiiies mapdomads acapsl; incapethaithe derativedy
relation g H I i - Ll . Qi an. b,

ot o m neq y Fo feobiBfit QiR iR pReat AORORFE b bl i B epblue SR |
case that achwsal time kangthadfithis hatripanicae Hé osedao detormine b neindosd§ @pffieing t o
anti ci pat e, archanggchi n thl? sgt Foi nt signal, aﬂ acausal ti | ength of this
ant i ci pat i GR RS BE" JEBHANY: 0 PR PHATHEC Prrtmsdhat 45tpaepanse ieihe setrRbiigd ng
such acausadults Yn arfBerafiveDX RAREE fodd RSB i ?&%ﬁﬁo' set poi nt
signal results in an ie?ye(rati vely | ear ne%el?greog‘%%ﬁag?%l whi ¢ déléhgélr%gls a

f eedf or warséréRg toueacsiofhestep saspense Agamplertiszps before such sepsmdmeaintomire Htisathl e

N R S
filter having 5 acausal and 10 causal coefficients.

[0054] In case of a start-up of an acansal filter, setpoint values from the past would be
needed, which may not be available. Zero’s may be inserted for possibly unknown or
unavailable setpoint signal values r from the past, filling the right upper triangular of R with
Zero’s.

{0055] To be able to perform non-causal filtering, the setpoint r should be known a few
samples ahead. This. may be realized in practice by delaying the setpoint a few samples before
feeding into the control loop, or by reading out a setpoint signal time sequence a few samples
earlier and delaying it to provide the setpoint signal or reading out the sequence again some
samples later. The FIR filter can use a time difference obtained thereby to become acausal.
Note that, in case of a delay of the setpoint signal, such introduced delay is only encountered

-once during startup, and thus has no negative effects on e.g. a throughput of a lithographic
apparatus equipped with such feedforward.
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filter having 5 acausal and 10 causal coefficients. [0054] In case of a
start-up of an acausal filter, setpoint values fromthe past would be
needed, which may not be available. Zero's may be inserted for possibly
unknown or unavail abl e setpoint signal values r fromthe past, filling the
right upper triangular of Rwith zero's. [0055] To be able to perform
non-causal filtering, the setpoint r should be known a few sanples ahead.
This may be realized in practice by delaying the setpoint a few sanples
before feeding into the control |oop, or by reading out a setpoint signal
ti me sequence d0P%84l lsamsmbedimeat, litertivelydeateddafpedforward twippirsipnialieronbéifferent
set poi nt sj eadi Qut .th nce again some sanples later. The
FIRfilt erée a@tﬁg‘%%%ﬁ%&%ﬁ“’ ”e“?eetﬁggﬁgﬁﬁgﬁ' ned thereby to becone acausal .
Note that, in case of a delay of the setpoint signal, such introduced del ay
is only encountered once during startup, and thus has no negative effects
on e.g. a Uﬁ ug ﬁ%t of a lithographic apparatus equi pped with such
f eedf orward. . 14 |00 bg [ I'n an enbodinment, iteratively |earned feedforward
out put sig JL =frBﬁ1 bferent setpoints can be used to determ ne the FIR
filter: Jz| 3 (g% A R3 The use of different setpoints as training data
gi.ves an a Z% ge r different excitations making the filter nore robust
agai nst setpoint variations. [0057] Thus, in an enbodi nent use can be made
of two (or nore) feedforward output signals which are each iteratively
| ear ned f cFheruss pédifierent sepqinisiab traingipadasa givésem avefage bedratiff@dnti skcitdioher m ned
nal s and the respective setpoint signals.

fromthe | earned feedforward si |
[ 0058] Thén%?%&ﬁtﬁfmloé"ali"%}lﬂg*‘g%nﬁté%‘af”&Mﬁ?atﬁl‘)ﬂ’r-om several setpoints and use

the learned dgb@swOortusahananfbbMinidat h&'c 'Ehaﬁeo?ﬁg&@ H-E)ge)??édg&‘“}é? "

exanple. In this exanple, use is nmade of a Retic t age Irecti
posi ti oni riignebsrwitich arseecteiferativuleleanied farrespectietspipot: signalks.t Thewathy relgion is

vel ocity acﬂge ﬁrﬁzﬁlf%(fr?ﬁg%mﬁ/g& fd&dtotward glisﬁela S ta_151)d tthré?ésr]_:]:ecgtﬂf% sfetlploitn?gi'gnals.

[0058] The process of learning a feedforward from several setpoints and use the’

learned data to train a FIR filter will be described below using an example. In this example, use
is made of a Reticle Stage y- direction positioning control system. Three different setpoints

with varying velocity and displacement values are used to train the filter:

Start | End Velocity | Acceleration | Jerk
Train Move 1 012 | 012 2.2 6g 8000
Train Move 2 011 | 0.11 2.0 86 80080
TrainMove 3 | -008 | 008 1.8 89 8000
Test move 1 0.1 |01 18 64 8000

Filter performance is then evaluated with a test move at a setpoint that is different in both
velocity and displacement from the training setpoints such that a proper validation is provided.
These variations may cover possible variations that may oceur in practice. Results are shown in
Figure 6. The setpoint signal, in this example representing an acceleration of the stage, is

represented by a discontinuous line. As a reference, an initial error is plotted with normal
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Start End Velocity Acceleration Jerk Train Mwve 1 -0.12 0.12 2.2 69 8000
Train Move 2 -0.11 0.11 2.0 69 8000 Train Move 3 -0.08 0.08 1.6 69 8000
Test nmove 1 -0.1 0.1 1.8 69 8000 Filter performance is then evaluated with
a test nove at a setpoint that is different in both velocity and

di spl acenent fromthe training setpoints such that a proper validation is
provi ded. These variations may cover possible variations that may occur in
practice. Results are shown in Figure 6. The setpoint signal, in this
exanpl e representing an accel eration of the stage, is represented by a

di sconti nugeféfoxwaﬁé onlysAn erref aehinved withraniadditiond] IE€ feadforsap] Ograbdfteni 15h nor mal

s gnar o (ipadbe de B St n A RRHEE T 28 3 b S et i BT
Now, from filke id éasmeged Resiinignakih abdte floBedurd. A Bhckin: éiﬁﬁt%{;]t&‘ dé?gnﬁ@ﬁ@ ik N9
e |

to the aboyve procedure. A tracki n% error after applying Iter as
a feedf or vidlfsd s p decligsande repressptedrhyy GrropFir™ in Righiegidr B may, belabserngd that the

b d . ' | | f in.oth ds,
or ovi dos 1or 0 el birBinde R AR oL B BOE e AR or ror

that coul donpaebbetentharhiatitgletértthatichalditaee BédnvehiévéeritRaR itct Rk MR
si gnal , bef;e%:ﬁfPt hat the FIR filter nakes the feedforward nore robust agai nst

vari ation Ters gep i bt it Ehat g FIR didtes mekesdhe feedisp ad dnare rdwisagaisisgnal i s
fed to thevfbfd in theSetbdint Falapuh g{e%ho@a Radk B}’Mg%%ﬁglﬁ% Ridlso MHIR figet 029

The trained filter coefficients g are otte W tha
causal paraalonlate the feedfitwardcautmalsignak t n2 = 10, providing 15 coefficients in

s perf or mancd O T e GUer e et BiPhalonrd T Lt dar gt sarELBar o]
bet t er per=fQwaleﬁzsalﬁ};ahiﬂ%lo,%&ﬁ?ing1@fcbefﬁ9fegv]e%fiﬂt¢§éﬂter woul d t hen
en

reproduce the data f\igige of n sanpl es exact. owever such high order
filter is used [A06M Wherpihe HiR filterdy tiainediaf thesame sétpaim dttvéhithr its perfogmsmtepoi nt |

o0 o e R RS R BN R R AR, o

t he set poiddderyilehwosidither Rprodueytht Bath ifRf hQalkBies ek RY. AWhed RwdvBLsuch high
order filter is used at a setpoint which is different from the training setpoint, an optimum in
filter order can be observed. Above this optimum the training data is overfitted which results in
worse performance as data of the setpoint which is to far away in time to be relevant for the
feedforward at a certain moment in time, is taken into account in the filter. This can be seen
from Figure 8 where the RMS values of the measured error are plotted against filter order. Here,
the FIR filter is trained at a fixed data set from three setpoints. The non-causal filter order is
fixed to 5 samples. The causal filter order is increased from 5 to 400. An optimum where a
lowest error is achieved, appears around 10 samples.

[0061] The above enables use of learned data in case the setpoint changes i.e. in the
example of a lithographic apparatus stage positioning, when the stages perform different
moves. Without being robust to setpoint variations, the use of ILC would be difficult, as for
each possible setpoint signal, a feedforward would have to be learned. The concept described
here proposes a way to handle setpoint variations with a generic FIR filter which can e.g. be
added parallel to the conventional feedforward controller. Due to simple operations of the FIR

filter, implementation may be relatively easy. Experiments have shown that substantially

16




feedforward at a certain nmonment in tinme, is taken into account in the
filter. This can be seen from Figure 8 where the RVS val ues of the
measured error are plotted against filter order. Here, the FIRfilter is
trained at a fixed data set fromthree setpoints. The non-causal filter
order is fixed to 5 sanples. The causal filter order is increased from5
to 400. An optimumwhere a |owest error is achieved, appears around 10
sanpl es. [0061] The above enabl es use of learned data in case the setpoint
changes i.e. in the exanple of a lithographic apparatus stage positioning,
when t he stesyeaitlipsitimsratadiatkiog emer canbe emlisadiin hamhingdiragionalftist stige. Bekdhe] nt

variation f.d LC would be difficult, gs for each possible

set poi nt ?Pﬁotﬁgﬁl?&?@%e%?%ﬁ%aw THEX, R Wr‘?)vé’%l earned. The concept _
described her q0p62}Tasther, & ¥iRYurktFor AR REEHRIRAIHynYAIds A dRIT d¥kd-tht PodBAET | ©
FIR filter whi ﬁh can_e.g. be added parallel to the conventi onal

f eedf or wardg? t IR falters eancber thoughiypf. 'he fidteriededinienss themeelFésRnay bdcome an

i mpl t at,l : I: \ i pent s have sh t.hat
SUbst ant | APy AREGHEof it BOAE LR an FRFCCRIG s OF en it i cachg 1
scanni ng diampb tiroeresilting én s paxitton dependaiay filter! i@pPEIRROH bedleddElititthaasaRbE

appar at us yhe inproved. [0062] Further, to account for position dependent
dynami cs, M@rﬁﬁpﬂﬁlﬁ%rent position dependent FIR filters can be thought

f. The filt fA184 ShHS > hcit fu ion of
? he pogi t : oneE g[?g\?{]/)‘d)u.gioﬁglﬁ ﬁ]1‘1|&1I9t er é%%?g%%ﬁﬁg@?%&&ﬁtesgﬁg%&% iéa‘enadt;é(lgclgr}'lnjgegeach
sanpl e ti r{e-greﬁagﬂpqs@ioiningfn}a(shigid cﬁmedsim@mg?mbndeb% %afnt,ﬁdmﬁ% mﬁﬂé h}?irflie@ﬁib ageen

limted t  of =l it ' ' o[ t hou in e above,
% &1 ot o AR bl b RaBL U Eseet il g
posi ti oni NgpitAndti St SrtoMBREN DplukBE FPR6& EGGQMHdpﬁﬁgrﬂlﬁfﬁésgﬁbgﬁ%dw .

applied ina nulti input - “multi "outpat contfol systema
r ef er ence 0 8ddrpsggrass sffeqtasush ehenoed talk, etirfrom aetpbint gertepaior sigmal, soth SEPCGeK) a

plurality g eedf o rds may havye been. provi de 0_addyess. cross
effects susg{\G ggﬁlgg%%géstpgﬁg[k‘ce{y\é?g}mﬁsb%’ gee gt rf%‘raé]td}é’r{(?f@%éﬁm:%s&gh as
SPG X, - SRée dbthified Bere¥pdctise eetiforRhnds X0l ReNSANand REJIQL WREDreshatmabls. for an
X, Y and % nensigﬁexgre obt aioned %yﬁg{eggﬁgbt%}gnfeg’%%m%g ffx,,§ Kmy,
Kff., and prp Raihie gtengled joasyaanyi Xaeiables aipsived ethereby amubeesf @osted to as

many vari g0l #SrwAtlsHis) ihbdase MR SPHcRaRHIRERaEs 653 %8ntrolled (such as dimensions,

rotations, positions, speeds, accellerations, etc.) In such systems, iterative learning control

would provide for an adequate way to obtain feedforwards to compensate for such cross effects.
However, numerous situations may occur because the multiple inputs and multiple outputs will
result in many more different situations (combinations of setpoints, outputs, etc) to cope with.
Therefore, many different situations would have to be learned which may make such system
complex and difficult to implement. Because of the robustness against setpoint variations, the
principle described in this document may provide adequate feedforward compensations here,
10064] In a further embodiment, as described with reference to Figure 10, two
feedforward output signals FF1, FF2 have been iteratively learned according to block 200 of
Figure 5B for respective opposite polarities, directions (or other parameters of the setpoint
signal, thereby, e.g. directional differences in a stage positioning system can be take into
account). Processes shown in blocks 210 and 220 according to Figure 5B are performed for
both feedforward output signals FF1, FF2 and their respective values of the setpoint signal R,

to thereby provide respective feedforward transfer functions of the control system for
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feedf orwards may increase with an increase in variables to be controlled
(such as di nensions, rotations, positions, speeds, accellerations, etc.)
In such systens, iterative |learning control would provide for an adequate
way to obtain feedforwards to conpensate for such cross effects. However,
numer ous situations nmay occur because the nultiple inputs and nmultiple
outputs will result in many nore different situations (conbinations of
setpoints, outputs, etc) to cope with. Therefore, many different
situations woul d have to be | earned which may nmake such system conplex and
di fficul t tegrachys polenities oBrastpeindkightle Arseledior mag de peaidedito S€éq@ithdr one of

vari ation [1N€E e i.bed.in this, doc ma rovi de adequat e
f eedf orvvast(}f Eé%ﬁpf@"éﬁ%f&ﬁ‘%ﬁkeﬁfgr EE 2 feRsading on aé”\“\ﬁ’t”ﬁﬁ’éﬁ“@ﬂﬂf%ﬁﬁram&?m i
descri bed sstjontrsihel, ﬂi&f&)ytp%\}fdﬁg wlf%}emtﬂmr dép%ﬁ&hfngm@ﬁ Qyim@tg bRl s FF1,

FF2 have been_ iteratively | earned according to block 20 ure 5B for
respect i veSeHiopE sianal. Ademativels Sothdilies @tltpgtﬁsna(ydqe sotminesd hyar simenatios aefndidaeed

t t
bost i oni rey Sibiguk 18, EEeoy il PR B 0ol HEBRE Gt et o ot ok
210 and 22ﬁltmwouldlbeg\wtohéﬁ @ussiblp Ees&l”tmg@l@ﬁﬁ@dlﬁ@ﬁbrf &tors)aRhybd BRLTOS ML,

| out put si gﬂ% gPéﬂ? and their respective val ues of the setpdi nt si gnal
"R to thelBBy2 Péaéﬁed’tr?‘{}éef# ‘é@@h &YiRbYs 2g3inst setppint Eﬁr@mqmn‘shxdﬁ taking

control sygk

sel ect or rrayﬁgh B?gl\? %%ag?jéﬁfdgﬁgltgbééegtf&gh? igek%?}%a%?lh&?ﬁ? aﬂ) \Aé‘%gaafg i Saﬁél s FF
1, FF2 denm}ﬂllt}’lglaw rrc:,lsa bp@bnmaldr@tzj inch si@g p@flz}ﬁleﬁﬁhoﬁtp?ﬁﬁfe, @@fegdi@it eié _a@BlaHt}Q)fha _
set poi nt sjan t.he r ing a different filter depending on the sign
/ pol ari t)fi g‘?'ati‘f?e(’fagcee?‘ﬁ%tf‘ﬁ’(@?l‘ nal. Alternatively both filter outputs may
be summed by a amlf@fzenﬁﬁomrtﬁé praked ofh}hn@aJﬁlt&'r&#]er&Pme'iJAﬁ{eﬂ*%é/ed orward

initialization efféects that would occur 1 n-a case e an 1 nput o
filters woigngl and thorercespondingstipdintsignab alteinativelnthiedilter glcarzdltecdyl berr or s) may

be Iargely hus f eedf o rOV|ded r obust
agai nst set point n%%‘rpfe eLﬁeasure R ﬁl%%i ﬁlbc{&l&‘fﬁ%fﬁl?f’n P& SFROL tesé glere?’y

di f f er encemnitiig thdleaslifo o &R, Tiatlpmt Q}uaﬁds?ﬂib'le&i%'r@&vhﬁér?ﬁl terRlsBf kBl SHGH
polarity nmay al so be considered in a single accel eration phase, dependent

on a polarity of a derivative of acceleration (jerk). [0065] D fferent
fromthe procigbﬁ fitting a filter relation on the | earned feedforward
si gnal and€thd cofregpondi ng setpoint signal, alternatively the filter g
can directly be

Herein matrix Ps is a Toeplitz matrix representing the process sensitivity dynamics.

[0066] As outlined above, the feedforward as described in this document may be
implemented in a lithographic apparatus as for example described with reference to Figurel,
e.g. by having a processing device thereof provided with suitable program instructions to
perform the described steps, thereby e.g. providing a control system to control a position
quantity (e.g. a position, speed, acceleration, and/or jerk) of a stage such as the substrate stage
WT or the patterning device table MT,

[0067] An embodiment of the invention may further be implemented in a device
manufacturing method to manufacture a device such as a semiconductor device, processing
unit, integrated circuit, electronic apparatus, etc. the method including projecting by an
irradiation beam a pattern from a patterning device MA onto a substrate W; developing the

irradiated substrate W; and manufacturing a device from the developed substrate,
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determ ned fromthe neasured error signal and the correspondi ng set point
signal thereby omtting the |earning process. The | east squares problemis
rewitten in terms of tracking error: e=P Rg Herein matrix PSis a
~Toeplitz matrix representing the process sensitivity dynam cs. [0066] As
outlined above, the feedforward as described in this docunent maybe
inplenented in a |ithographic apparatus as for exanple described with
reference to Figurel, e.g. by having a processing device thereof provided
with suitable programinstructions to performthe described steps, thereby
e.g. proviHrsignat kasitongiof hepateming dewiee M aad fhesibstate Wos hatibyy stage Ge.g.a

posi ti on, I i and/ or  jer of a.stage such t he .
substrate pzdtﬁglg%g %&%rt&{lgéhggﬂ % E %FBE% taége\#/)cfer e@ﬁ%ﬁ“@ : p?%ﬂafst%“%&ﬂ&m nt
of the i nventroled byey cdritiol BfenbBavind fREBRLREditAnFeORMEES, manufacturing

met hod toégggq%ég)cture a device such as a sem conductor device, processing

unit, int repnddianster Bingtion bring deferpuinest g a) irativelhlsamingydtarateudi ng

projectin : I radl adl . om.a.patter.nin vi ce MA
nto o sunctrBRoprSlBEL BALR SRR fhab 1ol P Ay Ppa ol
manuf act ur(26@); b) diteriniming e ootutidnehetbeacalteplesined Rstifori grd cbBurkighd iafid e sbigamt

one of the.é_‘%i]{zﬁr?i ng devi ce nd the substrate Wis held by a stage
(e.g. patt §: @ad et @nlung tegplationesdhe ieedforwarddrnafertinetianefche cantp) | a
posi tion afsteRAg2s¢age being controlled by a control systemhaving a

feedf orward transfer function, the feedforward transfer function being

det ermi ned by: [8§68]tAdthouih einpodimantsiofithebyvention hiviebeen Haaribéduhocoiita @htedkor a

gi ven setpghnt signal .a feedforward ou t signal of the control system
(200); b) e e"rgF%V%Vh"éldén PETGIH ao‘é’t‘\%é‘é hE Sthge TOSTIORDS: TAHE A6apee ORIt
si gnal andippheatidg i behefits@i Ble ifivehBibn adicSded@pd Yi Ng the rel ation as the
feedf orward transfer function of the control system (220). [0068] Although

embodi nents of [P991iAtheneh epecifioeferrnen iz be made th oot t theause offifidhographic

1 ot 2P 900 BRI, 6RO B R R AP

here. [ OOGRjcritiet heneghmapraiciotiter bpplEsEOGS swbhYas e MBdadtike bl iffedrR¥d oftitat he

use of i ts?fsqc rilsa,pgrl]ﬁdcance and detection patterns for magnetic domain memories, flat-panel displays,
liquid-crystal displays (LCDs), thin-film magnetic heads, etc. The skilled artisan will
appreciate that, in the context of such alternative applications, any use of the terms “wafer” or
“die” herein may be considered as synonymous with the more general terms “substrate” or
“target portion", respectively. The substrate referred to herein may be processed, before or after
exposure, in for example a track (a tool that typically applies a layer of resist to a substrate and
develops the exposed resist), a metrology tool and/or an inspection tool. Where applicable, the
disclosure herein may be applied to such and other substrate processing tools. Further, the
substrate may be processed more than once, for example in order to create a multi-layer IC, so
that the term substrate used herein may also refer to a substrate that already contains multiple

- processed layers.

[0070] Although specific reference may have been made above to the use of
embodiments of the invention in the context of optical lithography, it will be appreciated that
the invention may be used in other applications, for example imprint lithography, and where
the context allows, is not limited to optical lithography. In imprint lithography a topography in
a patterning device defines the pattern created on a substrate. The topography of the patterning
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apparatus in the manufacture of ICs, it should be understood that the

| it hographi c apparatus described herein may have ot her applications, such
as the manufacture of integrated optical systens, guidance and detection
patterns for magnetic domain nenories, flat-panel displays, |iquid-crystal
di splays (LCDs), thin-filmmagnetic heads, etc. The skilled artisan wll
appreciate that, in the context of such alternative applications, any use
of the terns "wafer” or "die" herein nmay be considered as synonynous with
the nore general terns "substrate" or "target portion", respectively. The
subst r at e feiEmmaybensessed wima laxgr dfaesistoupplizddo theahbtmtcowhabipen thexpessr e,

in for ex tool that. typi.cally applies a.layer, of resist to
a subst ra’?(gem %(ﬁbﬁ p&?g@%( %lé%%nﬁagn gtkcprgélghx’ﬁ)’é?g%i’%ﬁsugg?f& ?W%W%Pmreﬁlﬁh%r an

i nspect i orpatteniing Whiveds mppéd 6@ the religt lezﬂﬁiﬁ%l PAERInNEARI e BYshig aep! 1 ed to
such and ot her @ﬁbstrate processing tools. Further, the substrate nay be

processed nore PAEH Bidems sadiationmsnéd “beamiiuged hereineneemprsaalirtyipes of ayer | C,

so that t : . I; |so.refer .to. a substrate .t hat
al r eady coé}nfcgito ir;l%{saglrru| T %%@rﬁﬁ%@&%@% 5. ’[%WBT (- MMTIER V%aﬁ'g%’f‘grithé’for
ref erence avayt ey 248)deB, Ifdde 126 awg ahdctthandisieadioletqBUNY irsBaich (0. Bing a

i nvention in Lﬁrﬁ]‘g? cont ext of ogti cal lithography, it will be appreciated
that the Y& hdH?IFFafﬁngf‘eofés: Qyoimpy 28 tredras paviiclecheamerich pvion drampprecleaiioni nt
| i t hogr apyeamand where the context allows, is not limted to optical
l'ithography. In inprint |ithography a topography in a patterning device
defines the patl0872] Thedernelernssi, wheraistcoatert allbiwa, mapregerap byy @fe dritembination

patternin 9 device.may be pressed.inpto a |ayer of resist supplied to the
subst r at e-q’\m’ %‘ﬁfpg%esﬂggp%@if’ PYMENSe {1 m(%feé?)%ﬁvﬁi IHeVECRAEHENet i ¢
radi at i on,cldt@@inagidtRaad eRcRbstAicCophiehiNtBhipeRedtier eof . The patterning device
is noved out of the resist |eavi ng. a patternin it after the resist is

1

cured. [0071] TAR73 SVhide snegiffic smbedimentsobf theiamintionddvélbenidasceibed atmavs sit will

(P o R ATIR A e bSO BB A il o

extreme ulthe mveintidnahay fakBAheforh af 4 @mfiBerhroftami dftathin\Irenett Bedulnddd & f

range of 5-20 nn), ag wel | as (i)artlcle beans, such as ion beans or el ectron
61?32’?““?#834

bearms. [ 0GFINf stiucHens deggrahing ¢ methodris disclosed dwye, armylatagtterage o any
one or conhidighi(@B. semiconductor memory, magnetic or optical disk) having such a computer

program stored therein.
[0074] The descriptions above are intended to be illustrative, not limiting. Thus, it will
be apparent to one skilled in the art that modifications may be made to the invention as

described without departing from the scope of the claims set out below.
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of various types of optical conponents, including refractive, reflective,
magnetic, electronagnetic and el ectrostatic optical conponents. [0073]
Wi | e specific enbodi nents of the invention have been descri bed above, it
will be appreciated that the invention nmay be practiced otherw se than as
descri bed. For exanple, the invention may take the formof a conputer
program cont ai ni ng one or nore sequences of machi ne-readabl e instructions
describing a nmethod as di scl osed above, or a data storage nmedium (e.qg.
sem conducf Qr mory,. naegnetic or optical disk) having such a conputer
pr ogram st%ﬁ%gﬁéﬁMEq 74] The descriptions above are intended to be
illustrative, not limting. Thus, it will be apparent to one skilled in
the art that nodifications maybe made to the invention as described
wi t hout departihg fréomectivd fociepemting b et forivam teatfeOfihctid] G4 coRPol Wldm S
CLAI MED 1| S: é’{) A nmet hod for, determning a feedforward transfer function of
a cont rol &yLpEPiR apparatps, thesnethbed cOmPBWAGit us, the et hod conprising: a)
iteratively learnin i . st.em
using an | terative ) Barn iy RelRhi R ol sl bbfe O tho M ik
det er mi ni rigprativedéaming womtedt! eremgiv tresetprantrsighal; eedf or war d out put si gnal and
the setpoint signal; ,and c) a ing the relation as the feedforward
transfer function ofb,)fiﬁtgm&]&%ﬂgrégq%i%g‘)’/g?t@’ n the leprped feediony asd ewpe signal anddhe m
1, wher ei rsetpbirft @igR4l; 8®F al ) appl yi ng the setpoint signal to the control
system thereby providing as the feedforward output signal an
approxi mati on of t he)pppingtheanetitionapthe feddforatard tadsfer domtidn nfitharomralor
si gnal of control system a3) determining fromthe error signal and the
approxi matron of the feedforward output signal a subsequent approximation
of the feedforward output signal; and a4) iteratively repeating al), a2)
and a3) applyi nzg each subsequent ) i

. The method according to claim 1, wherein a) comprises

al) applying the setpoint signal to the control system, thereby providing as the
feedforward output signal an approximation of the feedforward output signal;

a2) recording an error signal of the control system;

a3) determining from the error signal and the approximation of the feedforward
output signal a subsequent approximation of the feedforward output signal; and

a4) iteratively repeating al}), a2) and a3) applying each subsequent
approximation of the feedforward ouptut signal as the approximation of the feedforward output
signal in a subsequent repetition; and

a5) providing as the feedforward output signal the approximation thereof which

has been determined in a last repetition.

3. The method according to claim 1, wherein the relation comprises a finite
impulse response filter.
4 The method according to claim 3, wherein a time length of the finite impulse

response filter is derived from a time length of the learned feedforward output signal.
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approxi mati on of the feedforward ouptut signal as the approximtion of the
f eedf orward output signal in a subsequent repetition; and a5) providing as
t he feedf orward out put signal the approximation thereof which has been
determned in a last repetition. 3. The nmethod according to claim1,
wherein the relation conprises a finite inpulse response filter. 4. The
nmet hod according to claim3, wherein a tinme length of the finite inpul se
response filter is derived froma tinme length of the | earned feedforward

‘| output signal. 21 5. The nethod according to claim 1, wherein in a) at

| east two feedfdbrwarkhesuethed acceidirgtoslame , imhereat imad biylehst ana fodd foowarkh watput
respective_. i i gnal s nd wherein in b) the relation, | eterm ned
fromthe alérraie%g% R%r&%veiq}r 26931693%1] OrESREFtg SF@@%‘F Sietls: gi"‘@‘ﬁ@?nsm}ﬁgletrﬁ]éuon
respect i veis deteinmaediromi tBO @l 18ast Gyvo tE1EHVER RAthed S&AFHRRY sﬁ%afs' Al ThelresplifT L1 N

the relation conprises an acausal relation. 7. The nethod accordi'ng to
claim1, \WHOBISZ0S. f eedf orward out put signals are iteratively learned in
a) for respective opposite polarities of the setpoint signal and whereinb)
and c) are perfornmed for both feedforward output signals and their

respective set i nt Hiegnethed acordasy b@lamAy intherciep e€lhtiotecohfREELmvRhskal
transfer functions of the control systemfor respective polarities of the

set poi nt SFGHS-. 8. The method according to claim1, wherein the control

system conprises a stage control system 9. The nethod according to claim
1, wherein the control systemconprises a nulti input nulti output control
system the feddf or ihedngthathafcerdifgmetdimr, oheteetweoietdfotwy sttgm sigmats 4tei ng

a cross feedforward transfer function i.n the pulti input nmulti output
Control sy Lrunetdgmed B Sy v ppHfeRRIIED b e sFRGH A JELESPIRED)
devi ce 10 MaIcPaRIpRForndPRHbOh MiforWaf\GftHdt s{HBELha theff reépeERRY defoint SHRAEM
the processing devjce includi n% programinstructions to:

so as to provide respective feedforward transfer functions of the control system for respective

polarities of the setpoint signal.

8. The method according to claim 1, wherein the control system comprises a stage

control system,

9. The method according to claim 1, wherein the control system comprises a multi
input multi output control system, the feedforward transfer function of the control system

including a cross feedforward transfer function in the multi input multi output control system.

10.  Alithographic apparatus comprising:
a processing device to determine a feedforward transfer function of a control
systém, the processing device including program instructions to: |
. a) iteratively learn a feedforward output signal of the control system

using an iterative learning control for a given setpoint signal;

b) determine a relation between the learned feedforward output signal
and the setpoint signal; and

¢) apply the relation as the feedforward transfer function of the control

system.
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a) iteratively learn a feedforward output signal of the control system
using an iterative learning control for a given setpoint signal; b)
determ ne a relation between the | earned feedforward output signal and the
setpoint signal; and c) apply the relation as the feedforward transfer
function of the control system 22 11. The lithographic apparatus
according to claim 10, wherein the processing device is configured such
that a) is perforned in accordance with a nmethod conprising: al) applying
the setpoint signal to the control system thereby providing as the

feedf orward out put signal an approxi mati on of the feedforward out put

signal ; a2) recgrdi error signal of the contr system a3) .
det ermi ni ng frgl(r:rift hgﬂl gﬁﬁla?gr i é%%p%é?ﬁlf Frydmgip Sf/%frﬁgbi %ﬁ?r?)‘fl eI 0¥ EBE or war d
out put si gleslceas conifigampdensh MaPaPX ipeEbIKA iRfacdoi@arte Rath AMARGH Qtiitingsi gnal ;

and a4) iteratively repeatin alz, .a2) and a3) applying each follow ng
approxi mation of t hetl) aeRlyisg ersatpgint pignaldp dhedontre! sybtema hsrabyipratidiog anthet he
f eedf or warg i i I tition., and a5) providing as
the feedforvara out %%ngsﬁ%}]a a@?‘zﬂg%g?%§f¢rlgtf?ee§§°rfNﬁrg?°é’lg?u%W€1h has been
determined in a | asta2) epetding averrck 2igndlnef thd édn@9l kg appar at us accor di ng
to claim10, wherei nﬁéé]ae rel ation rises a finite inpulse response

filter. 13. The lit S FEREIng Som %’g(égr}gé&i%qien%&wtaapr@mmﬁowf thetfeeddorwarde
. It ar & ( oA
processi NGyt Hohfl d @b%qﬂ%t%ﬁ??ﬁﬁ&oﬂ%?%@fe&df@%? E%pt s?%natl gl inite

i mpul se response filter deriv oma tine e 'l 'ear ned
f eedf orward out put sipitedativeldrepTating ql),dYyamdds) applpingreathfollagaer di ng to

Ty a 1R o GRS o B G s E ey o ¢k eyl et nt |
signal s, aighal @ LebskieRSepdtitin; dnde rel ation fromthe at |east two

iteratively |earned feedforward sié;nal s and the respective setpoint
si gnal s. a5) providing as the feedforward output signal the approximation thereof which

has been determined in a last repetition.

12. The lithographic apparatus according to claim 10, wherein the relation

comprises a finite impulse response filter.

13.  The lithographic apparatus according to claim 12, wherein the processing
device is programmed to have a time length of the finite impulse response filter derived from a

time length of the learned feedforward output signal.

14.  The lithographic apparatus according to claim 10, wherein the processing
device is programmed to iteratively learn in a) at least two feedforward output signals for two
respective setpoint signals, and to determine in b) the relation from the at least two iteratively

learned feedforward signals and the respective setpoint signals.

15.  The lithographic apparatus according to claim 10, wherein the processing

device is configured such that the relation comprises an acausal filter.
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15. The lithographi c apparatus according to claim 10, wherein the
processing device is configured such that the relation conprises an
acausal filter. 23 16. The |ithographic apparatus according to claim 10,
wherein the processing device is configured to have two feedforward out put
signals iteratively learned in a) for respective opposite polarities of
the setpoint signal, and wherein b) and c) are perforned for both

feedf orward out put signals and their respective setpoint signals so as to
provide respective feedforward transfer functions of the control system
for respective Kol arTheildbogsiphiheppeetypaicntrdingitgnhim 10,AvhéFeia the proogsiaghi ¢

appar at us rding to.claim.10, erein the conirol system conprises a
s!to gge cont(?eg’ 0%515%@21 e&!gc_)ﬁ é"ﬁ°ﬁ?¥¥3&‘¥£ﬁ¥?@%ﬁﬁ%ﬂ§ﬂt§§ﬂ%@&m 03 Q1) ai m 10,
wher ei n t hespeefivd Qlposiysidatities @FHel seHDind sigHAll ind WIRLEn B hiid c)E Pittork @8 0!
system the feedforward transfer function conprising a cross feedforwar
transfer fepietcedioryardorwunsipngls anddheir respactivosatpnint sigmatssols Eymoede reffectiThe
l'i t hogr aphg ' laim 10, further c ri sLpg: . an

11 a1 oearBRRl Buiertnlof BBt Qo sTa for ieaf o B Bishpr R 58Pt ni ng
devi ce supgigral. constructed to support a patterning device, the patterning
devi ce capable of inparting the radiation beamwith a pattern in its
cross-section to forma patterned radiation beam a substrate support

constructed to ol d meJihshiHiEa gusaacgérﬁjnﬁﬁ icﬁgnﬁﬁs&rﬁ G o oglﬁhggfstte&

proj ect the patterned radiation beamonto a~ target portion o

subst r at e.coR@prisdivestigetdonygelagybtem. appar at us according to claim19, wherein
the control system conprises a stage control systemto control a position
guantity of a stage, the stage conprising ii one of the supports. 21. A

‘et hod for manufsact Whieihdgrafhvd £ardhRMRENENBY clafR b SKINAE 1R RFR Qftem
radiation with a patterning device, 24
comprises a multi input multi output control system, the feedforward transfer function

comprising a cross feedforward transfer function in the multi input multi output control system.

19.  The lithographic apparatus according to claim 10, further comprising;

an illumination system configured to condition a radiation beam;

a patterning device support constructed to support a patterning device, the
patterning device capable of i'mparting the radiation beam with a pattern in its cross-section to
form a patterned radiation beam;

a substrate support constructed to hold a substrate; and

a projection system configured to project the patterned radiation beam onto a

target portion of the substrate.
20.  The lithographic apparatus according to ¢laim 19, wherein the control system
comprises a stage control system to control a position quantity of a stage, the stage comprising

one of the supports.

21. A method for manufacturing a device, comprising:

patterning a beam of radiation with a patterning device;
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projecting the patterned beam of radiation onto a substrate; devel oping the
substrate irradiated with the projected patterned beamof radiation; and
manuf acturing a device fromthe devel oped substrate, wherein at |east one
of the patterning device or the substrate is held by a stage, a position
of the stage controlled by a control systemincluding a feedforward
transfer function, the feedforward transfer function determ ned by: a)
iteratively learning a feedforward output signal of the control system
using an iterative learning control for a given setpoint signal; b)

det ermini ng a rel at iSAeHEg ke pattemeed heammfdadiasisaf antovsebstateput  si gnal  and

t he setpoint signal; inhg.the rel atj,on as the feedforward
transfer function ofde?ﬁgpﬁgg?le?s?%ﬁdgg%r%ag%te‘g‘ﬁﬁhLh?é’r%?tﬁ B E‘Pgrbﬁfnﬁé’fto claim
21, wher eimdialiomengri ses al) applying the setpoint signal to the control

system thereby providi as the  feedfqgrward output signal an
approxi mation of thée® g tevisgism theidgrelppedsmbstrateor di ng an error

signal of the contrglhs TR . signal .and the
approxi mation of the fe&eigfta{glr%\/\i’flr%gé O%g%g{&t SI gg%‘{léeggpsu%%gg%getg[s h&ﬁ‘gf’ry&%*%%t?on
of the fecusiionas thestagewontsollpddly;a @ntiobsyjteimtiaclading alfyedfepant fritgfcd fiinctian)

and a3) a i ea follown appr.oximati on of the feedforward output

si gnal as%ggeeggjﬁw&?ﬁﬁfﬁ%ﬁmﬁ‘%}@Fég‘%é'é‘?ﬂfftﬁ’fvvard output signal in a

subsequent repetition; awit&@ivﬂy%éhﬁhggfééaf&@%dfo%ggﬁ%T@Qgro?ﬂ%’éoﬁhl&l e

the approxi mation thereof which ~has been determn ast repetrition.

23. The mswna@é%wailmgcmtmlmmvmmﬁm signel;rel ati on conprises a

bor o 8"Vt oottt Wb Aol B! BRSNS Sl
and the setpoint signal; and

¢} applying the relation as the feedforward transfer function of the

control system.

22. The method according to claim 21, wherein a) comprises

al) applying the setpoint signal to the control system, thereby providing as the
feedforward output signal an approximation of the feedforward output signal;

a2) recording an error signal of the control system;

a3) determining from the error signal and the approximation of the feedforward
output signal a subsequent approximation of the feedforward output signal; and

ad) iteratively repeating al), a2) and a3) applying each following
approximation of the feedforward output signal as the approximation of the feedforward output
signal in a subsequent repetition; and

as) providing as the feedforward output signal the approximation thereof which

has been determined in a last repetition.

23.  The method according to claim 22, wherein the relation comprises a finite

impulse response filter.
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response filter is derived froma tine length of the | earned feedforward
out put signal. 25. The nethod according to claim?2l, wherein in a) at | east
two feedforward output signals are iteratively learned for two respective
setpoint signals, and wherein in b) the relation is determined fromthe at
| east two iteratively |earned feedforward signals and the respective
setpoint signals. 26. The nethod according to claim2l, wherein the

rel ation conprises an acausal relation. 27. The nethod according to claim
21, wherein two feedforward output signals have been iteratively |earned
in a) for respe¥tivellsppetbpd acconling fordam 2f whesisetime levgtiséfghafinitdinpuised c)

bei f . hf war.d [ d thei ti
et poi nt S G PR GSER SRR B PR el TR el

functions of the control systemfor respective polarities of the setpoint
signal. 28. The method according_to claim?21, wherein the control system

conprises a st&ge cHmpehodiccprting toalaimid, wbeteidingd edeait twp fesdfolraanh 21,
wherein t I ' i input mul ti output.control
oystem.  no R Bienat SR EAANCBOIRGE R ofo riPedsive P i, a8 VRt B A
transfer fightivn grdetermiisreel frash the at Rpstitwioliettivelytl gathedcobd o ard Yish88in e

respective setpoint signals.

26.  The method according to claim 21, wherein the relation comprises an acausal

relation.

27.  The method according to claim 21, wherein two feedforward output signals
have been iteratively learned in a) for respective opposite polarities of the setpoint signal, b)
and ) being performed for both feedforward output signals and their respective setpoint
signals so as to provide respective feedforward transfer functions of the control system for

respective polarities of the setpoint signal.

28.  The method according to claim 21, wherein the control system comprises a

stage control system,

29.  The method according to claim 21, wherein the control system comprises a
multi input multi output control system, the feedforward transfer function comprises a cross

feedforward transfer function in the multi input multi output control system.
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