LITHOGRAPHIC APPARATUS AND DEVICE MANUFACTURING
METHOD BACKGROUND Field of the Invention [0001] The present
invention relates to a method to determine a feedforward transfer function
of a control system in a lithographic apparatus, a lithographic apparatus
and a method for manufacturing a device. Description of the Related Art
[0002] A lithographic apparatus is a machine that applies a desired pattern
onto a substrate, usually onto a target portion of the substrate. A

lithp g0 CRAPIIOATFARAIES AN HINTEE MAK VPR EFRERING METHOD
integrated circuits (ICs). In such a case, a patterning device, which is
alternatively referred to as a mask or a reticle, may be used to generate a
circuit pattern to be formed on an ipgjvigiest YRef 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
Eidlpspéhe Tavdngging onto a layer of radiation-sensitive material (resist)
provided on the substrate. In general, a single substrate will contain a
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{each target portion is irradiated by exposing an entire pattern onto the
A REBHIAE 84EXINd so-called scanners, in which each target
portion is irradiated by scanning the pattern through a radiation beam in a
iven_direction (the "scanning"-direction) while synchronously scanning

ipriom of the Belatsdaitparallel to this direction. It is also possible to

transfeoe PAIRH Saphih s PASAININS %%é%ﬁ%%ﬁﬂ@%@sﬂ\éd pattern onto a
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imprinting the pattern onto the substrate. [0003] As an example, in a
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Throug EUt demands require high velocity and acceleration levels. These

Whithde akirpativaliceérereddy s sarkanig stivkesmpsrhanertiogsarrets a circuit pattern
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phases. Vibrations need to settle in a certain settling time before exposure
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waferstage. Feedback contrdl is usedto guard llity and improve
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0 rd signal in

learning control has been considered etermine a feedforwa

inglnttoRmeplqdosrmpereiaadigheach itagaitpertiondssimatiatad bYowinpsinpek, entire
p@%@rﬂ%ﬁtﬁtﬂﬁ%{@%?(ﬁﬁ&% Bﬁgﬁt&lﬁtgg-%aifeﬁ EnE e%%%ac Jhaeach farget portion is

_lithographic apparatus. In a combined feedforwar contro

irggdiatesd bnepatveingthengticon tiobpabvidediation teaming g the daedfontid
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thipdiseetionckdiralsa pifssikinde hansferthe mtsine froosiosttaning dtaiye to the

' tage, and determining a
S%ﬁ%%ﬁ;@%%%%ﬁ%?&%ﬁﬁgﬁ §isg%ri1)§?%t§m the error signal and the
- feedfdPO83H SigamEssmnplplitoh Thimihed segsambyche litpesapbidtepptivatiys, both reticle
il [terations has chieved, or any gther suitable
S e AR B hvoughput
demamdsriequohigbrvelofityram avielgretion kigelsl Thigse Higls poedterativrelevels may be
Enj rol, an te is.made to the feedforward signal off-line . .
o S £ e 0 O SRS, BT R B during
adqegerinrepheseso \ibigeaiSeeetdonsattlesin nalendmcietiogitias: hafotuliyptssure can
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 only 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
N learn eviaryy nnccihle neeciirrina catnnint nraofile hacarica variatinne mav




SUMMARY [0006] It is desirable to enable an improvement in
robustness of iterative learning control systems against setpoint
variations. [0007] According to an embodiment of the invention, there
is provided a method to, in a lithographic apparatus, determine a
feedforward transfer function of a control system, the method including a)
iteratively learning by iterative learning control for a given setpoint signal a
feedforward output signal of the control system; b) determining a relation
ﬂn@gmeéh) Mieﬂrtg&def Feﬁgrmfﬂsﬁiftﬁ%dfl Biga %lﬂlﬁfl%ﬁﬁé@f iB%‘éifﬁEﬁﬁ'B degrees of
a the relation as the feedforward trgnsfer function of the
R LA O SeRaTh  BRHLIeS i o7 . hoeiio cirel i wsed t
prowitigabiliijrogranpicveniistiabiag de edjelifion aMpiRCRSTIRYWIREIEENPo] is used to achieve
et%'ergirrég g f&édforw rd transfer function of a control system, the
processing de 8 B mﬁded with program instructions to: a)
iterativé 0ddiin theipasatveric aepang crativh $oately BRsIRIGOIMLSIBR_H 30 determine a
%ge ftorwar putput si(?nal f the control system; b) determine a relatjon .
etweer the kA FtREaORR ARSI FSRFASAIIN AUER AR ASIFjHaR 2 velocity, a
fu1kl, e}l stager attonsastibetiaedtasesrd R talty) GranieldboMapUMharatus. In a

system. 009] According, to a further embodiment of the invention,
B R e B S s s he s for
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suhstrate; developing the irradiated, substrate; and manufacturing a device |
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controlle a control system having a feedforward transfer function, the
%Sé’&fbwi}%y?&ﬁé?e%%ﬁmw ellowinscer sybsepierA fortip R sgnal from the
dﬁyohteigﬂuleaiﬁanml ﬁ&dmlkd%@@%g?éﬁﬂmi'_Ihid%@ééfé‘?@&ifb%h‘%@ate% iteratively,
oytput signal of the gontrol system; b) determining a relation between the
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BRI CRIPTION OF THE DRAWINGS 0010] Embodiments of

S 545 TR 5 P AR BSOS 3 Wi IS ) ffeatorard sigoa

oI 1Rd0 AQ ARSRIBABHORERE TS HiRW 'ﬁﬁﬁs'gi_fé‘l*&'ﬁ&xs) a stable ILC converges
corresp r}dln reference symhols indicate corresponding parts, and in

i ARCigiea 6%{]"%&%@%8@?8&%&%@mh&%%%m%e&%m& feduse 2
repetiadinteckRitbedpvention;  [0012] Figure 2 depicts a diagrammatic
representation of a control system to iteratively learn a feedforward output

signall 000 Aespitribracti gm@s‘/d@m&‘a YorrnkigrtAn of it learning
cOIRETR A FRERGTHVEIY IR AP RESN Ve R RiBHAF ORIFkolds P hHaRigHER setpoint

4 depicts a diagrammatic representation of a control system including dual
(et eSSt TR 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 occﬁm'ng 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 output 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.



[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 depigiaafagdforwards of multi input,
multi output control system; and [0020] Figure 10 depicts a highly
schema®R06b Kids desible te enahle arimnpier ronemivig pehusihess of iterative learning
@mgy@ahgfagaﬁlmm‘gg%%D DESCRIPTION  [0021] Figure

1 schematically depicts a lithographic apparatus according to one

embodlMEHl drerreding tnighemhedippatafibaretsatsra thierisipaeivided a method to, in
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radiation or any other suitable radiation), a patterning device support

SitRdiRedna ahisratinisly aminadsiippatiyalrminsoutiolif sgiyrseipoint signal
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device PM configured to accurately position the pat evice in

learapd Serdbomipré ontant sigashend dhe srweinpsignals ad e aopling she relation as the
ﬂé@ﬁ&%&%ﬁﬁs@qﬂ&w&{qﬁ@l@l%‘w& Q{,S'iéﬁpstrate support" constructed

to hold a substrate (e.g. a resist-coated wafer) W and connected to a

secon(ﬁoﬁg_ghi@ﬂﬁgt e AERbPdimenting the invseliouriety ip psddethe lithographic
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includes a projection system{e.g. a refractive projectio S system
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dies) of the substrate W. [0022] The illu ysten may Inc
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icael efic r ' f qptical S
T 5 5 R R wanstr uncton of
the s gyrstemation. [0023] The patterning device support structure
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patter e et e SR P A Y s b¥god a method
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. he patterning device is at a desired position, for.example with
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siﬁﬁitgﬁﬁlﬂl% geec\ﬁlgi%t signal; and c) applying the relation as the feedforward transfer function

of the control system.




[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 imparteBROBROESTERIPT SO MVIHHEOHRIOIIN Eka particular

functio in a device bejng, created in the target portion, such as an
integ ra@@i&r}ﬂgo‘hmﬁ%ﬁf hdnyshtienMilLranc ke AsseHbed aby wirsspfexample only,

oritetiefeter e div Ao RAYIRE HORARYIE BFa i WRRKScorresponding reference
proaragm ble mirror arrays, and programmable LCD panels. Masks are

ARG SRATIns aare: 308 madiRines such as binary,
alternafyig pheipershifdepitisaltanupiashr asRrahiftaadMilbas ¥AURIES diment of the
hybrid mask types. An example of a programmable mirror array employs a
Y Yhrangement of small mirrors, each of which can be individually
tilted spoasApFiieeLBIPNES B HALIAAIAHA0 BRI ML HHIFSER LIRS AREem to iteratively
The tilted mirrors impart a pattern in a radiation beam which is reflected by
I oHasd Ouﬁ’fﬁf(ﬂ@a}he term "projection system" used herein
should[be1BIrEigdHArRRaISH ASRAGOEDRASPHISLAMY 44B% BoRFARERAR respectively to
g}@fgm, mcl,udl{:eg refractive, reflective, catadioptric, magnetic,
Fo AR Esicamipgetttdiatic optical systems, or any combination
thereofpasA AR i fReth e ExRAsHRHBUBHABRAIDA H55 Lo dPSAIRRT including
fac orsésuch as the use of an immersion liquid or the use of a vacuum.
%‘?J;f?g f%‘f“t’ﬁ@t%ﬁ'ﬂ‘lsi'projection lens" herein may be considered as
Synonyomasy M8 SAMAEESBeREHREIRATY dIRIS GlARHRIR R ¢ reprES&atdtion of a finite
As here depicted, the a;paratus. is of a transmissive type (e.g. employing
uppulsessmgpee lierand Rflaudiagramdliisiratiag action; isedsteimingthir Bnite impulse

1R Br BRBIQ¥IALA; Programmable mirror array of a type as referred to
above, or employing a reflective mask). [0028] The lithographic

appard#d¢hxiente &rdepjels Himp diparmmseiunfilgeeriamion: Eeenba stage
I;agkﬁglgfg"@kggﬁmge supports” (and/or two or more patterning device tables

or" patterning device supports”). In such "multiple stage" machines the
additidA41 T Bikeaws Gdenistsditiencoelicientsohafinits imppleprasnenyedilies

may bR gps|ieskard PRPNG FRIROMRRFEH RUPRAMTR URUE NASRLRAISS the finite
_other tables or supports are being used for exposure. [0029] The
qﬁﬁ%’ﬁ?&ﬁ?ﬂé‘bﬁﬁéﬂ?@tﬂs may also be of a type wherein at least a portion of

the SUfypi1s}Tpae DIERILE! SCtdau Brinkish BRIO TSR EHY BIARITRAGHY Systom; and

index, e.g. water, so as to fill a space between the projection system an

the sulfde8ldiigwrenhAdaniets adishinsghemesipsantislstiegrasmel sfredéeryard forming
phedthegrRGRRP SRl EsaMPle, 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 aﬁﬁ%ﬁﬁﬂﬁ%éﬁﬂﬁ@ﬁ”me’ must be

submerggd in liquid, but rather only means that a liquid is located between

the prijé&lioRisymdmchamaticalivsinpiats alithoprapbisepparatus [Boaoiing to one
RSO HOUE el %H%Bﬁﬁédlﬁ]i’gﬂ&a’e%saﬁ ﬂﬁﬂﬁﬂ&@oﬁ%@e&o@g&ninmoﬂ IL

radiation source SO. The source and ographic apparatus may

copligieadtesandiio e sadintisa beaanBite s dlVoadiatinnexoimestheseiitable radiation), a
) . | r
D L R A o St o
SUPpRTTriepetemglEvicaite € a meslk) MeivadcepsectedB®aifirkigiogjtifming device PM
example, suitable directing minors and/or a beam expander. In other
cases the source may be an integral part of the lithographic apparatus, for
example when the source is a mercury lamp. The source SO and the
illuminator IL, together with the bgam delivery system BD if required, may
be referred to as a radiation system. [0031] The illuminator IL may
include an adjuster AD configured to adjust the angular intensity

distribution of the radiation beam. Generally, at least the outer and/or
innar radial avient feommonhyy refarrad tA ac acniiter and a_innar



short-stroke module, which form part of the second positioner PW. In the
case of a stepper (as opposed to a scanner) the patterning device table
MT may be connected to a short-stroke actuator only, or may be fixed.
Patterning device MA and substrate W may be aligned using mask
alignment marks MI, M2 and substrate alignment marks P1, P2. Although
the substrate alignment marks as illustrated occupy dedicated target
portions, they may be located in spaces between target portions (these

R HABRUD B STHASHANR RN Oﬁ%{gx%régdsme”?r{% égﬁ{%&A $ertain parameters.
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expos In step mo imum siz e ex sure
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ion C. J
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0 betw n,,suqces radiation pulses g a scan. This

opesrart?gr?l af b&" aééd TERLE 3 ﬁ?’%g&eg Wﬁ?’é‘b‘?ﬁfﬂﬁlﬁ fizare general term
“patdeengdabiesfatterning device, such as a programmable minor array of

atyp rred to above. 37 C watlo s and/or varlatlons on

the aﬁ@%gﬁ‘ i1e8 rﬂﬁ%@?}g YIS progdlydaterpygted as

| refitsriript@nngldyeide 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.




[0038] A working principle of iterative learning control will now be
described in a single input single output (SISO) control system framework.
Iterative learning control may be abbreviated hereinafter as ILC. A control
scheme including a feedback controller C controlling a process P such as
a short-stroke patterning device stage, having a feedforward F and an ILC
controller in a learning configuration, is depicted in Figure 2. An error
signal e is determined as a difference between setpoint r and measured

positior{§025 BHe petexpingieiie maydeaiaibRalave e CEs M I6f patterning

f ee&{t&z}ackér‘1 troller C. Feedforward controller F may in this example
CONSTSts Of & CSHBTSRIOF SR LR R PATEN Ay Sy fiegrampadlahED panels. Masks

mawzbdiskadwadfdﬂ%@@im alnidfintheldask Wfféﬂ SUERBMHAE Aalternating phase-shift,
fee&jg%vr\l/gg ut g@%al in this exampl force signal file off-line based
S previotary %a%es- &5 35 weusiBrbrdimas Tﬁ?‘s’%@&‘e‘?ﬂ‘?ﬁ“ﬁeo a
fp@@iamﬂléomﬁdmmaf}eaﬁiﬂﬂyﬁadrﬁnﬁﬁ%ﬂﬁﬁgdﬂ@m@ ken@RWM@brs, each of which can

flegldrf&)rw ql Qe aélon The learned force fhe has been learned with a
LA P SRGARE FRASHCRN 2D PreRmineraliation beam o didierant difgetions. The

given se
amemﬂnmmﬁrpmmahmsaaﬁmmmm Getifes RORAS IR A B8 Rdor matrix.

setpoi howeyer that another getpaint is_applied, the learned
feedf nég :1%&7 ISTER Y S TiBB SRR s Siefdberein 5& brradhianggrpreted as

mcaﬂmgaagmg poistlrajem basRxR| MoRMAiRp SR tME) CefletaN YV Ehtadioptric,
refere Er? igure 3A and FrE Figure 3A d??glcts a so-called lifted ILC

co%%% 5@@%% 4 HlsrGpHiahs oRteal syfteme rapaax sarabinsfign,thereof, as
mpﬁr@ﬂiafesf@fthkﬁ@dﬁhdtﬁﬁﬂﬁﬁﬂn beRRresa) 6 FoLRUUNERRY Back & @use of an

iteration d erator, | g unitary matrix and Ps matrix of the form .
WHé‘?fé‘B%fb%{‘é% SRR M AR 6 g SSHBrERTOIRRLON B hhgrein may be

eohsidptead asts'mdnpmfﬁ@ RRENHBthore QGRS SERSHYAOHREERT.
eplltz matrix of a sensitjvity dynamics. 0040] At

gg(lchei@&élrﬁﬁ TP At PBRRaLS m&a%ﬁﬂmﬁwwsig%ﬁm@oying a

ﬂﬁaﬁsﬁﬁiﬁ%ﬂﬁ@l’d} tRICaHMEREIS] BE @Ppardis Gy BE SPPFERSAHPYy I e.g. employing a
followin or equations in a domain of iteration (also known_as trial

Q8T grglm'gr(larrw a ﬂgpq_ gsglerred ® algf)vepg GORP wéyg)aéﬁﬂq:ctlve mask).
ekk rs EOZS] 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.




ek+l 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 indipaesd] efeloRig 18 Figate13 theiifmidd @ ediiay p&lﬁ?{(%&!@% from a

repeated applying each following or subsequent approximation o
fég%%é‘?ﬂr‘é‘bﬁétgw deplishaseanbic eppestusararhessraafsentities, for
sigmap e Y isthRIe 6 kh BRAHEPNATIE S PRedsie MG SdRIRn &ﬂ)ié/idered to

geen met (such as a number of iterations, a convergence criterium or an

tHBPar eidhe dithasmrbisrenssprs-antiisradiatior hearetismagsed drom the source SO to
ARIGIBINALIPA R M EhERAE T iHRIRY g, §9§éﬁ?§f9%’&ﬁ‘&iﬁ%}fﬁ§}§ﬁwe, suitable

signal.  [0041] It is noted that the term setpoint or setpoint pr

B’éﬁﬁﬂﬁ& IBIEOE 48 H Yer s syerndaink g eascythe tonecsampcbe endtegral part of
BRI REBESIERR et TP exaITRIR NG ol ?@9%%%%&& 19486 urce SO and
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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




[0047] In generic terms, in a discrete lime 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: tic J k =T.
g -nlrk+nl g-n1+1rk+nl-1+ A + g n2rk-n2 where fk represents the
feedforward output signal at (sample) time k. r kiln represents the setpoint
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situations in which more than one die is provided on the patterning device MA, the mask
alignment marks may be located between the dies.

[0033] The depicted apparatus could be used in at least one of the following modes:

[0034] 1. In step mode, the patterning device table MT or " patterning device
support” and the substrate table WT or "substrate support" are kept essentially stationary, while
an entire pattern imparted to the radiation beam is projected onto a target portion C at one time
(i.e. a single static exposure). The substrate table WT or "substrate support" is then shifted in
the X and/or Y direction so that a different target portion C can be exposed. In step mode, the
maximum size of the exposure field limits the size of the target portion C imaged in a single
static exposure.

[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 bqam 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
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movement of the substrate table WT or "substrate support" or in between successive radiation
pulses during a scan. This mode of operation can be readily applied to maskless lithography
that utilizes programmable patterning device, such as a programmable mirror array of a type as
referred to above. '
[0037] Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.
[0038] A working principle of iterative learning control will now be described in a
single input single output (SISO) control system framework. Iterative learning control may be
- abbreviated hereinafter as ILC. A control scheme including a feedback controller C controlling
a process P such as a short-stroke patterning device stage, having a feedforward F and an ILC
controller in a learning configuration, is depicted in Figure 2. An error signal e is determined as
a difference between setpoint r and measured position y, as will be explained in more detail
below. This error e is fed into feedback controller C. Feedforward controller F may in this
example consists of a combination of acceleration and snap feedforward and provides a
feedforward signal fi. The ILC controller computes a feedforward output signal, in this
example a force signal fj; off-line based 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 i, 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 ¥ represents a matrix with error signal 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:
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Where parameters hy , ..., h, are so-called Markov parameters. Matrix P has a Toeplitz
structure representing a process sensitivity dynamics of process P, and S a Toeplitz matrix of a
sensitivity dynamics.

[0040] At each iteration the error is further reduced by learning a more appropriate ILC
output signal to counteract errors. This can be expressed by the following error equations in a

domain of iteration (also known as trial domain):

ek+l — S(r__d)__l)sfkﬂ
e =S(r—d)- P,(f* + Le")
e =" — P Le*

ek+l =(I_1)SL)ek

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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4 fRRor,f=R g (*) Insimple 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 variables, i.e. the coefficients of the filter, can be determined
therefrom, with a reduction of noises contained in the data points.

[00491 Using matrix calculation, the above matrix equation may be solved

%ﬁ@goﬁtlj&es%@ﬂ%éﬁﬂ% PR r(%)ﬂ téc})lgté)nE%S%% gfgpr(])?rgnrgll}? ﬂijcﬁgen: profile
representing a step and scan movement, e.g. including a sequence of acceleration, constant
scanning speed, and deceleration. The setpoint may include a single quantity of a plurality of
related quantities such as position, speed, acceleration etc.

[0042] The term feedforward output signal may also be understood as an output signal
over time, e.g. a time sequence of feedforward signal values.

[0043] ILC may be used to converge to a feedforward output signal for a certain
setpoint. This feedforward output signal is generally not optimal for other setpoints, as the thus
learned feedforward output signal forms e. g a time sequence of feedforward output values
which have been learned to take account of errors occurring with the learned setpoint.

[0044] To address the above, application of a transfer function, such as a filter, as a
transfer function between setpoint and ILC output signal is proposed. The transfer function
may be determined from the learned ILC feedforward signal and the setpoint signal that has
been applied during the learning of the ILC signal. Having determined such a relation, it allows
not only for feedforward application given the setpoint that has been applied during the
learning, however enables to adapt the feedforward signal towards other setpoint signals by
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 ILC 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 therrelation 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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g = (RT R)I RT f Once coefficients g(i) are determined, a generic relation
between setpoint r and feedforward output signal has been determined.
Preferably, k >> n (k is much larger then n), in other words a total number
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

y be summarized, referring to Figure 5B, by: iteratively learning by
i[ﬁatﬁegleafmng*c&tmlmrnalgﬂv& setheit 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);
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errors from the known feedforward. FIR filters maybe easy to program and
,t;ﬁhﬁy are ingent%;table: In another example the FIR filter may be used
s d&JIe 3] r(al?—lDOOSZ] The FIR filter Ffir may include a structure
as schematicdlly depicted in Figure 5A, with Z-1 represents a one sample
tome delay operator, Z represents an inverse thereof, i.e. a one sample

time lead oper and the coefficients g, representing, the goefficients of .
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can be made by deriving a time length (expressed in e.g. a number of

sample times) from the iteratively determined feedforward output signal.
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time length may be expréégkd|in a nymber of sample number of sample
iﬁ? (t 15%;3%4)5%84 UE% y%u'% s of the unit delay operator depicted
igure , Ri ng'a r-of coefficients and thus a time length of

the relation such as the finite impfilse response filter. Also, it can be
ofjetermined if the finite impulse response filter may be made acausal: in

case that the iteratively learned feedforward output signal appears to

anticipate a change in the setpoint signal, an acausal time length of this
Jaatrigation can be used to determine a number of coefficients expressing

such acausality. As an example: presume that a step reponse in the

setpo{ﬁi signal results in an iteratively learned feedforward which provides

a feedforward output signal starting to react to the step response 5 sample

times before such step, and maintaining active 10 sample times after the
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start-up of an acausal filter, setpoint values from the past would be
knoweay svhilerhaniterali vy inamedifssiforanisigny) isknesertiog fdhprsteiplthe unknown
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 ealgier 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
intraodiicad delav ic anlyvy encoilintarad once diirinAa otartiin and thiie hae nn




Jif2\,f31=cO0,NIliR2\R31(g) The use of different setpoints as
training data gives an average over different excitations making the filter
more robust against setpoint variations. [0057] Thus, in an
embodiment use can be made of two (or more) feedforward output signals
which are each iteratively learned for respective setpoint signals. Then,
the relation is determined from the learned feedforward signals and the

respective setpoint signals.
variables, i.e. the coefficients of the filter, can be determined therefrom, with a reduction of

noises contained in the data points.
[0049] Using matrix calculation, the above matrix equation may be solved using a

linear least squares approximation based on normal equations:
T py-1 pT
g=(R'R)"Rf

Once coefficients g(i) are determined, a generic relation between setpoint r and feedforward
output signal has been determined. Preferably, k >>n (k is much larger then n), in other words
a total number 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 giveh 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 F fir
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 progratn 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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[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 -0.12 012 2.2

[0053] When determining the relationship in a form of a FIR, an estimation of a
number of coefficients can be made by deriving a time length (expressed in e.g. a number of
sample times) from the iteratively determined feedforward output signal. When the iteratively
learned output signal shows a response to a change in a value of the reference signal, the time
length in number of sample times of the response can be derived therefrom and applied as a
time length of the finite impulse response filter. In a discrete time domain, the time length may
be expressed in a number of sample number of sample times (thus number of unit delay times
of the unit delay operator depicted in Figure 5A) , providing a number of coefficients and thus
a time length of the relation such as the finite impulse response filter. Also, it can be
determined if the finite impulse response filter may be made acausal: in case that the iteratively
learned feedforward output signal appears to anticipate a change in the »setpoint signal, an
acausal time length of this anticipation can be used to determine a number of coefficients
expressing such acausality. As an example: presume that a step reponse in the setpoint signal
results in an iteratively learned feedforward which provides a feedforward output signal
starting to react to the step response 5 sample times before such step, and maintaining active 10
sample times after the step, then a relation may be defined having 15 coefficients forming a FIR
filter having 5 acausal and 10 causal coefficients.

[0054] In case of a start-up of an acausal 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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[0056] In an embodiment, iteratively learned feedforward output signals from different

setpoints can be used to determine the FIR filter:

M (R
L= R, (g )
5 B

The use of different setpoints as training data gives an average over different excitations
making the filter more robust against setpoint variations.

[0057] Thus, in an embodiment use can be made of two (or more) feedforward output
signals which are each iteratively learned for respective setpoint signals. Then, the relation is
determined from the learned feedforward signals and the respective setpoint signals.

[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 Velocily | Acceleration | Jerk
Train Move 1 -0.12 |1 0.12 2.2 69 8000
TrainMove 2 | -0.11 | 0.11 20 69 8000
TrainMove3 |-008 | 0.08 1.6 69 8000
Test move 1 01 |01 1.8 69 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 occur 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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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

occur 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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variation in the setpoint signal, as the to be applied setpoint signal is fed to the FIR filter to

calculate the feedforward output signal.

[0059] The trained filter coefficients gi are plotted in Figure 7 with a non causal partnl

=5 and a causal part n2 = 10, providing 15 coefficients in total.

[0060] When the FIR filter is trained at the same setpoint at which its performance is
evaluated, an increasing filter order would result in better performance. A higher order ( nth
order ) filter would then reproduce the data fj, of n samples exact. When however such 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
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[0059] The trained filter coefficients gi are plotted in Figure 7 with a non
causal part n1 =5 and a causal part n2 = 10, providing 15 coefficients in
total.  [0060] When the FIR filter is trained at the same setpoint at which
its performance is evaluated, an increasing filter order would result in
better performance. A higher order ( nth order ) filter would then reproduce
the data fik of n samples exact. When however such high order filter is
used at a setpoint which is different from the training setpoint, an optimum
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sition dependent filter. Interpolation between a limited amount of FIR
‘}f)ff%é}%“i% BRYLoRS: TBeRsS: 2aesleratioRsHRicaIBICh SYRigRSHiterativa dearming control
vaotifil roysdeforasdaeqiatonay/ie dHRifl e aRR@SIH ABIRPR A SIBBRich cross effects.

}ﬂ(i?mension), the concept described here may be applied in'a multi input -

UHEVSLBYEETS ST upLennmayResHheerwthe ranktinle iapnigand mwitiple outputs will

r&ﬂhimhﬁhmiéwmm%@ﬁmtﬁﬂ B ks BRuts, etc) to cope with.
1{f}—:;fg}}dégrwards m%g?ave_bee_n provided to address cross effects'such as
glopgymany diiisnent sbiations yeonlfhareigrhe leasnpdagtihanyy 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.
[0064] 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 si gnal R,

to thereby provide respective feedforward transfer functions of the control system for
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SPG-Y in the X respectively Y dimension, feedforward signals for an X, Y
and Z dimension are obtained by respective feedforwards Kffn, Kff,y, Kff,,
and Kffyy, Kffyx, Kffy, respectively. Such setup can be extended to as
many variables as desired, whereby a number of cross feedforwards may
increase with an increase in variables to be controlled (such as
dimensions, rotations, positions, speeds, accellerations, etc.) In such
systems, iterative learning control would provide for an adequate way to

9&@&&@9&%@@&@1@9&%&5%&@9 7.y QSQ&S??%?%_%%M %Y Skiect either one of

numerous situations may occur because the multiple inputs and multiple

erdfonaeksignaltily Fidrdcamdingosimpelonsy direesinnmsmther parameter of the
SEHRAHTS cAMIAH R DrERiARRE Uie LRSI Qe#%ﬁ;’ldsiﬁéjgﬁeﬂ%@{lf%%%ﬁy of the

would have to be learned which may make suc tem compléx an

seReint sisnabidHanrtisedyhote Bitenevipptiomryseeaymmaddarforammation as indicated
¥3IREOgu e BRGNS AeeaiReR it S AR MENHDELPHY Y R AHRBNE input of the

feedforward compensations here. [0064] In a further embodiment, as

flserimenldin seitchaddessihimsultingia Risglizatiarcesrslmsiy hallgrgely prevented.
Thds, & 'edRYR HA5RYYARRNAIRBNIEh S FMHHR AR HR 955{%1'%? while taking

5B for respective opposite polarities, directions (or other parameters of the
pIheLige éﬁ’?fﬁé‘?é’éﬁf?@@@eé ifectherdiftereat seimeinisigrahpel gitiss obimdlarly such
: t i t).. i .
e P G A Ly polaity of
@T@W&F&FP@?W@%&Mespective values of the sgtpoint signal R, to
thereb}’o&Y'ﬁ)‘%ﬁ&%ﬂ?ﬁ%\ﬁ?éféaﬁfé’é&%%Hﬂﬂﬂ%ﬁﬂ@ﬂlﬁ&%ﬁ%ﬂ%@@éfﬁéa feedforward

system for respective polarities of the setpomt signal. A selector may be

yieaoldnd theseraespabng sringing signakitorasti e filter groap directly be
A0 RO AR A REIPR: %ﬁaﬁ% AR BREBLAHESHRA ignal thereby

signal, thereby providing a different filter depending on the sign./ polarity

Gniking e dearmng progre rianlestisatamkrerdueuts Tewsitian sutems @fiyacking error:
a summation as indicated by E in Figure 10, thereby initialization effects

that would occur in a case where an input of the filters would be switched
pesgPly Rsuing in initialization errors) may be largely prevented. Thus,

a feedforwardmay be provided which is robust against setpoint varations,

while taking account of the learned differences for the different setpoint

signal polarities. Similarly such polarity may also be considered in a single
Heteiaration pris sl erpbiénmnatrio reprpisiating drepmaesa seassiviycbarsiion

Gerk). joosBORPbRUITRAE O SRIHDFRARGERA PLIHRG DA (ElHOR AR Fray be

learned feedforward signal and the corresponding setpoint signal,

impdementedyinisdithegrapbimapipacatysias fstexampieldeseritpd withaeipeagce to Figurel,

L5 AL SO GO Lel OM cion
perforim the deseribed pteps gthesebineraapricvitling acpotiplisysteaute control a position

) ' e ey 5 i
SR SO0 OSSR s
Virhste the pestetninglidavigesieble Bbaratus as for example described with

re ereﬂﬁ%’/‘ﬁ’ KU o feledDo PRV A BRICHE i) A Eﬁ@%ﬂgﬁ%ﬁ‘é&%yeme

with suitable program instructions to perform the descri

g fpebvioig nathoh tromeysifaciurs ectevisiesspdsiionsemaraigu@og dgvice, processing

Sifj celeration, jer t g r
e e AU R, e R AR n
inhdiativerhrammpatterthizoe ipapieniegdayice die vine mauhsteatWhgleveloping the
nfBSHI0A 10 MARLREUE AGMES, o 96 AGSRIRPRL AR Sibstrate

processing unit, integrated circuit, efectronic 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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wherein at least one of the patterning device MA and the substrate W is
held by a stage (e.g. patterning device table MT and substrate table WT
respectively), 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
(200); b) determining a relation between the learned feedforward output

' . the, setpojnt signal (210); and ¢) applying the relation as the
S SRS e e i M SRS e oaatd by a stage (e
pithengigeinbiceltabdnld Dhtidesibygationtiave bR|PIaseHh I RRAG b the stage being

f.lithography, and in particular jn a context of stage positioning,
g%g%ﬁ%%r g%guraat(g%osﬁf%na gﬁ?mﬂgﬁrﬁ%fﬂ%t}ﬁ%ntion as
thestoad it Wend trans R ARG DI HiG duIaeifEHs &) GRMAERE ARG iy iterative

his,.text to th e of.lithographic apparatus, in the manufacture of ICs, 1t
B O A AR T OBIAfCoSHaR S e iB6#l REflpontrol systen
(R89)hb) eetthminappi celition betivbenIHO Raha st ievatd H@BIRGEnal and the setpoint
9 tlgfl}rﬁ(ﬁtemg,(ﬁwd nce and detection patterns for magnetic domain

fories/ At r?@?%a@%f RpAY e ferdfrsyrard eapslerfmdtion of the control
spstgme®20pads, etc. The skilled artisan will appreciate that, in the context

of suc natiye applications, any use of the terms "wafer" or "die" _
herein@%gﬁﬁﬂ %’g %%&fﬁb&dgm%aaﬁfo‘?éeﬁéﬁ’é%b@rmve 1n a context
oSlitistgatphyy diidrgesRacitin in'e SBRER(QIT sthEe pushfiiae Il 68t iQccurate control
hereintma belgroc S ed,ggf_ore or. after exposure, in for example a track

P 1 W]%ﬁ%i ?ﬂﬁﬁééﬂﬁ% nyertignagdeseribed Mttate and develops

the expossa] vekisihioh spedialogfdeabantipbamitRNAHAERPlo B of lithographic
a;\)g)ggcable, he disclpsure herein may be applied to such and other

b BannE B Hink shew d b sndeestaed that thedithestphisrapparatus
desnibaChereih ex@yhiake IRICRTTRGIRME ShBRUS Ry RlatfafRARYrDRIE5RA optical

supstrate psed h@e‘é‘i}in may also refer to a substrate that already contains
SRS GrRCs AR detertion paterns foninagRTlie Jemminmrirenics, Matypancl displays,
lpiié-bgenlRgR Ad@EDS) il e hemRadinants Qb thedweniP iRl i

context of %gtlcal I|thofg§%pg§, it will be appreua(ed’ that the invention may

Bereeate v i pistbaksysh altsrmpivsripnlicationsy Apisea dhwieres “wafer” or
“tiedaneax hallpvscdasiimaed 1o.0pt6al WhagrRRYyd %%Hépﬂ%rms “substrate” or
“Iltho%raph_y a topography in a patterning device defines the pattern '

W0 stasetctirelrnErepbstain bR todersinmpyda acesagdpbefore or after
eRPOSERS i B rcelanep10 h IRk (B 1Y0H iﬁﬁﬁ%ﬁ?&ﬁ?ﬁ?ﬁﬁé@ MQ?&? YPARIN% a substrate and

resist is cured by applying electromagnétic radiation, heat, pressure or a

devsinm o rransrddesil paetningy devlisadnroviaspsciion thel r¥dhere applicable, the
disavingethbRie N it afphdb ey Sl da Futed subst{lgwlaxlo-ggfk%i}f‘gr 331s. Further, the

“radiation” and "beam" used herein encompass all types o _
suhsieats ey e psensebmonshan g erutovisremplvin alaritncteate hawilfirlayer IC, so
thatwRy RIRAGULSEAE AQHAIER BEP alsddeter {074 AR ARG EENE Bntains multiple
ultra-violet (EUV) radiation (e.g. having a wavelength in the range of 5-20
Piopessd [R¥Hss particle beams, such as ion beams or electron beams.

[007 2j0hhe] Aol MR PelBRAQNIRX) AU AR J0APHRIR O F

combination of various types of optical components, including refractive,

crpbpdimeats oA gircinyeationivrthaprntexdod epticalditeoiraniteal will be appreciated that
thE ANRANER Bray bl AXH3H\WRLE SRRRILGHT W&ﬁﬁ&?eqﬁ%ﬁﬂm%g%ﬂﬁvﬁld where
ven e

been described above, it will be appreciated that the invention m

thp cestieeiabareisseotiinited eaptiend ditRegreplampldmpriniidogomphyaytopography in
a paEHIR AN & R ARBRILGREPREMEA YR %ﬂgsﬂi%%é}fgg@ gﬁggﬁmﬁﬁ the patterning

of machine-readable instructions describing a me ove,
or a data storage medium (e.g. semiconductor memory, magnetic or

optical disk) having such a computer program stored therein.
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[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. WHAT IS CLAIMED IS: 1.A method for
determining a feedforward transfer function of a control system in a
lithographic apparatus, the method comprising: iteratively learning
a first feedforward output signal of the control system using an iterative

lgaiTuochepBY Bdeea HdlSRIRLIGE RiGSAp %)Ihed todFEESBIUAR Fhereupon the resist is

feedforward transfer function between the Tirst feedforward output signal

sHeethy mislxing slrstognandirradintionihgatnpiasmien oot sosmhiraienfareof. The
sRaeAIL ANRVR R QHPULSITRL st feRER %%‘E&%fmgatﬁe? ltﬂlg}e%mt is cured.

wherein the iteratively Iearnlng step comp ses: applying the first

setpointldgHaThs transommdirtigaicand {hepam) ysed ignem saapapasstall types of
Gectiommit O e A HANARPIRFRIATO VNS iR eI M%%%%length of or

signal; recording an error signal of the control system,; minin

AORHUAGSe PR S3hA T Rr 826 ag&wém&ﬁemukﬁ&w@ﬁéswmd@mwg having a
avalkagth iS aaR5EBPs Y IRIO Al dNe I R RARANRr S RH o 8B hs or electron

beams.

[0072] The term “lens”, where the context allows, may refer to any one or combination
of various types of optical components, including refractive, reflective, magnetic,
electromagnetic and electrostatic optical components.

[0073] While specific embodiments of the invention have been described above, it will
be appreciated that the invention may be practiced otherwise than as described. For example,
the invention may take the form of a computer program containing one or more sequences of
machine-readable instructions describing a method as disclosed above, or a data storage
medium (e.g. 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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iteratively repeating the applying the first setpoint, recording, and
determining from the error signal steps applying each subsequent
approximation of the feedforward output signal as the approximation of the
first feedforward output signal in a subsequent repetition; and
WHpdoldider &R Kirst feedforward output signal the approximation thereof
which has been determined in a last repetition. 3. The method
according to claim 1, wherein the feedforward transfer function comprises

a finite imbinsthedJopdeemmaing a fepdftre prdtrangiactsretiog e elegrirg! system
ina m@&%%@gmg’tﬁlgﬁﬁlgﬁgi@@gmg > response filter is derived from a

time length of the first feedforward output signal. =~ 5. The method
according!®#Eian Isamingraifini ferdfaramidaytiad simgléha eairgol system

usind@fdfamad Qi sianal i iteratve.lgameagsipia third setpoint signal,

and wherein in the determining the feedforward transfer function step the

feedforwaeiTPamnse Figrstiorviard dtarinn Sensiinm bebvives e dirpidgedforward
outp@jeg%fgmggc{%pgt@gg%smlthﬁ@rst and third setpoint signals. 6.
h

The method according to claim 1, wherein the feedforward transfer

function EORRS mAvsERIS A e Marusing thersseonbipotf etBriNEHS signal.

claim 1, wherein a third feedforward output signal is iteratively learned in

the iteratively learning step for a third setpoint signal having opposite

potarity abhgrasthadsesprding émalatnd whesisin daderainslydseaiissiard
compiaasfer function, using and applying steps are performed for the first and

third feedforward output signals and the first and third setpoint signals so

as to proWpab s grchive sebgishwarkianBraorirsens therebnividing as
the ASYSRATIAVIREHRBUY S Pﬁ'{tﬂ‘ﬁﬁﬁgmﬁ?fﬁéﬁ SeiReintRigr@korward ot signal;

method according to claim 1, wherein the control system comprises a
stage coffeerdipstanerror signaief the gairalcesieng to claim 1, wherein

the contr@liyIRMCRIMRHRES A MR M IR ARG dstesn, the

feedforward transfer function of the control system including a cross

feed fogwamd AuETe tignakarsihseaveriearscrimatiapof thaifirst foetientind eyptemignal;
10. A lithRgraRBIG ANRAGAR S CYPPRISNGe first setpoint, recording, and determining

from the error signal steps applying each subsequent approximation of the feedforward output

signal as the approximation of the first feedforward output signal in a subsequent repetition;

and

providing as the first feedforward output signal the approximation thereof

which has been determined in a last repetition.

3. The method according to claim 1, wherein the feedforward transfer function

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 first feedforward output signal.
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a processing device to determine a feedforward transfer function of a
control system, the processing device including program instructions to:
iteratively learn a first feedforward output signal of the control system
using an iterative learning control for a first setpoint signal,

determinelAgaesibRrhweserdinaseerlaimctionhsein e fherécrmisy sbelersping gtep a
thirRIRHD SIGRAL AR LERRE RAUBLSIINRarned for a thirdSSPEi FESHUV A wherein in

transfer function to determine a second feedforward output signal for a

the dedepigiagihsifredigrana mansBrutfenshionsine heofesdiemyeigsiFg tfee function is
deteRRARANHGRMRMAIARUIRH B8ARIward bl 81 lhegiaPhc ARRAIRAIUSIK setpoint

~according to claim 10, wherein the instructions to iteratively learn include
signihstructions to: apply the first setpoint signal to the control system,

thereby providing as the first feedforward output signal an approximation

of the first feedforward output signal; record an error signal of the control

sy&em: The methedasrandingin i o bgrial tha eadiorpprd matisdugction

compiRdirat iradéarnasdputput signal a subsequent approximation of the first
feedforward output signal; and iteratively repeat the instructions to

apply the first setpoint, the instructions to record, and the instructions to

determingrfOmethedesEesaiaBab APRMINgvRRG ]| MH G- aPRIHMAKRRPTsignal is
. the first feedforward output signal as the approximation of the first_ )
iterafiyvelyrdearasd Bubst gl castpsstpdior ichidhvstpoinsignal hayipg spgosite
polarid§ tRaHi shriesdipnvedd iRl Sgbel e eRRIgY natenibR R hmiieh Rartion,
_ been determined in a last repetition. ]
using and applying steps are performed for the first and third feedforward output signals and
the first and third setpoint signals so as to provide respective feedforward transfer functions

of the control system for respective polarities of the first 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. A lithographic apparatus, comprising:
a processing device to determine a feedforward transfer function of a control

system, the processing device including program instructions to:

iteratively learn a first feedforward output signal of the control system
using an iterative learning control for a first setpoint signal;

determine a feedforward transfer function between the first
feedforward output signal and the setpoint signal;

use the feedforward transfer function to determine a second

feedforward output signal for a second setpoint signal; and
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12. The lithographic apparatus according to claim 10, wherein the

feedforward transfer function 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 responseofiltet teneawitarhastigreusing thetatnadiiseddenfardaniut
signQHtp“t signal. 14. The lithographic apparatus according to claim 10,

wherein the instructions to iteratively learn include instructions to

iteratively learn a third feedforward output signal, and the instructions to

detymine;3 {qeAToRIARE IARRIRLOSAR RGN RT YA BORIGHIUAGS (o

the feedforward transter tunction from the first and third feedforward
iteragyghvi esigniatel eded npleuitismand: third setpoint signals. 15. The

ithographip, APRALEINE RESAIHINN IR R LRSI BN ALRSEIHMRing as the

device is configured such that the feedforward transfer function comprises
first derdfortisad feput signd .am@pmdgmtm@wwaﬁm&%@@WWBWﬁ%,
wherein the instiyctinns iniesrielolRNElde instructions to

iteratively learn a third feedfoward output signal in for a third set point
signal thafl¢icaniopfositthpslaetyishahart sheappoinimiioal oAt Wrkéferdforward

outpiRSIBSINYIBES, IR A minG Al efony ard: Fansies fua 8@9[5htt§l %iﬁ%’ Ahd
I ransfe

to apply include instructions to determine the feedforward r function

and applyit¢ratfedunsnrat therinstreetions toapkly the first shepinirdhe instructions to
recoig,eﬂ{@ EW@{HSQ'H&HHI’I§ gnals And di %rﬂr}ﬂetgﬁgr%éﬁgli %{hﬁlgﬁ'@ SR 28119wing

provide respective feedforward transfer functions of the control system for
appregpatifive pblfirsJastfaevist eepuinesyralthe approxmativnsdidigHiest
feed RPRAAMHARCHEHNGR GBI, I HORIGib DG eoNtrol system comprises a

stage control system. 18. The lithographic apparatus according to

claim 10, Ripaesinstie dorirfordfamandconiprsienal thalappisatmatienohgsgef which
has KRRl sysiam iﬁgqggqg&wﬂg 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 ijuminggion fYSIEMiEARRAHIRY L0 LoRARs FafABUAMEEA e feedforward

transfer function 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 first feedforward output signal.

14.  The lithographic apparatus according to claim 10, wherein the instructions to
iteratively learn include instructions to iteratively learn a third feedforward output signal, and
the instructions to determine a feedforward transfer function include instructions to determine

the feedforward transfer function from the first and third feedforward output signals and the

first and third setpoint signals.
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a patterning device support constructed to support a patterning device, the
patterning device capable of imparting 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 pHheeralcappashsrsspidingd adarget Gorheisiithserocessing
devistRStEIBgured 4Rh e HBostaRPIC.APRAFRHS ARERHHIBSHIRHAIMh Lausal filter.

wherein the control system comprises a stage control system to control a
position quantity of a stage, the stage comprising one of the supports.

Zl-ﬁ.metmfé fﬁﬁ&@%ﬁf@%%&?&@s ‘3@8&?@%@%‘%&?%%@@%@#&%&%3 to
radiation with a patterning device; projecting the patterned beam of

iterafiyglylsproHiel e dbdipstiorgdodiemsingeindeannadhing foetinnar! Wittpghaignal in for
a thiRT QIR P RastRNAS heanfsadigieniont the first SBPOHAGEHINGRAIARNEEN the

from the developed substrate, wherein at least one of the patterning

instrgeH{ogs tordrsraBs fdesd oRemrdijansderduneigpsifoncoridd strgly include
instrGEHHFRIIBd B GRIER S B GRIRCIGINg riaesbanyar oS ANBIeTUMGHORN transfer

the feedforward transfer function determined by: iterativel

| ; ! ! Yy .
functionfondhs firek sl o fasd o SRyl sens cordifarsyrdahird spigoapt signals
so asltB/BHBdE AERBECONAriRN arlireh SR A ${BRALT the control system for respective

polarities of the first setpoint signal.

17.  The lithographic apparatus according to claim 10, wherein the control system

comprises a stage control system.

18.  The lithographic apparatus according to claim 10, wherein the control system
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 imparting 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 claim 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.
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determining a feedforward transfer function between the first feedforward
output signal and the setpoint signal, using the feedforward
transfer function to determine a second feedforward output signal for a

second setpoint signal; and controlling movement of the stage using the
secdnd feédftﬁ%ié%@ﬁﬁw@@ﬁan@. EPneoHETISBEsrding to claim 21,

wherein tha ety alydaa g sleRCAMPEISE8emingAPI¥EAG the first
setpoint signal to the control system, thereby providing as the first

feedforwaREPISSHHR iR Ralfancd fisronint adh e a R SsE s ward output

signal; reqRdingial G MgNa AL SR LORTRIBYS®Reted patteRIRHEARIBY
_from the error signal and the approximation of the first feedforward output
radiatigRatilsubsequent approximation of the feedforward output signal; and

iterativelyrapemtingite: dRplyigdharty %%Mﬂtsdﬁﬁ&rt@!%e%&@l at least one of
determining from the error signal steps applying each following

the nafiEroiRARIATe OF the HRtTalsdrrald iy sutinge sigpritientAb the piase roaieiied by a
contf@fl Qﬁtﬁﬁﬁﬁ@ﬁﬂﬁﬁ@“@f&ﬂﬁm‘i&iﬁ%f@ A sHhSeaHRTEEeRAIIRN 1aRsker function

providing as the first feedforward output signal the approximation thereof
detengpned B¥s been determined in a last repetition. 23. The method

according to claiarggvaMrepiidbe fesdfennard dransieufunsions the control

comprises a finite impulse response filter. o
system using an iterative learning control for a first setpoint signal;

determining a feedforward transfer function between the first

feedforward output signal and the setpoint signal;

using the feedforward transfer function to determine a second
feedforward output signal for a second setpoint signal; and

controlling movement of the stage using the second feedforward output

signal.

22.  The method according to claim 21, wherein the iteratively learning step

comprises:

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

recording an error signal of the control system;

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

iteratively repeating the applying the first setpoint, recording, and determining .
from the error signal steps applying each following approximation of the first feedforward
output signal as the approximation of the first feedforward output signal in a subsequent
repetition; and

providing as the first feedforward output signal the approximation thereof

which has been determined in a last repetition.
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24. The method according to claim 23, wherein a time length of the finite
impulse response filter is derived from a time length of the first
feedforward output signal. 25. The method according to claim 21,
wherein in the iteratively learning step a third feedforward output signal is

iterdtively FirstisthedspessadmeHiv ¢ lspdtnvdigrea, thadesdereirrdrimnsfer function
comPRIEENRIG thpfeedionuatd figgsfer function is determined from the first

and third feedforward output signals and the first and third setpoint

signals. 26. The method according to claim 21, wherein the

feegforwarg| drapsiss JBGURRLGBMRERES amRransAliife o e iEeRSi impulse

function. 29.The method according to claim 21, wherein a third
respeagRifd vardlerisd ighalings! Heihsriles) redinavar e perdly

learning step for a third setpoint signal that is a signal having opposite

polarity as the first setpoint signal, the determining the feedforward

trafsfer fdheasthokasemdingta ehingpyaieisingaithy perGneladsgntpg step a
thirdfeRasie i dderrliopward auRsionaisranfipefiiat @nd LirSeRaat and

signals so as to provide respective feedforward transfer functions of the
whergghipdhsylsisrnising disdead o puraditraa BetHangransis geienrgdairom thodirst and
third TRRUBRIBRIRESH SRt 0 Flaine 2 \uharein e sontrakayatem comprises

a stage control system. 29. The method according to claim 21,

wherein the control system comprises a multi input multi output control

Sysem, MEJERAFRNRIS ABIE IR HIN CREPRHTHS RLFOPH afﬁﬁggﬂ%f‘gi‘rﬁmction

transfer function in the multi input multi output control system.

compriyes pafirausakiesiiiviy tedckamater fypgiem the applying the feedforward
transfer function of the control system includes applying the feedforward
transfer function in combination with the first feedfowrad output signal as

théteedidRuaratheharspriinglorisimhélcartestiayathisd feedfgnvarpgutput signal
has bésaqw@ﬁk}l%ﬂ%aﬁ{é&qﬁ ARCRELINN9 Féé#ﬂﬁ%%é@%&%ﬁﬂﬂ@ SHRRINGi 081 that is a
yste

feedforward transfer function of the control's m includes applying the

signatbaifBaeRReTHERATIMRIGS Frdosipmativanabsdopapiangrtierizgdforward
transfRHTBHESBN A SSsIHE, TaRiE Wﬁ’ﬁg{gﬁ?§%§iﬂ'§%ﬁ&ﬁ%ﬁ‘ﬁ)ﬁﬂ@fﬁk§¥§%fd

32. The method according to claim 21, wherein the applying the

feedfopmare Quspatsignals andbedirs rodkthis relpsyataianpls|sRlas tapeyils teapective
feed (SREHHORMRAG A0RIEE fVneiRn B coBinalPRLa e fitsidaadiauwmate first

output signal as the feedforward transfer function of the control system.
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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33. The method according to claim 1, wherein the first and second
setpoint signals are different.

30.  The method according to claim 1, wherein the applying the feedforward
transfer function of the control system includes applying the feedforward transfer function in
combination with the first feedfowrad output signal as the feedforward transfer function of

the control system.

31. The lithographic apparatus according to claim 10, wherein the applying the
feedforward transfer function of the control system includes applying the feedforward
transfer function in combination with the first feedfowrad output signal as the feedforward

transfer function of the control system.

32. The method according to claim 21, wherein the applying the feedforward
transfer function of the control system includes applying the feedforward transfer function in
combination with the first feedfowrad output signal as the feedforward transfer function of

the control system.

33. The method according to claim 1, wherein the first and second setpoint

signals are different.
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