19 OCTOBER 2006 1 Lithographic Apparatus, Device Manufact urjggdydsRr®?oognd
Devi ce Manufactured Thereby The present invention relates to a |i1thographic
projection apparatus conprising: - at |east one noveabl e object having a
mass, in particular a substrate table Ior a nask table, and 5 - a position
control systemfor controlling a position of said noveable object, the
position control systemconprising a position controller outputting a
position controller force; and a position feedback circuit feeding back a
determ ned actual position of the object to an input of the position
controller. 10 A |i tthepbgphplti P Appacatad, devdcat Mangiwualihy Methdd,saadone
or nore objects, which may be noveabl e, such as a mask table, a substrate
table, and the |ike. Herei nabPeekce Manufactunpdafherebyroj ecti on apparat us

i ncludi ng any noveabl e objects will be described in further detail. 15 The
term "patterning neans" as hereinafter enployed should be broadly

interpreted as ref &gt peL,(MBaRSnt Do LARRE USed fi‘%ho%?%ﬁ%&@'bﬁd}%%@l&g

radi ati on beamwith a patterned cross-section, corresponding to a pattern
that is tappheatieaiwgrisiagtarget portion of the substrate; the term"light
val ve" can also be used in this 20 context. Generally, the said pattern wll
correspond t @talpastieng aovephhetoRindt hayirg ish masdevieerdrdilsylaereated in

the target portion, su as an inteqgrated circuit or other device (see
bel ow) . ExanﬁW%§tr%?e§ﬁ%ﬁepﬁft%rﬂﬁﬂ@qﬁ%%ﬁs ?W%Iude: - A mask. The concept of
a mask is vell ;kaowoh Ndrtt BOIL G0, B corOrdil JdCLUAES: (REK oY RESg SUCh as
bi nary, alterngtlng-p ase-shift, and attenuate %has -Shlft, as well as
various hybr indveabke totprset, Phacgseintionl coneltbla syaskmi Soigie giadi at i on beam
causes selective 19 OCTOBER 2006
position controller outputting a position controller force; and
a position feedback circuit feeding back a determined actual
position of the object to an input of the position controller.
10 A lithographic projection apparatus generally comprises one or more
objects, which may be moveable, such as a mask table, a substrate
table, and the like. Hereinafter, the lithographic projection
apparatus including any moveable objects will be desg¢ribed in further
detail.
15 The term “patterning means” as hereinafter employed should
be broadly interpreted as referring to means that can be used to
endow an incoming radiation beam with a patterned cross-section,
corresponding to a pattern that is to be created in a target portion
of the substrate; the term “light valve” can also be used in this
20 context. Generally, the said pattern will correspond to a particular
functional layer in a device being created in the target portion,
such as an integrated circuit or other device (see below). Examples
of such patterning means include:
- A mask. The concept of a mask is well known in lithography, and
25 it includes mask types such as binary, alternating.phase-shift, and

attenuated phase-shift, as well as various hybrid mask types.

Placement of such a mask in the radiation beam causes selective



2 the case of a reflective mask) of the radiation inpinging pOOIDBERERO6
according to the pattern on the mask. In the case of a nmask, the support
structure will generally be a mask table, which ensures that the mask can
be held at a desired position in the ircomng 5 radiation beam and that it
can be noved relative to the beamif so desired; - A progranmable mrror
array. One exanple of such a device is a matrix-addressable surface having

2 1 SCOCLLAB! LGoE QU [0l UEEs ANGhaRk) ! 6F | GRS s SLI LGk FIE0AS) oy 1T PI €

behi nd such an apparatus 1s 10 that or exanple reas of the

refl ecti waskryuréeace-diell ect theé rﬁatatemh bn gitte aﬁdeffﬂi atee dakkegbt , a Wagkeas
unaddressed areas reflect incident light as undiffracted |ight. Using an
appr opr i &he sm@rt, strdetyn dvidddiorhenzt b bei ghraghartaid i Wheekdcersuresf t he

reflected. be | eavi n oné%agge diffracted i ht behlng in this manner,
the 15 b&AEbLLDMAS S SAT 261 Bi R L RES UL Bt AGepARERFIT! ¢ ho
matrix- a‘l%?éé?@r %e%l&(féﬁﬁ it alet gLpagd %v%'absegw@me Qs @nhePh %{qg”%g
mrror array enploys a matrix arrangenent of tiny mrrors, eac i ch
can be i mdvrdapl ly tilted about an axis by applying a SU|tabIe | ocal i zed

electric field, or by enploying 20 piezoelectric actuati on nmeans. Once
agai n, the nfr poPgraimea ket milxroraonrrr@ysaan@,emﬁet Rt sueldreesewdcaiis ars wil |

reflect an i nco 9|at|o min a different dlreCtIOT han

i os BB8E s qamies s e ke i Aay i i EPPBLOEH DEaneraL phtra Aed 2

accordin n essa 1.l IOr: The
ra g:fgge&bﬁ[e asqg'ggéél NEhP L8 pPInn% gvr%ngggfliﬁ(d asqg:rh AN nge O 8:

requi red matri X aadressi ng can be per usi ng sul tab ectronic

meanso Ilthabolfo®feddipls) t dadtyiedadasess herd ther eabDye: iviehgupadéerrimecaeans
can conprise one or nmore programmable mrror arrays. More information on
mrror ardmgydens leahd pef éif’émlaqt@dcéhglbfe, gihearad, uiatdrecsrpl aread mehlentt ed
States Patents US 5,296,891 a g i 193, ,and PCT 30 Eatent applications
VO 98/ 3853871d%RE Wi B/ 3508832 198t FepBP PR PRRFCEFHADS FEfEence. In

the Casetﬂg Qa£ﬁcﬁﬂéyﬁp§gbged light can be filtered out of the reflected

beam, leaving only the diffracted light behind; in this manner, the

15 beam becomes patterned according to the addressing pattern of the
matrix-addressable surface. An alternative embodiment of a
programmable mirror array employs a matrix arrangement of tiny
mirrors, each of which can be individually tilted about an axis by
applying a suitable localized electric field, or by employing

20 piezoelectric actuation means. Once again, the mirrors are matrix-
addressable, such that addressed mirrors will reflect an incoming
radiation beam in a different direction than unaddressed mirrors; in
this manner, the reflected beam is patterned according to the
addressing pattern of the matrix-addressable mirrors. The required

25 matrix addressing can be performed using suitable electronic means.
In both of the situations described hereabove, the patterning means
can comprise one or more programmable mirror arrays. More information
on mirror arrays as here referred to can be gleaned, for example,
from United States Patents US 5,296,891 and US 5,523,193, and PCT

30 patent applications WO 98/38597 and WO 98/33096, which are

incorporated herein by reference. In the case of a programmable



19 OCTOBER 2006 3 mirror array, the said support structure mapdieoseri2006ed
as a frane or table, for exanple, which my be fixed or novabl e as
required; and - A programmable LCD array. An exanple of such a construction
is givenin United States Patent US 5,23229,872, which is incorporated 5
herein by reference. As above, the support structure in this case may be
enbodi ed as a frane or table, for exanple, which nay be fixed or novable as

requi redn; Eeby wﬂ%@seéhefsﬁd@dp@bw, st AR RSt m@f Bdichbb@XbtanNBY . a dramgertain
| ocations, specifically direct itself to exanples involving a 10 mask and

mask tabloe taloleyeor themgbnemddicpr nagiid &9 xddscussathble sachequistedncesd
shoul d be seen in the broader context of the patterning neans as hereabove
set forth. LM Hé@fﬁé&?ﬁlaélﬁr BF%C%ITW -apPapBWlec2h BeChiseFOrEruCkiehpise, in

t he manufacture e Ll e I u a 15 cas e
patterni g" ﬁﬁa’rféq;r?&ﬁ e%é? at&ngc{ﬁté 1 tfé?% c"?)}}respon R fatr?la

I ndi v dU%Lerleﬁﬂesy qfefteg@n&& z@mbfok}es %t%@oganstﬁﬁ:emgeq 91@{@ G seahgpt
portion (e.g. conprising one or nore dies) on a substrate (silicon wafer)
that has beeenbodiaidedswat Aramd ayetable, ri akhapisengiidhy eagaberfialed besi st) .
In general, a single wafer 20 will contain a whole network of adjacent

t ar get p@\oﬁfﬁbh% atsnéleqaf-éedsuccesm vely irradiated via the projection system

one at a tine. current apparatus on attern b mask on a
mask table, a d| SF AR o c5n° esﬁa%lelcr}e !é}rﬁg’gxf diof+ %Egﬁté’?’%pg‘gyofat
machi ne. JdeReapRe dosRecrt, | spdioghianhh ¢ @ QARCtt el APRATALNS1 8L J13A88 a
portion is 25 irradi ated by exposing the entire mask pattern onto the target
portiLon imAskRn&ndGiaskuchbis; dppavetrysthe gorranl yriedigrieeddiscassed inaf er
stepper or step-and-repeat apparatus. In an alternative apparatus -

commonl y stehetnefhncssashausd i &rgnseanthepparades consaedt ofakget portion is
irradi ated Eéﬁ roir essively scanni ng the ?lk 30 pattern under the

proj ecti &R MeAGPVRR e Ee STt riE& Ton (t he

Lithographic projection apparatus can be used, for

example, in the manufacture of integrated circuits (ICs). In such a

15 case, the patterning means may generate a circuit pattern
corresponding to an individual layer of the IC, and this pattern can
be imaged onto a target portion (e.g. comprising one or more dies) on
a substrate (silicon wafer) that has been coated with a layer of
radiation-sensitive material (resist). In general, a single wafer

20 will contain a whole network of adjacent target portions that are
successively irradiated via the projection system, one at a time. In
current apparatus, employing patterning by a mask on a mask table, a
distinction can be made between two different types of machine. In
one type of lithographic projection apparatus, each target portion is

25 irradiated by exposing the entire mask pattern onto the target
portion in one go; such an apparatus is commonly referred to as a
wafer stepper or step-and-repeat apparatus. In an alternative
apparatus — commonly referred to as a step-and-scan apparatus — each
target portion is irradiated by progressively scanning the mask

30 pattern under the projection beam in a given reference direction (the

"gscanning" direction) while synchronously scanning the substrate



"scanni ng" direction) while synchronously scanning the subst1%90eTdB8ERQICBER
2006 4 table parallel or anti-parallel to this direction; since, in
general, the projection systemw ||l have a magnification factor M
(generally < 1), the speed V at which4he substrate table is scanned will
be a factor Mtinmes that at which the nmask table is scanned. Mre 5
information with regard to |lithographic devices as here described can be

gl eaned, L@ eyl broghtsS fhRd6e79% dHIGOHROESE £5h hanaks, bin Jeference.
In a manufacturing process using a lithographic projection apparatus, a
pattern (thegprojectimmskystemiwigedavatd megnifdtanten tfwatorll {(germraldast
partially covered by a |layer of radiation-sensitive material (resist). Prior

to this iMagFhg | Vi Ab ChibEh (&te SHRF T AT ERGOS viT i BRI SRotRHbRS & such as
prim ng, fraeglo?z)M gt?j%%rsnggggda@‘ whsi%fht tgglﬂgas}ﬁftggggtefgos%gn%edt. hﬁ ?éijt rate may

be subj ecte rocedures, such as a - exposure bake ( PEB),

devel gpNBRorda st Wikhbakgafdd JTaASHAEFEIHI/H AEPests Ak Mlerbh@esd®PORY can
features. This array of procedures is used as a basis to pattern an

i ndi vi dudle bayenedf for dsempks, Expm HA 6 MN46506R, aipadrtpemacdd| hgezrimiy t hen
undergo various processes such as etching, ion-inplantation (doping),
met al | i z&SE6RSNCPdxi dati on, chenp- nechani cal polishing, etc., all intended to

finish 20 off an i rigli Xi ggﬁfalt&t %répglj!t(rg%v%{ ﬁl gégy?egls%%ggrg uée(rfej\%grew% Lt he

whol e procedure, or a varian epea each

new | ayeryppBYeptslald YpatdBrarl [&Yg Ofind8Vigss) Wisl hnb§edr&s@Nt QlbstasSehgtrate
(wafer). ‘Fﬁese devices are then separated fromone another by a technique

suchilas discangledstspairtgal Whermertedeb?5a i Ixdieri dfiakadisat ioas seasitierarount ed on
a carrier, connected to pins, etc. Further information regarding such
processedd¢grint Gmsdisted, Priof CxahpPelMIFisH EREPhodle 'SMPEEBREE gray

Fabrication: A Practical reé%:_ﬂe od osSgﬂi gé)ndrugnti%r Pr oce Si ng“ 5 Third Edition,
by Pet or WA FanTa S MEGP RS i T PuBTr BTG OB 181 067 B 509 D7 250- 4,
i ncor por 8¢ bake. After exposure, the substrate may be subjected to other
procedures, such as a post-exposure bake (PEB), development, a hard
15 bake and measurement/inspection of the imaged features. This array of
procedures is used as a basis to pattern an individual layer of a
device, e.g. an IC. Such a patterned layer may then undergo various
processes such as etching, ion-implantation (doping), metallization,
oxidation, chemo-mechanical polishing, etc., all intended to finish
20 off an individual layer. If several layers are required, then the
whole procedure, or a variant thereof, will have to be repeated for
each new layer. Eventually, an array of devices will be present on
the substrate (wafer). These devices are then separated from one
another by a technique such as dicing or sawing, whence the
25 individual devices can be mounted on a carrier, connected to pins,
etc. Further information regarding such processes can be obtained,
for example, from the book "Microchip Fabrication: A Practical Guide
to Semiconductor Processing", Third Edition, by Peter van Zant,
McGraw Hill Publishing Co., 1997, ISBN 0-07-067250-4, incorporated
30 herein by reference.

For the sake of simplicity, the projection system may



30 herein by reference. For the sake of sinplicity, the proj € 0@oBERSI0D6
may 19 OCTOBER 2006 5 hereinafter be referred to as the "lens"; however,
this termshould be broadly interpreted as enconpassing various types of
projection system including refractive optics, reflective optics, and
catadioptric systens, for exanple. The radiation systemmy also 5 include
conponents operating according to any of these design types for directing,

shapi ng 0Ofe,GARLEQL) I¥W ¥R rPEQ] €5tdLRnbeaRf " ; madkdbi PehidNdestCEhould
conponents may al so be referred to below, <collectively or singularly, as a

"l ens". Fay tdrendly hintdngregedphs cerapperat sy mayr ibesof ypes yqfe praieagiamo or
more substrate tables 10 (and/or two or nore mask tabl es%. I n guch "mul tiple
stage" dewsted, ineludidia r6AARCELHT SOTHEF eeUSEF VAR PRFHFY ePRr

preparatory ste .may he carried out .on gne or..nore_t il e or
nore ot he‘fa}/tatdéﬁgggl%r%yso&mﬁg R s l%kpg}é%rrgasql%gp 3 %‘géz“}a? h%glggé;phi c

appar at us; e desslh Hecht f @petXali) GicdoRdHy T PGA4E anskel BWDGABEARO L,

bot h incorporated herein by reference. The novenent of one or nore noveabl e
mask tabl 8s; dimecoing Mlapingeabl eorsiodiliag ethalpregeantomtbesm wbveabl e

tabl es, or other noveable objects being part of the |lithographic projection
appar at usradiptgener ahd sHER SETRBATHMS MBY BYSRA RoLiefrsred ot MA1o¥yst em 20

Conventionally, .e.g. as disclosed in European Patent No,. 1, ,106.. a

posi tion %@rﬁ%&ﬁvgggt%?nsfl&guéﬁrg%j et acogg ?s'esﬁ%%glggi’tff%% %%n PRSPPREC and a
position feedhack gy oM tor A @08k e, RRSHLD 8. indrURBAbLEFL D taliesPOsi tion
controll er which calcul ates the required novenent of the object. The

posi tioon ¢/l LR exeaidre amapRstablas)comhr @hcH omma tapl@Sstdue olpettes
corresponding to the required novenent. Via the position feedback circuit

t he posittloh addationskbrtakdesi vay Pafusedainopriil itle ocacPueRaysdoryi 8verd t he

object. If the determ ned actual gosi tion evi %[(—“15 fromthe desired
pOSi tl on,m‘?}ﬁ epggrf‘f.ga‘ %“Hhtofloloflgr re tables while one or more other

tables are being used for exposures. Dual stage lithographic
apparatus are described, for example, in US 5,969,441 and

15 WO 98/40791, both incorporated herein by reference.

The movement of one or more moveable mask tables, one or
more moveable substrate tables and other moveable tables, or other
moveable objects being part of the lithographic projection apparatus
in general, may be controlled by a position control system.

20 Conventionally, e.g. as disclosed in European Patent No. 1,265,106, a
position control system for an object comprises a position controller
and a position feedback circuit. A desired position is supplied to
the position controller which calculates the required movement of the
object. The position controller exerts a position control force on

25 the object corresponding to the required movement. Via the position
feedback circuit the position controller receives information on the
actual position of the object. If the determined actual position
deviates from the desired position, the position controller may
change the position control force until the object reaches the

30 desired position.

A deviation of the actual position from the calculated



change the position control force until the object reaches t{¢0qGokRi200d
position. A deviation of the actual position fromthe cal culated 19 OCTOBER
2006 6 position may result fromexternal forces. In case of a nmulti-stage

| i t hographi c apparatus, air-pressure changes induced by an acceleration of
one stage may | ead to an external disturbance force on another stage, for
exanpl e. The sensitivity of the position 5 control systemto external forces

shoul d be.cas cPOR! fayi3oBAT8! PLG, dMblrngl NEGAIGST 07 PAIATE f BuR0 o cace

requi renents rmt “the possi ities to ecrease the sensitivi

ext er nal ifiehegsaphic iappapadlhiy £CiirGbrebeups esRRbek NVeNidedn bly0aflecr ease t he
sensitivity of an object position control systemto external forces, 10 in
particul @&ccelpudtimt dfi pheegtags may pesdttiomncentevtalsyisenrbancefiogabl e

objects in a nulti-stage Lithographic projection apparatus. |t is a further
obj ect of°T ﬁé‘obl?"e‘”sesrﬁaggnv@ﬂ’fi ???‘?"}ng 't BBe i%ﬁqsdéﬁgét%t‘#erth&egf’ﬁht’p% amet er s

and requi g euRpt Sg 'tEEpFQ d1NGor FERSHKS ¢ Bed§§r&@ﬁq Ta%e 8&9&1&’,%% of
an object position contro systemto external forces. hBse and ‘ot her
obj ects ajtdeachiemad pacanedeng 4 thguitdmveitis 0imin thd ifddRegbaphites to

proj ection apparatus as specified above, <characterized in that the position
control dlesrensé utheherensohpritedo gntarnwl doacesn control system conpri sing
20 - a first acceleration circuit branch conprising a subtractor into which

the position contrdifl &f FBr&VSE Phpuit® PFFESAT YT IP FRrARRAARG SPFi rst
e Post o P ML i
ontror HTGER BUGRLpfhof sy ABATAREEY BB LA UG QUARY Ly

control force \ . rte e object; and . secon .
accehgratiiOpacticMidr br a0ehn6OMIMiSEAIta Secebditibh t@nthavi Bgs@epae@nd gain

and into which an acceleration control signal is input, the output of the
second cimoyeablérebystrtiseiinga i mplfti-stage lithographic projection apparatus.

It is a further object of the present invention not to
influence other design parameters and requirements when implementing
measures to decrease the sensitivity of an object position control

15 system to external forces.

These and other objects are achieved according to the
invention in a lithographic projection apparatus as specified above,
characterized in that the position control system further comprises
an acceleration control system comprising

20 - a first acceleration circuit branch comprising a
subtractor into which the position controller force is input; and a
first filter having a first gain into which the output of the
subtractor is input and outputting a control force which is to be
exerted on the object; and

25 - a second acceleration circuit branch comprising a second
filter having a second gain and into which an acceleration control
signal is input, the output of the second circuit branch being input
into said subtractor to subtract the output of the second circuit
branch from the position controller force.

30 The lithographic apparatus with one or more position

control systems according to the present invention advantageously



into said subtractor to subtract the output of the second ciioQ¢topEx 2064
fromthe position controller force. 30 The |ithographic apparatus with one
or nore position control systens according to the present invention

advant ageously 19 OCTOBER 2006 7 enpl dys an accel erati on feedback or an
acceleration error feedforward via a second acceleration circuit branch.
When a force is exerted on an object, the object tends to accelerate. Thus,

when an @ﬁﬁ%f‘éﬂa'an LOECEe ot iRKCELEG QK (heaAblecd1dracaddi L1 8y 1R hiE RO L ON
control 5 force, the object does not accelerate as cal culated by the

posi ti onvigantgeebndystesherdsiing €kedhbackbrahch havtaecel €oate ot eiketrbed adyj ect
or of the acceleration error, i.e. the difference between the actual

accel er adf o?PIsfCtt hEhpbpkactafgnehet ¢ meshdetaae c dhesat Whan ahextgdapti onal
accel era%i on as a_result of the externa rce .10 nma

| i st f b
e eroaratre 3 BrFR o ke e REt D netar o 1Rl BPECT R COREFST system

may itregUCE @hedBbflectidel BBY AL&N dALEULHCE I8 RAS! b Ahes PRLE £ oo OF Ce.
However, by placing at least two filters, the first filter and the second

filter, tontide ageeber alsion ceptibadtk fSttan) atdEl erpstiem af ctiedidbgetd dib t he
present invention may be advant ageously designed such that its
char act ePf st cgrL Bt IFY rEPEest i hipitrei AL blerrncey beenear i fetvat i nput

nodes. The influence pof .the acceleration.control systemon th posi tion
Control POFEETRLohres Bie GPOFGF eRT dd RO Thath Rt FRRTER Ghel he

accel er aLj @ ORI gheSYSIANANaENE Mshyr BANGS: (ieena20a T8, fahst Fdtder
having a first gain conprised in a first acceleration circuit branch may be
| ocated hefyweerchpenpsséd,i @r acobeasd Id@mianghéde object. The second filter
may be located in an acceleration feedback circuit, e.g. between the output
of an object filtieweverg aphacegkaratigncedringli sustanduahdntapducefa t he

first 25 filter, or in an acceleration feedforward circuiLt, e.qg. having an
hecol o o bl HGE TREMIE I REAREECE (P RO Cio comheol; Hikee Hoyreer,

by placing at least two filters, the first filter and the second
filter, in the acceleration control system, the system according to

15 the present invention may be advantageously designed such that its
characteristics differ for forces input into the system at different
input nodes. The influence of the acceleration control system on the
position control force may thus be differentiated from the influence
of the acceleration control system on the disturbance force.

20 The first filter having a first gain comprised in a first
acceleration circuit branch may be located between the position
controller and the object. The second filter may be located in an
acceleration feedback circuit, e.g. between the output of an object
filter, i.e. the actual acceleration, and the input of the first

25 filter, or in an acceleration feedforward circuit, e.g. having an
acceleration error signal as input. In each case, the signal input
into the second filter is a signal derived from the actual
acceleration and may be regarded as an acceleration control signal.
Thus, the position controller force is filtered by the first filter

30 before it is applied to the object, but after a filtered acceleration

signal has been subtracted therefrom by a subtractor. The disturbance



into the second filter is a signal derived fromthe actual I19d2€T@BER 2006 and
may be regarded as an acceleration control signal. Thus, the position
controller force is filtered by the first filter 30 before it is applied to
the object, but after a filtered accel ération signal has been subtracted
therefrom by a subtractor. The disturbance 19 OCTOBER 2006 8 force on the
other hand is directly exerted on the object, resulting in a possibly

di f f er enfotdeanmsf ehef otrtodr diandf is hdissesfignekartdden dhstolsance rkeuteind’l ease
note that a transfer function of the systemfor a 5 position controller
force isi® a PRsstbty fdidiarents Fomalinr itHpotidt ofstber axses™ Foasthaput node
to the acceleration_of the object as the output. A transfer function for a
di st ur baft® FEPEESi %% ransfer function from t he i nput of the object

filter as input nosiedQ hhee @CLLILEIhORPIrunei0R] SEILIAS JBReQUERUL. 10 A
force exerted on an object results in an acceleration of the object. The

anourd oposiccieneraht ool Yeas fbirsef t ®m ttrenkberc efvapplicadfrém dHee iabjiecédt t he
force may be considered to be filtered by the object. Thus, in a

schenmat i 2@t HaEsPEs Bt atithvtonclfet @ iceArcerratipreet wWag duechnds the
hereinafter wl e)_represented as an abject 15 filter having_an_object

gai . anSeRA 20 bR (e TUBE EPu el h AoPEBReER ERBroytne AToPRECR] erat i on
control gysi€OnA¢eoh MY tRukhEr PEIAS &Y eLPVAMALN AkS 1 hPg: flidd ebephd at ed
transfer functions for a position controller force and an external force.
Thi s difiefeiaatabhoss fiar objsyst&mudesogophthat 20 decreases the influence

of an external force with a mninmumof influence on any other design
par aifet er or requik eiftifes exepred Qralgny obj¢rt Feselbf ail BN @oselerationt oh has

a first transfer fupnction for the pasition controller force input to IQF
subt r act b &35t se ‘?ma“i‘?“é‘%sf’ ra?‘geﬁt |a5ﬁ°’f‘o?eséllglss?ﬁ?rﬁa‘?‘}'bee éf’&%(‘?eap%le
directly gxaid efi88: t NehPHRCE: mbPebd Idofki GEARS TR bEUREL L O P B NBhe
object. Thus, in a schematical representation of the system, the
object may be (and hereinafter will be) represented as an object
15 filter having an object gain.

An advantage of the position control system employing an
acceleration control system according to the present invention is the
differentiated transfer functions for a position controller force and
an external force. This difference allows for a system design that

20 decreases the influence of an external force with a minimum of
influence on any other design parameter or requirements.

Preferably, the acceleration control system has a first
transfer function for the position controller force input to the
subtractor and a second transfer function for a disturbance force

25 directly exerted on the object, the first transfer function being
substantially equal to an object gain and the second transfer
function being generally smaller than the object gain, wherein the
object gain is substantially equal to an inverse of the mass of the
object. With the transfer function of the acceleration control system

30 for the position control force equaling the object gain, the position

control system, and in particular the position controller, does not



substantially equal to an object gain and the second transf o o&rdsir 2006
being generally smaller than the object gain, wherein the object gainis
substantially equal to an inverse of the nmass of the object. Wth the
transfer function of the acceleration @ontrol system 30 for the position
control force equaling the object gain, the position control system and in
particul ar the position controller, does not 19 OCTOBER 2006 9 need to be
adapt ed foLgthe b%dgagp@&&eéo%r 2408 c%léyééfcm Bhthgyt sy f %geﬂl&ﬁtat' on
control system the position controller already experienced the object

gai n, andhé huscealierhtabh yedradddlngyst@mngatie pbloiteMa! contirbdLér tdlaeadgel erati on
control system a disturbance force 5 al so experienced the object gain, but
Wit h t heesperiancgti bhe colitaad Jaspstand Wn*giatts@clornmt:hamf@anfg@dcti on for

t he di sturbance forﬁ S | er ihan f he ob ain, the ex erlenceg Qgect
bain 1o By, WIHREh e O “RaChns teh ca S edsdifidigpnge tor
di st (lei bapeg, faree i hbag Md RRYLcEhga ACCEler @ihﬁrkrféo%égheﬂélt conPrd) an

embodi ment of the present invéntion, the acceleration control system has a
sel ect edsie0gn gaivingt Hesdddrst trbnaned efunicioh i for helengi Serddndeh@osesond
transfer function being 15 &= 1 mKl and the |oop gain being KL1=KfKs.
wher ei n mmaklathéhansshefohretobpért , thel sxperhentasbpbjarh, gxin iis shalldy r st
gai n of tF ?#rst filter.and Ks (s the cong %aln of .the 20 second filter.
I'n a posttfd ch‘?ntut F XAEMEE ?]F%"r‘??g RE it Pati ERUTRANAS FPTEGst em

having t b, if8thaRde ecand thansharcdinchi opse Gt and

10 In an embodiment of the present invention, the
acceleration control system has a selected loop gain, the first

transfer function being

Gl=—,
m
the second transfer function being
1
15 G2= ,
m+ Kl
and the loop gain being
Ki=Kf-Ks .

wherein m is the mass of the object, Kl is the loop gain, Kf is the
first gain of the first filter and Ks is the second gain of the
20 second filter.
In a position control system comprising the acceleration
control system having the first and second transfer functions G1 and
G2, the acceleration due to disturbance forces may be decreased to
any arbitrarily selected level. The transfer functions Gl and G2 may
25 denote the relation of the acceleration in response to the respective
forces (the effected quantities by the transfer functions, thus the
output, are object accelerations). The transfer function for the
position controller is held constant to the object gain, but the
transfer function for a disturbance force may be selected by

30 selecting a loop gain Kl. Any loop gain K1 may be selected and



&, the acceleration due to disturbance forces nmay be decr ea9®ictOBERDYV6
arbitrarily selected level. The transfer functions GL and & nay 25 denote
the relation of the acceleration in response to the respective forces (the
effected quantities by the transfer fufittions, thus the output, are object
accelerations). The transfer function for the position controller is held
constant to the object gain, but the transfer function for a disturbance
force maypbeemslceat 89 H¥1 3% 88! @CLL PR InBPRg 98 Fhthla i ANYnd QAR BRAI Balth. MaY
be sel ected and 19 OBER 2006 10 i npl erren?ed by Selecting a coriespondi ng
first gaHawewdlr sdtcondoghi rhe nidowdvelat iftilshoudesizm mayedmpbid fimliteridesi gn
may inpose limtations to the obtainable first gain and second gain, and
thus to tRetbtohitaappele ooiFfapainsad HEcoBA kil éddi fhvpetartheni || be abl e
to deduce, sui Lt*q_bl 2 fi rsgirIi Iter and second filter characteristics fromthe
gi ven tr SREFEIFHIndPPBnEHhd 1 oop gain, and to design corresponding

filtess. However, fofecQPlsRLENESSin St APE 6i0AI BR 8HEe iy &lXduRe SUitable
first gain being 10 Kf=1+KI, and m a suitable second gain being Ks= KI Kl
1+ m Adeantasigleoddibygr fhecdrd rasid seamsd efiltanctharadBerdeescaofronsithst anti al |y
vary as a function of an input frequency, and the 15 second transfer

functi ongEPey iamsfas fungiicmisoAndf 1eaP igaptt AR dualesyIn Terispeadingt em

stabi li t%' nder ?I circu tance§ t he secopc&ﬁtr ansfer function for a
di st ur bante“¥otc Oﬁﬁﬁ/’eEar{}Era§°5‘p PETRSS%n SBE TS (3 G8eRES HFVSHe 2appl i ed
di stur ba@ﬁ?téﬁ&%‘irggrgain being

Kl

10 Kf=1+—, and
m
a suitable second gain being
Kl
Ks = .

Kl
1+ —

m

Advantageously, the first transfer function Gl does not
substantially vary as a function of an input frequency, and the

15 second transfer function G2 varies as a function of an input
frequency. To ensure system stability under all circumstances, the
second transfer function for a disturbance force may vary as a
function of the frequency of the applied disturbance force. For
higher frequencies, the object gain Ho generally starts deviating

20 from 1/m, for example due to dynamics and/or time delays. To avoid
instability, it is therefore advantageous to give K1 a smaller gain
for higher frequencies, because stability is garanteed if the product
of K1 and Ho is smaller than 1, irrespective of the phase. The result
is that G2 increases up to 1/m for increasing frequency.

25 As the above-described system instability may occur in
particular at high frequencies, it is advantageous that the the loop
gain K1 decreases with increasing frequency, resulting in a second
transfer function G2 that increases with increasing input frequency.

With the increasing transfer function, it may approach the original



hi gher frequencies, the object gain Ho generally starts deviigt@agogERr Roggn
1/m for exanple due to dynam cs and/or tine delays. To avoid instability,
it is therefore advantageous to give KL a smaller gain for higher
frequenci es, because stability is garahteed if the product of K and Ho is
smal l er than 1, irrespective of the phase. The result 1is that G increases
up to 1I/mfor increasing frequency. 25 As the above-described system

i nstabil | cur_i rticu i Les i d t ageous
that the Tt geaRe kMg RebE b el Rl SE MR E ey tded T KA Mo i n
a secondinthaifdecinf upstdeO bR et HaterdtiGme @Seguamdyh aipBCi 8ASt NG HeNpBect .
frequency. Wth the increasing transfer function, it may approach the
original 19 OCTOBER: zo0&mbodingitectt gaenpresenthanvensieon tive whdehl erat i on
control system may not _influence any force, above a certaipn frequenc

appl | ed EECTHG TGBPEEET CYIFCARTONBOL MFerftngr L oh e Abs AP rARTISBRYY rE¥hi ch

the SseCOE]g?ér §1f bl {yrkgtt.\ﬂ%eg’zb. Saafxf ghbgn%%e %nltn;@?&,rffﬁ.qg?nﬁ (s)t,he 5
| oop gain S provide y a frequenc ependent lToop fiTter (s), the
frequencyndepengeney @épddirnlyr st thd tAnrskf tbeidyy Hef b8ing 1 + HI(s) M and
t he frequency dependency of the second f|§%@b Hs(s) being 10 Hs(s) = Hi(s)
1+ Hi(s) M To obtain a frequencyHfdepehdert—second transfer function @2,
the loop gain KI nmay be a function of a frédfuency, i.e. a loop filter
H (s). Consequently, the first filter and the second filter may becone
f unct i onsndfthehdrepueguenciepeadenhe ¢f rde Berord fHaderhBs 1S secawd filter may
be constructed using said loop filter. A suitable loop filter is a
second-order lowpass filter or an integrator. It should be noted, that
despjje the frequency dependency __HI(s)
Hs(s)=———.
Hi(s)
1+ ——
m

To obtain a frequency dependent second transfer function
G2, the loop gain K1 may be a function of a frequency, i.e. a loop
filter Hl(s). Consequently, the first filter and the second filter
may become functions of the frequency, as the first filter and the

15 second filter may be constructed using said loop filter. A suitable
loop filter is a second-order low-pass filter or an integrator.

It should be noted, that despite the frequency dependency
of the first filter and the second filter, the first transfer
function is still substantially equal to the inverse of the mass of

20 the object, and therefore independent from any frequency.

In an embodiment of the present invention, the position
control system is a discrete time system. Such a digital system is
eagily designed and cost-effective.

In a further embodiment, the position control system has

25 at least a process transfer function delay Dp = z® in series with the
object gain and an acceleration measurement delay Da = z'? in the
acceleration feedback circuit in series with the second gain. The

position control system may exhibit delays anywhere in the system, as

stated above. The delays may be measured, calculated or otherwise



of the first filter and the second filter, the first transfqo QftHeEr 2006 S
still substantially equal to the inverse of the mass of 20 the object, and
t heref ore i ndependent from any frequency. In an enbodi nent of the present
invention, the position control systel@is a discrete tinme system Such a
digital systemis easily designed and cost-effective. In a further

enbodi ment, the position control systemhas 25 at |least a process transfer

funct i ong Q&L%g Ma~chefed fges:eﬁ\bﬁéléﬂ ! D1 QR LAY AL N AKLARCBEGE! erat ! on

measur enent ay accel eration n" series
with the second gam ﬂﬂmrtaﬁ&aelwscenat ahays Yot phe @yt exhithet spetay Sire
anywhere in the system as stated above. The del ays nmay be neasured,

cal cul at adpxrcesehbransker] FUOCT OBERICAGYE Dp 1and cxiu cedeantat ar eebsaremudel ed
and included in the syst em desi Two inportant delays that nay be present

in the sYSt®MPireThs BrUEEsSs t{‘?g%-g‘?rerfupﬁﬁ?: R OIF 0 ) FRPLERFUST 3Bcel eration
|
mas%e”ﬁ?%ra}lg;dt@% ?eth@%cgﬁggeﬁétvséeﬁlnﬁggrm&ﬁg};ﬁ:h é:?lg S%Péflcﬂo co?x {S"fgr s an

5 overal ccurs between the nonent I on con

out puts guRsid k0PosOidldoRErboI&e fytdet ARy rm{aembmbhe okl ejecdccel erates
due to that position controller force. The acceleration neasurenent delay
Da repr esesleratipsdéhaytd Faatopesitsiaucengrehier foasar efentacsfelehation
acceleration of the_ object. 10 In a digital_ system the two del ags Dp and Da
may be ‘i“%?ﬁ‘@?éﬁ?édd%%awa FEPrEfRP TRy debhd Ghatr 886¢EYH JuFitHetiy st em

design. |n %%anég%g %p %tc'c%'fﬂerg and g ?£$ JQot Jimted to integer nunbers.

I nt roduci ng ays in e digi etem design leads to a

suitaple first filtera BRGAGa1 _£PHtDm, lﬁe"ﬁv‘o’-)c‘rél'&!?@(ﬁﬂ 484 dadmay Sk t abl e
second filter being:
represented as Dp= z P and Da= z'? and introduced in the system

design. In this representation, p and g are not limited to integer
numbers. Introducing these two delays in the digital system design

leads to a suitable first filter being:
7~ (P+9)

15 Hf(z)=1+ Hl(z)

and a suitable second filter being:

Hi(z)

-(p+q)

Hs(z) =

1+ HI(z)

Although the delay filters are presented and described in

combination with a digital position control system, it should be
20 understood that the delay filters may analogously be comprised in an
analogue position control system as disclosed hereinabove.

While any filter has been described by its
characteristics, formulated in equations, it is noted that the person
skilled in the art will be able to implement the filters using the

25 given description and formulas in a position control system according
to the present invention.

In a further aspect of the present invention there is
provided a position control system as above described in relation to

a lithographic apparatus.



Hs(z) = Hi(z) z-(P+9) 1 + H1(z) m Al though the delay filte9©OcresEr 208Nt ed
and described in conbination with a digital position control system it
shoul d be 20 understood that the delay filters nay anal ogously be conprised
in an anal ogue position control systém as disclosed herei nabove. Wile any
filter has been described by its characteristics, fornulated in equations,
it is noted that the person skilled in the art wll be able to irrplerrent

the filters using i%@gng' 1\.’8’ da%%%EPtéé)&ecac“foQﬂ Iaessén;Eu?t ﬁé’é& 14:0

control system acc e present 1 nvention. er asriect of
the preseidrd R¥eptbeIadder aev5ce pipMifdeduni P Sieithol 66MbFidingy st epe@sorabove
described in relation to a |ithographic apparatus. 19 OCTOBER 2006 13
Accor di ngetttgrod Langt darosddpent obfat H@apﬁ:esmtmq‘awbﬁmi objectt,hameppst prwhdirded a
devi ce manuf acturing nethod conpri Si ng_l stecp % controllln%§ gosition of
at | eastS¥ife SHETERRTY (ﬁ?jl@cpatF Ealar ©% O&hsuBE?Feoftne aP &Pttt er ni ng

nmeans 05019:%'1’11%‘1‘?95 eﬂ&ltttl%n F&?plofseg Eggtg@édg .a position conprises the

steps of /- "exertrng a contro orce on ‘sai d noveabl e object; -

determ ni ng an actuadxdi@Shyi Nc&it %Al @ofr@yeaiz])eogbggm ;moveabeedbpedgck said
position to an input of a position controller (6), 10 characterized by -
subtracting a filterdateavdalingaan mt@ehtpmitsiiogtnalf fabinmavepbiet olyyect ;
controller force (Fg usi ng. a subtractor (8) onprised in a first

accel eration circui tf9594R8hPack 1§34 PPAYE IR t&uf"ﬂu%n}?ﬂ‘t tHe 3 BBEFBETOr (8)

USIng a féﬁé%bller (6),

10 characterized by
- subtracting a filtered acceleration control signal from
a position controller force (Fp) using a subtractor (8)
comprised in a first acceleration circuit branch;
- filtering the output of the subtractor (8) using a first
15 filter (Hf) having a first gain (Kf) comprised in the
first acceleration circuit branch;
- determining an acceleration of said moveable object;
- filtering an acceleration control signal using a second
filter (Hs) having a second gain (Ks) comprised in a
20 second acceleration circuit branch; and
- supplying the output of the second acceleration circuit
branch to the subtractor (8) comprised in the first
acceleration circuit branch.
Although specific reference may be made in this text to
25 the use of the apparatus according to the invention in the
manufacture of ICs, it should be explicitly understood that such an
apparatus has many other possible applications. For example, it may
be employed in the manufacture of integrated optical systems,
guidance and detection patterns for magnetic domain memories,
30 liquid-crystal display panels, thin-film magnetic heads, etc. The

skilled artisan will appreciate that, in the context of such



15 filter (Hf) having a first gain (Kf) conprised in the f19&cToses 2006tion
circuit branch; - determ ning an accel eration of said noveabl e object; -
filtering an acceleration control signal using a second filter (Hs) having
a second gain (Ks) conprised in a 20 s¥tond accel eration circuit branch; and
- supplying the output of the second acceleration circuit branch to the
subtractor (8) conprised in the first acceleration circuit branch. Although

speci fi catedalRAGE ABY1 D& UTRAR, | And Nise LEXEhe Ccerd thecUSEOf AGeaPPsY at us
according to the invention in the manufacture of ICs, it should be

expli citl'gieihder shdedtehatshoudd b cappdeatdsashadsimgnyepl deed ysshblmore
applications. For exanple, it may be enployed in the manufacture of

i nt egr at SEPYRY CEFMEYSTRHHE "GUPTEFRE "aRddd et BTG OROP AL PRI nSFFBECRAYHBL i ¢
domai n nmenories, 30 liquid- t i.spl , wLhiEn-fd 1 m negt i ¢ ,heads,
etc. The skilled g?télgeaﬁqﬁg%éa%gpﬁugdg?lgf 3?%3%?“‘% %%%P%Jolﬁ!tnexgﬁ gf eksséuac 19

OCTOBER 2086usct tal beEAAbd 34 aaPPtisad iANS 1 edforkbmedlict beatialivgn, reticle”,
"wafer" or "die" in this text should be considered as being replaced by the

nore genechidingr mittaabklet "(TUbstadiarioande g arvgath powaveleéngthespesss vel y.
In the present docunent, the terns "radiation" and _"beant 5 are used to

enconpasd*&l 1143y pé87 oPT el tFOnABA T T SFEdPAET BT Lo Lefkc (Y hgradiaraot ol et
(W) radiati Or}la.(vel' gt a\(/\n\éj?slaétp\é%?ég%gnt%eh %Tna_:e)’G 120 2n‘rln ! %g?’w fﬂ??ats}o,'rbla%g?%fem and

extrenme L(thc'?'a-w 0] I on avi ng'a waveleng € range

5-20 N pedds Wehlchags P idda@is BeaEPectIeaNpasnd On beans or el ectron beans.
10 Enbodi nents of the invention wll now be described, by way of exanple

onl yio wi t h ref er enEmbddintelné sact ortpanyvegt sanendfli cowdbawigrxgs ibadwhivic lway
correspondi ng reference synbols indicate corresponding parts, and in which:
of example only, with reference to the accompanying schematic
drawings in which corresponding reference symbols indicate
corresponding parts, and in which:

Figure 1 depicts a lithographic projection apparatus

15 according to an embodiment of the invention;

Figure 2 is a schematic block diagram of a prior art
position control system employing position feedback;

Figure 3 is a schematic block diagram of an embodiment of
a position control system according to the present invention;

20 Figure 4A is a schematic block diagram of a conventional
acceleration control system;

Figure 4B is a schematic block diagram of an acceleration
control system according to the present invention having a position
controller force as an input;

25 Figure 4C is a schematic block diagram of an acceleration
control system according to the present invention having a
disturbance force as an input;

Figure 5A is a schematic block diagram of an embodiment of
a first filter;

30 Figure 5B is a schematic block diagram of an embodiment of

a second filter;



Figure 1 depicts a lithographic projection apparatus 15 acg¢9iGtTWBER2006
enbodi nent of the invention; Figure 2 is a schematic block diagramof a
prior art position control system enploying position feedback; Figure 3 is
a schematic bl ock diagram of an enbodiment of a position control system
according to the present invention; 20 Figure 4Ais a schematic bl ock

di agram of a conventional acceleration control system Figure 4B is a
schemati c bl ock dimgham st ap aceRletbalt lodkO@ibglkak St &f agboddhdtd be t he
present invention having a position controller force as an input; 25 Figure
4C i s a schesidgtion bbotkoldisygram afcendiagcbd etha inmesepbniruintsypatem accor di ng
to the present invention having di sturpance force as an.input; Figure 5A
is a schematic bl ockHi®adr afh %fscg’f?“@ﬁﬁ&t;]?ﬁ%cn‘t Ppargme s"’lr‘]jfllgll %5’; 30 Figure
5B is a gghepaid 0, ' : ogh a ﬁ%:ég_%d [ '+ 19
OCTOBER %006 llélEFpgugﬂée é%lg%ﬁg] %ﬁ%{&%ﬁg g*%%}tnd%fggsaﬁo an r%h%%%%l’rl}:ent of
a pos tiposEiIyr ah Syst8meaacordiag: tdz1khe. present invention; Figure 6 is a
schematic bl ock diagramof a digital enbodiment of the present invention,
wherei n sone filtefigunspr/dsend 7B argsgraplys iid luseraysnemhsr esenesglel ays.
Figure 7A and 7B are graphs il|lustratin he process ensitivity achi eved
with t hesﬂ‘i‘%’itt%(llt?én%%l%’r woFhptRe %.91%?59 dgrqegtaogclfzﬁec-’rmﬁ'c bl ock

di agram of a furt di; t | ti .ng
accel eration set pgllg{rﬂ‘ﬁrgl)g ?gggf%gm%n{aggcgﬁngiﬁ?t%ﬁy%ﬂ%g{}re ltgéc%emati cally
depi cts ambddirRgtaphi €ndrgeeht Onvention employing acceleration setpoint

10 feedforward.

Embodiment 1

Figure 1 schematically depicts a lithographic projection
apparatus 1 according to a particular embodiment of the invention.
15 The apparatus comprises:
- a radiation system IL, for supplying a projection beam
PB of radiation. In this particular case, the radiation system also
comprises a radiation source LA;
- a first object table (mask table) MT provided with a
20 mask holder for holding a mask MA (e.g. a reticle), and connected to
first positioning means PM for accurately positioning the mask with
respect to item PL;
- a second object table (substrate table) WT provided with
a substrate holder for holding a substrate W (e.g. a resist-coated
25 silicon wafer), and connected to second positioning means PW for
accurately positioning the substrate with respect to item PL; and
- a projection system (“lens”) PL for imaging an
irradiated portion of the mask MA onto a target portion C (e.g.
comprising one or more dies) of the substrate W.
30 As here depicted, the apparatus is of a transmissive type

(i.e. has a transmissive mask). However, in general, it may also be



apparatus 1 according to a particul ar enbodi nent of the inveéaOroBERIZO0Ghe

apparatus conprises: - a radiation systemlIL, for supplying a projection
beam PB of radiation. In this particular case, the radiation system al so
conprises a radiation source LA, - a fl&¢st object table (mask table) MI

provided with a 20 mask holder for holding a mask MA (e.g. a reticle), and
connected to first positioning neans PMfor accurately positioning the mask
with regpect,dm bt 802 Rlype, #o5CeRMbD GEEnt ADlF1EbILr Ri& )t abl e) WI
provided with a substrate holder for holding a substrate W(e.g. a

resi st - caaterthatidvedy| i clon appen)yus any cmphegt &tbtiherskéaddopqsdtitiernting nMeans
PWfor accurately positioning the substrate with respect to itemPL; and -
a proj echeIRs s\ BICENRE"F PIraprabbe Migrngrady 9% radivaeeds pofisrgrdotot he
mask MA o a target portion C (e.g. conprising one or nore dies) of the
substrat & 30 As here depicted, the apparatus is of a transm ssive type
(i.e.shas a transmgsi MR RSKA- pFHOWRMR! o bEaRITCaH1 at{ofBYTHASBef 1P
OCTOBER 2006 16 of a reflective type, for exanple (with a reflective mask).
Al t er nat £gel ihtd he appanatarsomaygystgh ojilanoihetrok)i nd, okiplad¢t etinieagly nEans,
such as a programmable nmirror array of a type as referred to above. 5 The
source LALBRBAWYESdatpREHSe caBfhtiFHinITRR3I e dHdks asf adbeant ¢x@ander,

i1l um naéi on system % | 1w nato&% It% ei ther di rectl.}r/1 o] after having
traver sed°E ot B 6ni %enb P8ach "RV, ESR ENade SEPIMBEPPE. The
i1 Tum nak@feddg Y 60PPF | SRR Yahi PG IBANSe:Odnt S@ihinBE1 & N QULRE A/ Or
i nner radial extent (commnly referred to as 10 a-outer and a-inner,

respect i gedyerofandhe-imiensirtegpdesivéldyt ointhd irdteashegndistriaddibhon it
will generally conprise various other con}l)onents, such as an integrator and
a condentke .bgamn.t Apsad@itiqmeit will generally comprise various other

components, such as an integrator and a condenser. In this way, the

BL.

beam PB impinging on the mask MA has a desired uniformity and
intensity distribution in its cross-section.

15 It should be noted with regard to figure 1 that the source
LA may be within the housing of the lithographic projection apparatus
(as is often the case when the source LA is a mercury lamp, for
example), but that it may also be remote from the lithographic
projection apparatus, the radiation beam which it produces being led

20 into the apparatus (e.g. with the aid of suitable directing mirrors);
this latter scenario is often the case when the source LA is an
excimer laser. The current invention and claims encompass both of
these scenarios.

The beam PB subsequently intercepts the mask MA, which is

25 held on a mask table MT. Having traversed the mask MA, the beam PB
passes through the lens PL, which focuses the beam PB onto a target
portion C of the substrate W. With the aid of the second positioning
means PW (and interferometric measuring means IF), the substrate
table WT can be moved accurately, e.g. so as to position different

30 target portions C in the path of the beam PB. Similarly, the first

positioning means PM can be used to accurately position the mask MA



beam PB i npi nging on the mask MA has a desired uniformty angQdrtspRS2006
distribution in its cross-section. 15 It should be noted with regard to
figure 1 that the source LA may be within the housing of the |ithographic
proj ection apparatus (as is often theltase when the source LAis a mercury
| amp, for exanple), but that it may also be renote fromthe |ithographic
projection apparatus, the radiation beamwhich it produces being led 20 into
the appaj,aidiSdspelr ¥bidhd RRtdl dr A nsS Web@bb®, d ILCHIFREy The&rika1 this
|atter scenario is often the case when the source LA is an excinmer |aser.
The curreatriewa@nbtothamthsk aRNErencomaaisl batdrygf ort Beseng cerathosin The
beam PB subsequently intercepts the mask MA, which is 25 held on a nmask

t abl e MroepgiAlngmerenersaf tthe paskcivAabipe BealTPBilpake escaltizedgtiithe | ens

PL, which focuses the beam PB ont t ar get orti.on.C of the subsirate W
Wt bt hoCBF g% oFng SORG RS, B Qitg CoREan PR ShaTe b i & SHBTF! ¢
measuy i nge fRansokifil e $f‘fhe'5%%ti(:%ﬁin§{)@bkvﬁi¥ﬂ_ £ e BR¥ed- AGGUIREEYeq €- -
so as to position different 30 target portions Cin the path of the beam PB.
Simlarlyn tiwmrki 1StHopwssdrt,i dni e nEawRs oPVa Cadif e sitepdet O(HL eippadktelyto a
position the mask MA 19 OCTOBER 2006 17 with respect to the path of the
beam PB, skepr.argf-sepn neebarated) thetwask grbbde Nhaayndkspbe renpngchadkto a

library, or duri n%ea scan. In_general, .rm¥e nt thg ohj ect ttabl es MI, Wr
will be FRGTY AETORPL ACCHIROTA BT R Ho g=st'r ‘?r%uFB (%@‘Eﬁrtsré‘ 5o¥i ¥3%ni ng)
and a shErta b HehOle; ARG Ghh BimdisS il 01 20) wa'AinNsBh S e @XRIhfLA ¥
depicted in figure 1.7 However, I n the case of a wafer stepper (aS opposed
to ao stapriandiscap. apparatus) the mask table MI may just be connected to a
short stroke actuator, or may be fixed. Mask MA and substrate Wmay be
al i gned usi ng naskTke idpphshiednapierayus ren rl useldsinateo aifferent mod®smar ks
P1, P2. The depicted appar at us_can be uied in two . di Lf er ent m)def'
1.In sStep mode, the mask table MT is kept essentially
stationary, and an entire mask image is projected in one go (i.e. a
single “flash”) onto a target portion C. The substrate table WT is
15 then shifted in the x and/or y directions so that a different target
portion C can be irradiated by the beam PB; and
2.In scan mode, essentially the same scenario applies,
except that a given target portion C is not exposed in a single
“flash”. Instead, the mask table MT is movable in a given direction
20 (the so-called “scan direction”, e.g. the y direction) with a speed

v, so that the projection beam PB is caused to scan over a mask

image; concurrently, the substrate table WT is simultaneously moved

in the same or opposite direction at a speed V = Mv, in which M is

the magnification of the lens PL (typically, M 1/4 or 1/5). In this

25 manner, a relatively large target portion C can be exposed, without
having to compromise on resolution.

The positioning means PM and PW may be embodiments of the
position control system according to the present invention. The
figures and their description hereinafter will be dedicated to such

30 position control systems. First, for a good understanding, the

construction and operation of a position control system will be



|.In step node, the nmask table MI is kept essentially statil9MACcyoBERANGHN
entire mask inmage is projected in one go (i.e. a single "flash") onto a
target portion C. The substrate table WIr is 15 then shifted in the x and/or
y directions so that a different targe’t8 portion C can be irradiated by the
beam PB; and 2.1 n scan node, essentially the sane scenario applies, except
that a given target portion Cis not exposed in a single "flash". Instead,

t he maskgkadtfhddl ihS r8DyEdNE toh adpgidenrdi pestt bh 20nttkBe Spstead .| ed "scan
direction", e.g. the y direction) with a speed v, so that the projection

beam PB [sereaffed  t ensempodivientaofmsie nnesget twrenbmicanwiyl béersgbstedt e
table WI i s sinultaneously noved in the sanme or opposite direction at a
speed V 2199 RAAch Mis the magnification of the lens PL (typically, M

= 1/4 or 1/5). In ﬁg{;/érgfé TRA0E O[%nlriro‘iJ QEEV&lﬂqdiﬁ{eﬂﬁ LArgelodi@ibhon C can be

exposed, w t hout Ing to conp se on resolution. The "positioni ng neans
PM angl PWbABo besyelbadt e tenplbykhBos iXasn! £08d6&K flr s¥at €5 BGROkEENg T O
the present invention. The figures and their description hereinafter wll
be dedi cabettian fchn30bpudi t iExternat Ivlfropsteamosiition, coéurral gystdem, a
under st andi ng, . the _construction and operation of a position control system

will be E£9SEXSFOBERC2BES PAB 'd€TcPbRe THiREFat P 1% t8 phf dPotrtioPosi ti on
control SYRLEM o BRghegll el o N BIROUIRR! 20 IR BlCRRLl LAVENLOR W ! be

presente SCri be gur a“prior ar odinent” o

posi ti ONpgs£OIB,0la By¥stered hatcu@TPLABYSI YRS bbk opi freedbask ESktLaNtyol |ing the
position of an object. Externally fromthe position control system a

desit@ed abjettutreypbsi sulbtrracedetresni nsy dndaf dested relpbsve immvemeant r ol
systemvia a set point input 2. Fromthe desired absolute position, a
nmeasur edS4g8%al¢ Msbhat PP+ THR 9es1ufd C6ARELYS SPVEDeBh) 2t9nHayt BE

subtract %gelrle ul'ialptliigg l:g & P ess.Litri%g Egﬁgél\i%rngvs{ge@ position controller

input. The position controller 6 is a device well known to a person

skilled in the art and capable of translating a movement signal into
15 control signals. The position controller 6 may comprise a PID

controller, a low-pass filter and an amplifier, for example.

The control signal output from the position controller 6
may be referenced as a position controller force Fp, since the
control signal acts upon the object as a force. The position

20 controller force Fp results in an acceleration of the object
depending on a mass m of the object, which is represented in the
diagram as object filter Ho, having an object gain Ko. Apart from the
mass m of the object, also other parameters, such as friction, may be
present and represented by the object gain Ko, however, for

25 simplicity, it is assumed that the object gain Ko only depends on the
mass of the object.

Due to physical laws, a velocity of the object equals the
acceleration of the object integrated over time, depicted by means of
integrator 14. Similarly, an integration of a velocity signal 16 by

30 an integrator 18 leads to a determined actual position signal 20. The

position signal 20 is fed back to the input of the position control



signal 4 of the object. The desired relative nmovenent si gnall949¢EOBERZ006
supplied to a position controller 6 via a position controller input. The
position. controller 6 is a device well %movvn to a person skilled in the art
and capabl e of translating a novenent 1 gnal into 15 control signals. The
position controller 6 may conprise a PID controller, a lowpass filter and
an anplifier, for exanple. The control signal output fromthe position
control | epstem ey bepoefei@ndeddnsacia qiasititon2controller force Fp, since the
control signal acts upon the object as a force. The position 20 controller
force Fp results iNoarrmocéher BeTem For OPhEu‘bH?}éGthe gepEhttthgoasral kess m of
the obje i ch resentedlnth |ag{' e(l%je(ft filter. Ho, having
e

t
an obj ecguttjaall th%\ﬁaf LMY he® ??ﬁsrs B FOoHhel
par anet e&élt%eailﬁﬁb il BBYabEudr £RENLLARC. DY BaCDEEC hitel hgs o) ect

gai n Ko, however, for sinplicity, it is assuned at the objéct gain Ko
onl y sleppnédssware tdmangaasmd)jcetdhbyoAmpMer Buegé anphypipt &l ah asserermatel ocity of
t he object equals the acceleration of the object integrated over tine,

depi ct eddbfytwm@eomforpm@grs@tlér SEase sﬁﬂwpaﬁry,alah euxmeégahtfmeofilatweba)cu ty
signal 16, by 30 an_integrator to a.determ ned act ual posi tion

signal 26D BRFIHEG FPB% g"‘ﬁ’éf'lteﬁoa‘f’sltf SESBAER b AhERFRBETE S} the position
control a? Igg@}ggtzg@ath%% wgstem via a position feedback circuit 22. Not

only the ce Fp output by the position controller, but also other forces
may be exerted on Ah&iohjr@eihcel fofds &doti saindidatiesit ageFig}xIﬂfwgar aphiac
apparatus, the object may be one stage. Air 5 pressure changes induced by
another deterd r?eryroarppay Hh IsxmeEnal PhyH isedr bameenadrdr o éhes%ysztegt age.is

Ho t f disturb h t t
e T PR B R e alS & R a R PREr S ot AR BraRer s T ce Fa

i's indi C@Ee@o'ﬂe Féogﬂéﬁﬁegecpytcfibe input in the system as this is an important

aspect for understanding the present invention.
A person skilled in the art will readily understand how
15 the position control system of Fig. 2 generally functions. A position
input at set point 2 is subtracted with a determined, i.e. calculated
or measured, actual position signal 20 by a subtractor resulting in a
desired movement signal 4. Based upon the desired movement 4, the
position controller 6 determines the force to move the object to the
20 desired position. The force Fp output from the position controller 6
is applied to the object. Further, the disturbance force Fd, which is
assumed to be present in this case, is also applied to the object.
The object accelerates as a result of the force resulting from the
force Fp applied by the position controller 6, and by the disturbance
25 force Fd, depending on the mass of the object represented by object
filter Ho having object gain Ko equaling 1/m, m being the mass of the
object.
By nature, the actual position signal 20 equals the double
integrated acceleration signal 12. Schematically, this double
30 integration is performed by integrators 14 and 18. If the

acceleration signal 12 is desired to be known, it could be measured



10 dotted arrow, as it is not a physical conponent of the sJ9tQEGTOBER 2606
however included in Figure 2 to show where the disturbance force Fd is to
be considered to be input in the systemas this is an inportant aspect for
under st andi ng the present invention. Az‘ber son skilled in the art wll

readi |y understand how 15 the position control systemof Fig. 2 generally
functions. A position input at set point 2 is subtracted with a determ ned,
i.e. cal autedtad oer deeinsed effomaehdapodiasion engwagrral bz0abiow bt r act or
resulting in a desired novenent signal 4. Based upon the desired novenent
4, the poSfeyanencdation|veiths rgereetitredimpe Tlow deteamined adfaradbj ect to the

20 desired position. The f, Fp_output fromth i1 ntroller 6 i
appl | o BOTRPTLITERET Flrihdrd PREX dis(iPbANEE Torde o GRTEIRT s  assumed

to be preseffedd i Bhe1 C2S&au13 2! $Re ARG AnbPerddit ABLLCAHbWevdPBeO] eCt.
accelerates as a result of the force resulting fromthe force Fp applied by
the posi ti Ofietitt FRbhethd,dedidelymbiemaditsthabante 2z ehaeaetrhesd@pentdbang on
the mass of the object represented by object filter Ho having object gain
Ko equal thg fignae apbéied hdheaposbfiartheongbpbler Byeganae eof tthe act ual

position signal 20 equal s_the_double integrated acceleration signal 12.
Schemat i 8aFFYyEPangEs %BB‘EI%I 3B fe ebl?%tﬁoﬁr’rtg@n p‘é‘?rfr(ﬁoﬁrgﬁrw ReRIY AL 67794 and

18. If t el.erat | i I [ Si e (o] i e
measur ed 18 BEGHER 3006 I8 bt TP o Gert Al dert pae phia fRRel 1 20
by a doulbbece dtd.fererentiation with respect to tine. The determ ned act ual
position signal 20 is fed back to the subtractor. The desired novenent
signk® 4 results. Noee dadtafaFigovendmoesayohoimaiaidehbany teddfmranardf rom t he
desired nmpvenent that was intended to result from, K the force applied by the
posi t i onCEBRLYS | EPVBVERC AT £XEF R fcﬁeé’thFB%’FFgélF@&EsF'a‘?Y ﬁﬁf,)g,reﬁﬁ@t-
posi Ui onGantLalche! En0CEHS 1 BBBNGFon NapOsbHl b aaTtEok! &lsihrice FP to
conpensate for the disturbance

object acceleration. The desired object acceleration is generally

processed, for example multiplied by the object mass, and added to
15 the position controller force Fp. Other feedforward circuits may be
present as well, depending on details of object characteristics.
Figure 3 is a diagram of a position control system
employing position feedback and acceleration feedback according to
the present invention. The diagram comprises an acceleration control
20 system 34. The acceleration control system 34 comprises a first and a
second acceleration circuit branch. The first circuit branch
comprises a subtractor 8 and a first filter Hf having a first gain
Kf. The second circuit branch comprises a second filter Hs having a
second gain Ks. Further, an acceleration feedback signal 28 is input
25 to the second filter Hs and the filtered acceleration feedback signal
32 is output from the second filter Hs and subtracted from the
position controller force Fp output from the position controller 6 by
subtractor 8. Not the position controller force Fp, but a control
force Fc is exerted on the object. The control force Fc is output by
30 the first filter HE.

For a good understanding of the acceleration control



force Fd. 10 Note that Figure 2 does not include any feedf on@@droBir 2004 s.
However, in practice, feedforward circuits may be present. For exanple, the
desired position 2 may correspond to a desired object acceleration. The
desired object acceleration is general®y processed, for exanple multiplied
by the object mass, and added to 15 the position controller force Fp. O her
feedforward circuits may be present as well, depending on details of object
charact egiystée 34, Fe@btenck iis aadbags apired POSI4H AMACABt bOFory/St EM

enpl oyi ng position feedback and accel eration feedback according to the
present dasenibing tihefdicigraningonprilepogither et@rtacilonysben rasicor@ddngyst em
34. The acce|eration control system 34 conprises a first and a second

accel er afPof* &4 di't branch. The first circuit branch conprises a subtractor

8 and a first filt Vi i rst i . e i T Culi ranch
conprises a secondﬂ'lqlﬁ{eeill %R%ggi%gée}erggcgﬁﬁﬁoﬁgﬁgﬁ %ﬁﬁqhgarcfz %g%ﬁpm%
accel gr atbgpréeaghack séMprd@ihg 4 NMEp 3aihokt hﬁuﬁ%ﬁ@ngb#&éﬂ &filksramsl. t he
filtered accel eration feedback signal 32 is output fromthe second filter
Hs and s@btpaceddof tbm shetenpddilupbrattwhtinoFigurd ¢r,c&hEploop mainf Kdnahde
position controller 6 by subtractor 8. Not the position controller force

Fp, but & Espihask ciyFuit B8 jadeerdfiedd ¢ BRECHBTACC FReTeBHIGDICOf BRRe Fc

i s out put . 30 t i ilte . : er ndj Qf .the .
accel era f)g%tlc%lntcro%?r%i%ffgﬁﬁ EZTBE%Y {%aégsgg&ﬂ%%l r'e? érge%%ée]&leg 2fade 1o
Figures 48;ad& afd cAC bef@ardesest &l ng bheaf ot iignieel pf Fhes pasi tion
control systemaccording to Figure 3. Figure 4A shows a general basic
concept obsaniacceneralien fdrceoRbroéswsitst ém 36dChfimensi agecaldmapogai n Kl
and the object filter Ho. Conpared to the systemillustrated in Figure 2,
the | oopCgaPH¢d tenad Slés‘f%dﬁ'ggk’uéi tReiiaccsderrel A FORL T PheSBREDN Sfat £Bn i s

related %grE{@hlar, when Kl is made frequency dependent so as to diminish the
loop gain K1 for higher frequencies in view of delays or dynamics in
Ho, the relation between position controller force Fp and the actual
15 acceleration also becomes dependent on the frequency. Thus, the
original object gain of 1/m is replaced by a frequency dependent
gain. It is difficult for the position controller 6 to compensate
this frequency dependent gain. The position controller 6 needs to be
modified for this purpose, which is generally very difficult with
20 regard to stability of the position control loop.
Figures 4B and 4C illustrate the acceleration control
system 34 according to the present invention having a subtractor 8, a
first filter Hf having a first gain Kf and a second filter Hs having
a second gain Hs. Figure 4B illustrates the acceleration control
25 system 34 with only the position controller force Fp as an input.
Figure 4C illustrates the same but only having the disturbance force
Fd as an input. Both acceleration control systems of Figs. 4B and 4C
have the actual acceleration of the object as output.
The acceleration resulting from position controller force
30 Fp should not be changed, i.e. increased or attenuated, by the

acceleration control system 34, compared to the acceleration



position controller force Fp by a gain KI/(mtKl). The accel d9QCcDOBER2006
related to the disturbance force Fd by a gain 1/(mKl). Thus, a 10 position
controller force Fp results in a different acceleration conpared to a
system wi t hout the acceleration controf2system36. In particular, when K1
is made frequency dependent so as to dimnish the |oop gain K for higher
frequencies in view of delays or dynamcs in Ho, the relation between

posi ti onregEidigld &kohmopesi thiprakent hel Bext Yak cd SFECGE Ittlkeaki oPerm| 1910 uRECQPES
dependent on the frequency. Thus, the original object gain of 1/mis

r epl acedibyFiguneeguefibys dedendenn ofjaie akcrelsraliifdn cwntrbbrsydtempdsditi on
controller 6 to conpensate this frequency dependent gain. The position
cont r ol | EROBLh&ERE Lt &/ Bet OMGuPPPH PO L ptr s &P WAPER F2 Y¥neral Iy very
di fficul %:ug\ﬁgct%(} Legard to stability of the position control |oop. Figures
4B and 4C 1 TTustrate the acceleration control system 34 according to the
present invention NAYigWim cFUbhE agdd1eBatdon fddritdrofli ke edii3 aguals acd4 r St
gain Kf and a second filter Hs having a second gain Hs. Figure 4B

i |l ustraeesitthg datel that$swtmonbro$ 25 system 34 with only the position
controller force Fp as an input. FiguregkgCillustrates the sanme but only
havi ng the di sturbance force Fd as an iT;;put. Bot h accel erati on control
systens of Figs. 4B and 4C have tle= pjl—baccel eration of the object as
out put. The acceleration resulting frqmﬁggi-ti on controller force 30 Fp
shoul d not be changed, i.e. increased or #tenuated, by the acceleration
control system 34, conpared to the acceleration 19 OCTOBER 2006 22

resul ting from posatdoxs cortted! heovd ahoel8pequal NgmsyShesw id Ifusseated in
Figure 2. Thus, the gain of the acceleration control system 34 should equal
1/ m for &gopdsiaingn feenthel fdgitcgarp Fhpnd £6ceh g%lﬁbt‘%aé%r 8. 5 The gain
of the acceleration control system 34Kgquals for an input into the

subtractor 8 m 1
10 T KfKs m’
1+ S Ks m

m

Now referring to Figure 4C, the disturbance force Fd
should be attenuated with a loop gain K1 comparable to the loop gain
introduced in Figure 4A. In fact, the acceleration control system 34
illustrated in Figure 4C is substantially identical to the circuit in

15 Figure 4A as, in this case, the first filter Hf and the second filter
Hs may be combined and represented as one filter. Thus, the loop gain
Kl may represent both filters and thus equal the first gain Kf
multiplied by the second gain Ks:
Kl=Kf -Ks ,
20 resulting in a second constraint for the first gain Kf and the second
gain Ks.

It is to be noted that employing an acceleration control
system 34 according to the present invention results in an
attenuation of an acceleration caused by a disturbance force Fd,

25 whereas an acceleration caused by the position controller force is
kept unchanged.

The two constraints described in relation to Figs. 4B and



Ki K 1+Kf Kb . M and as stated above should equal 1/m Thu9,0aréBErs2006
constraint for the first gain Kf and second gain Ks is: KI m 10 1+Kf Ksm
M Now referring to Figure 4C, the disturbance force Fd should be attenuated
with a loop gain K1 conparable to the #bop gain introduced in Figure 4A. In
fact, the acceleration control system34 illustrated in Figure 4Cis
substantially identical to the circuit in 15 Figure 4A as, in this case, the

first filhtepaffbcaRdmbigesacPbtbiht @fo dhipraBYibes COpRieB8dngnthd Glrieseat ed as
one filter. Thus, the loop gain K1 may represent both filters and thus

equal théifst daigakhf Kér thd thipkteflilhent HéE sedorite gaiconisgaidl KKfforKshe 20
resulting in a second constraint for the first gain Kf and the second gain
Ks. It i8etorbdidseedi®hat enpl oyi ng an accel eration control system 34
according to the present invention ‘re@sg:l Klin an attenuation of an

accel eration caused by a disturbance”force,Pd, 25 whereas an accel eration
caused by the position controller force is kept unchanged. The two
constraints described in relation Ao Fikds. 48 and 19 OCTOBER 2006 23 4C may

be combined to obtain two expressions exgaregsi hg the desired first gain Kf
for the first filter H and the seconbl*‘g’?lri nq(zls for the second filter Hs:
Figure 5A illustrates an embodiment of a filter having the
filter characteristics as formulated for the first filter Hf above.
The filter comprises a first filter Hfl identical to the object
filter Ho with respect to its characteristics and a second filter Hf2
10 corresponding to the loop filter Hl1l both put in a feed forward
branch.
Figure 5B illustrates an embodiment of a filter having the
filter characteristics as formulated for the second filter Hs above.
The filter comprises a first filter Hsl identical to the object
15 filter Ho with respect to its characteristics and a second filter Hs2
corresponding to the loop filter Hl. The first filter Hsl is placed
in a feedback circuit branch.
The physical embodiment of the filters Hf1l and Hsl, which
are identical to the object filter Ho with respect to their
20 characteristics, may be a computer implementation. That means that
the illustrated filters are implemented in a signal processing
device, a programmed computer device for example, which receives the
input signal, filters the signal according to the implemented
characteristics of the filter (in this case identical to the
25 characteristics of the object filter), and outputs the result. In
addition, also other parts of the system may be physically
implemented in a well-known computer device or be implemented using
any other kind of signal processor.

Figure 5C illustrates an embodiment of a position control



Kf =1+KI M 5 Ks = KI KI 1+KI Kf MFigure SAillustrates amn9 dmBrE21060f
a filter having the filter characteristics as fornulated for the first
filter Hf above. The filter conprises_a first filter HH1 identical to the
object filter Ho with respect to its éharacteristics and a second filter
Hf 2 10 corresponding to the loop filter H both put in a feed forward
branch. Figure 5B illustrates an enbodinent of a filter having the filter

char act ergiyst biSad@Soddangut at e fyesthe seeardohi | esrdin aheveiltdhe filter
conprises a first filter Hsl identical to the object 15 filter Ho with
respect ﬂ@trPQUQﬂhﬁabﬁeiB§i¢mﬁxaﬁdga s@%dﬁ@-ﬁBl@e¢‘kmﬂem@otﬁésbondkng to the
| oop filter The flagt filter laced in a feedback. circuit

branch. PREp ﬁ?%l?ﬁﬂtrg BH?FﬁWuemgﬂoyhﬁgf 9 F§aFﬁﬁPeﬁﬁfdﬁéFk whiadrraged
i dentical; te;the oq ﬁg flgéer 'zi%s‘ﬁ'h I?Tcgssip&qgh Lo gﬁg‘ﬁe |I ngagd@lctt %I‘I stics,

may be a conp ter inp ntation ans that strate filters
are i8pl epepeRdat e pognal 2prmwsshagdeﬂ&\edcgosatmrog:m@rraedu@prnwleﬁoﬂew ce
for exanple, which receives the input signal, filters the signal according
to the impbeaeni®ds chbraetiesd stesyd tong tive of desired impvemestcasandlddnti cal to
the 25 characteristics of the object filter), and outputs the result. In

addi t i on"PAFE1Ht WM 5P 3 Qﬁs%qi?ns§§?2ﬁﬁ¥ﬁ%f Be BFYSiTES PPSitH emented in a
wel | - knoyy E?g?férege‘}aé E§ of ﬂ%te@ghnﬁ}aﬁdaﬁéé dratih %&gﬁélk:! qof signal
ure | ust rat I e

processor. es an e a positi roI 19
OCTOBER %Ql@@ra@ﬂe@)éﬁdeﬂhﬁﬁﬁoﬁ’cﬂidlﬁ rOrsher ARsent . i e ntthenocuvbher &t thie

flltigs first filter Hf is the control force Fc applied to the object,

represented as the object filter Ho. The actual acceleration is
supplied to the second filter Hs and the output thereof is subtracted
from the position controller force Fp as described above. From the
actual acceleration signal 12, the actual position signal 20 may be

15 calculated and supplied to the system input node, i.e. set point 2,
to be subtracted from the input desired position. Again as stated
above, usually, the position signal 20 is measured, and the actual
acceleration may be determined there from.

In the illustrated position control system, any unexpected

20 acceleration of the object because of a disturbance force Fd exerted
on the object is compensated in an early stage by the acceleration
feedback system 34.

It is to be noted, that in the position control system,

there is still an unspecified filter present. The loop filter H1 has

25 at this point not been specified. The acceleration control system is
designed such, that the loop filter Hl only has an impact on a
disturbance force Fd and does not influence the reaction to any
position controller force Fp. Therefore, the loop filter Hl1 may be
designed according to any suitable filter characteristics.

30 In an embodiment of the present invention, the loop filter

Hl is designed as a frequency dependent filter, suppressing any low-



introduced in relation to Figs. 5A and 5B are inpl enented i nl%0eTOBERI2Z006N
control system enpl oying accel eration feedback illustrated in Fig. 3. In
Fig. 5C, a desired position signal is input to the 5 systemat set point 2.
Fromthe desired position the actual p®3ition signal 20 is subtracted
resulting in a desired novenent signal 4, which is input to a position
controller 6. Fromthe position controller force Fp, a filtered actua

accel er att-0fgusignali s8drbsnces Wirkacted wnd 1Pttty tahyt e ghLl Estqlddder Hf . Now,
the output of the 10 first filter H is the control force Fc applied to the
obj ect, diepudsenteedozse tyreclpinicedt inlduwh Hop. efhediawingal theckdar dtilbari s
supplied to the second filter Hs and the oqutput thereof is subtracted from
t he posi floR*Edft PoPPEPRE X TFFoYsPIEs dlilhed ADAR. InErgRPERe: Howeysr.

accel eratiogn, si I i h t ual i t]Qn.Si | .2 be .15 cal.cul at ed
and supp}thgdl?%g{}ﬁété%s ]ténr?alkﬁ%ﬁt Qﬁ‘%%g%sncl& gL.nd§ ?y%ol}tnt% ng?)éh % %eelnguBngc% ed
fromghec'bﬂgygntd%%iihed position. Again as stated above, usually, the
position signal 20 is neasured, and the actual acceleration may be

determ ned there fFbgurd 6 tildustliaists anetdhposertbicoiimeont oDl tlsy stresentany
unexpected 20 acceleration of the object because of a disturbance force Fd
exerted 1BHERKECTOb|TEEL PYRSTUNIENSRE LSRR i if gAPedtty st gdiBytahalikcEererati on

f eedback system.34. Lt is to he noted,.that in the positign_ cantr ol stem
hore i s el I TS5 in8RERTH od MY che pibdah "1 debon PER, eretienati48s °at

this poi ghynod RAeRsSpeeidiedn The apoeder ahbplr&ant rigl rsystemdys desi gned
such, that the loop filter HL only has an inpact on a disturbance force Fd
and tloespnetibhd laednge dhe Iredoidednit cclenyposposon icamtecoht spstean. ROLcesEp.
Therefore, the loop filter H may be designed according to any suitable
filter cREtACtRYGSSMtcIn BEe |SYSERTeRBodihenPrefesheyinesent fvpeicn 8alay he

loop filter Hiis designed as g freausney depsidant JiLLers qiRRLessing any
of the object. A second delay may be an acceleration measurement
delay.

15 The process transfer function delay is introduced in the
position control system by amending the object filter Ho to include
the delay. In discrete time, a delay is represented as z®, thus the
object filter Ho becoming z®/m. The acceleration measurement delay
is introduced as a separate delay filter located in the feedback

20 branch of the acceleration control system 34.

An acceleration measurement delay filter Da equals z?. The
amended and the added filter lead to amended characéeristics of the
overall position control system. In particular, the first gain Gl now
changes to z®/m, i.e. remaining the same as the object gain

25 including delay. However, basically the digital position control
system comprising filters representing one or more delays functions
similar to the position control system of Figs. 3, 4A - 4C and 5A -
5C. Therefore, a more detailed description of the digital position
control system is omitted.

30 Fig. 7A illustrates theoretical and Fig. 7B illustrates

practical results achieved with the embodiment described in relation



frequency disturbance force Fd, but |eaving any high-frequentyOctosER2086Ce
force unchanged. In such an enbodinent, the loop filter H my be a
second-order |ow pass filter or an intggrator. However, the loop filter HL
may be frequency independent and thus ing just a 5 constant gain. Figure
6 illustrates another enbodi nent of the present invention. The present
invention is enbodied as a digital discrete tinm system However, as nay be
in the aheveidessr ithedgsyshens rtiher e7a md be drbaytheppesestsiserddie igysy em
Therefore, in Fig. 6, two 10 possible delays are included in the position
control $fstbem digiftieds embedingntpresanfunqgt ioneof yehe finesjieBey aohridieedsput
transfer f,chtion d a del a frq:m pgsitio ontroller output to

8 B IRG

| l.. €.
actual ald8 ?%?qc(?n%O%%ét h hegbﬁr&gf’l.en g a5 BE*En"A &l erati on

measur emgib, - deld staidherpy cg&%%ésgrmiec&vfiug%ﬁ% del 8yghs J0tadyged in
the position control system by anending the object filter ™Ho to I nclude

t he del ays the b&dindba fLlooe, proddekayensitigftgsented A zrBnstétissunkkeionbj ect
filter Ho becom ng z-P/m The accel erati on neasurenent delay is introduced
as a sepdramnea ddisbprppeer foxratfdd tPnthh acsuypA ko AT lgnaaEhonf4 + he

accel eration cont rﬁéﬁsy em 34. ccel er,ation measur enent, del aybfi |ter Da
de

4 n '
equals z-9. The a "EhEPS AP ER PGPS0 SERENEH BY . Poth

char act egj;ghLas fla u%%h Qggé?éﬂatﬂ/g%]i %%Qabar&nsrce&r&%@ &0 chd paLddpul ar, the

first gain GL now changes to z-P .e. remainin he sane as the object
gai n 25 iinokhdisg delay. thHowaweirethasi optdceeskheenl (i ivalt yposi 4 i diyicant r ol
systemconprising filters representing one or nore delays functions simlar
to the peSierorrtc aesisionysertinadf sppgem 133 shawn withypd dBAhedsGineTR@refloe e, a

nore detail ed description of the digita osition contrgl systemis
o ttod Hagope oAt ate LTI LiRALY o1 GO PORRBERr SOt PEATTaI b

practical, LESHIAS @ RheVEf MAD {HiEn eI A TRRLAEFGH RedohPi AGLA 19Re19
OCTCBER 5668 -
54. In practice, higher-order dynamics are present in the system. The
resonance peak near 1 kHz results from such higher:order dynamics.
15 These higher-order dynamics are included in the theoretical model
used to calculate these theoretical results.

The process sensitivity of the system according to the
present invention is clearly reduced with respect to the process
sensitivity of the prior art system, especially for iow frequencies.

20 For a 10 Hz disturbance force, the process sensitivity is reduced
with about 20 dB (a factor of 10). For frequencies higher than 200
Hz, but lower than 1 kHz, the process sensitivity is slightly
increased, and for frequencies higher than 1 kHz, the process
sensitivity is substantially the same as for a prior art system.

25 Fig. 7B shows a dashed line 56 for a.prior art system and
a continuous line 58 for a system according to the present invention.
The graphs represent measured data and thus represent the actual
position loop process sensitivity of the system. The process
gsensitivity of both the prior art system and the system according to

30 the present invention do not substantially differ from the predicted

theoretical process sensitivity illustrated in Fig. 7A. Note that



26 to Fig. 6. The graphs in Figs. 7A and 7B show t he process1%©uIiOBER 2006 of
the digital enbodi nent as a function of the frequency of the input

di sturbance force. The frequency on the horizontal axis has a logarithmc
scal e. The process sensitivity shown if’Figs. 7A and 7B 5 is the position

| oop process sensitivity, i.e. the transfer function from a disturbance
force Fd to the nmeasured position error 4. Fig. 7A shows the theoretical

process §88skti Wiz, mBeEHrenddthoul sanskdMunh sagsel dratdeurbegdhadeaccor di ng
to the present invention. Thus, the theoretical process sensitivity of a

di gital hBapureveraust pbschicm cheredbdreysitesensilshovwre wotmbaredlasitddthene 52.
The theoretical process sensitivity of a position control system according
to the prBSEREtIGRAleRERBACT s THSwn tHF t TS RoAECFATGLRY Itionéhesptegstpr act i ce,

hi gher - or.der djy_/na@u%%t cr)lg?:?]pa{Sesm%nt bgne}t{ heectsé\és.t em The resonance peak near 1

kHz resultEFrom suc I gher-order dymam cs.” 15 These hi gher-order dynam cs

are iecluded in thejghepriatiealapdselnornsedefidoLidlerit! BEechdgnsheoreti cal
results. The process sensitivity of the systemaccording to the present

i nvent i oinventci®@ar |Agaiedug egbaittibnr espectllee & heegrtec @ss theedisfifidrenty of t he
prior art system especially for |ow frequencies. 20 For a 10 Hz disturbance
force, thetpeereds POASFIPWITSF POIREIA api fAtedouPoBdtden (Jlamadt 8P of

10). For fregquenci hi.gher than.200 t . lower than 1 kHz, the process
sensi ti vty " 21‘% gﬁ’ﬁ %/grf%cer eé’séa‘?nﬁh;{zﬁ 3?H%Fé%|%e%°citgse Rf’ﬁ’n%lrépt han 1 kHz,
the processtrSENS tro¥kbYrp s Sbhsbantidion ke soim: ad@braard iZ e 3kt
system 25 Fig. 7B shows a dashed line 56 for a prior art systemand a
cont Louopsekeme. Shef arcalsystiem aecopdintg feedfbewqurd sdhal nkehtison. The

graphs represent neasured data and thus represent the actual position |oop
process §ERSFRisd ty of sehePidt éfreimeatprgcédstesdini miirchyhat Botikrihke

prior ar_tt system anrdt t he s) stdemcac. ording to 30 j[he.rﬁ__resen % vention do not
CLbst ant FRRF y= G4 or oPy 7 130t FFERIETAH h RBoPEY 1A pACCELE S LU £y
il UStrab@ﬁe££ﬁf?ﬁlchAseékgéﬁﬁéuybceleration filter Ha includes an inverse
of the object gain, in its simplest form equaling m, the object mass.
15 Generally, the set point acceleration Asp substantially equals a
double derivative with respect to time of the set point position,
input at set point 2. The main goal of the set point acceleration
feedforward is to accelerate the object such that its position
matches the desired position without needing a mismatch between the
20 desired and the actual position to make the position controller 6
react. Hence, the acceleration feedforward makes it possible for the
object to closely follow its set point position without needing an
input to the position controller 6.
It is observed that the acceleration set point feedforward
25 signal Aff enters the system at a node that is comparable to the
disturbance force Fd, as it is directly input into the object filter
Ho. In the embodiment illustrated in Fig. 3, the acceleration control
system 34 will attempt to diminish an effect of the acceleration set
point feedforward signal Aff. Obviously, the effect of the
30 acceleration set point feedforward signal Aff should not be

diminished.



19 OCTOBER 2006 27 above 1 kHz, neasurenent noi se accounts fDOCTOBERQ006acCy
in the neasurenents, which can therefore not sensibly be conpared with the
theoretical results. Thus, the system according to the present invention
functions as may be expected. 5 Fig. 828l ustrates another enbodi nent of the
present invention. Again, a position controller 6 reacts on the difference
bet ween the position set point 2 and an actual position signal 20, simlar

to the first embodniEOinadiReagdi EhOMdR1ERE: POSIddoBEAP! FOldRIrwhPaCE Fp, an
acceleration set point feedforward Aff Iis 10 present. The accel eration set

poi nt feednawaft sloghdl bAfdddesl tgenke giced thynacaeirqldient faceelmr.atthon
filter Ha, which has an input that equals the desired acceleration or set
poi nt ac&BRere@@deon thAgpacc talony corprels gyspenni4 atidél apht dofemHt ter Ha

i nclud ' f th ject ' in it i npl est f l,i
ne obj SEERRMAS 18 EZRErEI Ty CHEnacteliAE Bb ViR oA A CubSLaNEr al |y
equal s anr@oulpheder i ¥aLhYEe WiHen aElééPéfétitoﬂ LLEEind HeeGebrROLd:1BASI LT ON,

input at sef point 2. The main goal of the set point acceleration

f eedf or wafd how tiasaceepesatthidughobhecicslehat hat ddrtrp0Skysoem Imvbhes t he
desired position wi thout needing a msnmatch between the 20 desired and the
act ual pdoest hore tavmpakeated howinicophamntesibeics thagathe pleieet fiiRger

accel eratjon fee fotr(nvvard makes it ?ssi bl e for the %E{Se t to closely follow
'ts set BOI AESPs P6noGF (ROUT: ACERTRERHP™ FABEET (17 (REUBBSPE IS Sont rol | er

6. 1t i'scohsecyeddihahat Nl 9at Uik 0obil deadtoryerdcaB sbanal Al

enters th ystem at a node that is conparabfe to the disturbance force Fd,
as itoissdtrpsinty fickpbrivatd dik@adbpeetadt ldieect Hp.od rhkhebesdodiazgent
illustrated in Fig. 3, the acceleration control system34 will attenpt to
di mi ni shiadiedfettinofighe8 accel erati on set point feedforward signal Aff.

Qobvi ously, the effect of the 30 accel erat ilon set point feedforward sié]tnal
Aff shoul d not be The problem that the acceleration control system 34 reacts

on the acceleration caused by the acceleration feedforward may be
solved by not feeding back the actual acceleration 12 through second
15 filter Hs, but feeding an acceleration error signal 44 through second
filter Hs. In such a case, only the acceleration not resulting from
the acceleration set point feedforward signal Aff is fed back into
the acceleration control system 34. The acceleration error signal 44
is deduced from the difference between the set point position 2 and
20 the actual position 20 by means of an acceleration error
reconstruction filter Hr, as indicated in Fig. 8. The acceleration
error reconstruction filter Hr generally consists of a double
differentiator that differentiates its input twice with respect to
time. Because of the sign difference of the output of this
25 reconstruction filter Hr compared to the original acceleration
measurement signal 12, the output of second filter Hs is added to the
position controller force Fp, instead of being subtr?cted from it.
However, a person skilled in the art will readily understand that an
inversion may be performed by a separate inverter to correct the sign
30 difference of the output of the reconstruction filter Hr and then

subtracting the resulting signal using subtractor 8.



di m ni shed. 19 OCTOBER 2006 28 Alternatively, the accel erat 190GE*BHRA0V6
feedf orward signal Aff could be added to the position controller force Fp.
In that case, the acceleration control system34 will not attenpt to
decrease the effect of the accel erati oR®set point feedforward signal 5 Aff.
However, because the accel eration set point feedforward signal Aff now has
to pass through the accel eration control system 34 which has nore
conplicated dynam gnengf agi&riissti EfpddidientBeoPbiiRC nhkht 86n R, d baghf. the
set point acceleration filter Ha should be nore conplex. For that reason, it
I S advantdagepiised mHogt,t he wicldelber appoeciab@dsehapoih ifwedt domeniad, degnal Af f
act directly on the object, as indicated in Fig. 8 The problemthat the
accel er aPirafttert rasihesyiceny B PEa8eSCr Hied-hECHce I & 6 ehaskd appvehe

acceleration feedforward may b sol ved by not feedi back.t he act ual
ool of atPEnR I nAGHF SBCHG PBsTERT LT HESTAT T bdding LR EERH Brat | on
errorssi gaakn 44 1 eahps eCoNd:1 dftielit BForihe! RedbGFed RRAIE1 AN ¥r IAEN the
acceleration not resulting from the acceleration set point feedforwar
si gnal Afafccesef£eli dmakdi 0he pddie isaceberat measasad f alllswsihgmSdbmithany

acceleration error signal 44 is deduced fromthe difference between the set
poi nt posielrvhaignadeans therefruaFupoksn.i epe2dfby Heder obmpenentsemaryati on

error reconstruction filter H, as indicated in Fig. The, accel erati on
orror 1 edgnsorhidann RSl th sBReParh Joegser Sractietheghini the Gbject
differen%hggﬁfI&pagughf%grfgggﬁgﬁgg,ggs input twice with respect to tine.
Because of he sign difference of the output of this 25 reconstruction
filtes H conparedruothée, atigisiathaciasleptabhOias MRRAUAGSBALb&] gnal 12, the
out put of second filter Hs is added to the position controller force Fp,

i nst ead oflbeloy ulst Aathedrdplym projetimey @ppanapes sdit skphlédd n the art

w Il readily understand fhat an inversion may be gerforned bg a separate
inverterUFSeEBF??ﬂth?ﬁetg?gﬁFesent invention may be employed in any system

controlling a position of an object. Therefore, the above description

is not intended to limit the invention in any way.



30 difference of the output of the reconstruction filter H a9@aTeBER 2006
subtracting the resulting signal using subtractor 8. 19 OCTOBER 2006 29
Whi | st specific enbodi ments of the invention have been described above, it
wi || be appreciated that the inventi on3|91ay be practiced otherw se than as
described. For exanple, as stated above, the actual position may be
measured i nstead of the acceleration, 5 which will then be cal culated from
t he measured position, or both the accel eranies and the position nmay be
measured, allowing to omt any calculation neans therefor. Further,
specific filter conponents may be included in H(s) to cope with

hi gher-order effects in ﬁ.tq% ob%ecﬁ. filter Ho such as_resonance s. 10
Further, whilst théinvedti8REAAI K CdESLrThEFPPA2 PRI ETRE 5t8%4

i thographi ¢ proj ect i@n12RRAT GhdISovkhn OB L Ren LSS thaad that fhe present
invention may be enployed in any systemcontrolling a position of an object.
Therefore, the above geseidyltaroa sulSstritel BhBhelask 20 masRl table, lamdenti on in
any way. 19 OCTOBER 2006 30 CLAIMS 1. Lithographic projection apparatus
conprising: - at |ea&sPoshbliemveairelodydsam Havi AgRErefsiang( A) Posit isar ofcul ar
a substrate table Oj['%?.? and - a position control ,is%stemfor

mask tabl e,
contral | isf‘?gldamﬁﬁg?kf b@fc.tS Elé‘? PIFdVE8DI &° joéctq?’sFﬂB POF ORI cOnt rol
systemc i't%ﬂg%g%xgqile&' ?8) C&m;ﬁﬁltliﬁ?eée g)bosqL&TiBHt Ebﬁ'@rc?il%‘}sFBké?é‘ (Fp) ;

controll force and a position ack circuit (22) teeding back a
det er m nechdet pakit msifldedBatR0difuitthe2opj Reidihg Back Npetelrmihed pagiuaion
controller (6), 10 characterized in that the position control system
further momyirses2@n ofctbkerhl¢an tooanr ohpwy Stfe e 3d9s idormr iconhyoller
(6),
10 characterized in that the position control system further
comprises an acceleration control system (34) comprising
- a first acceleration circuit branch comprising a
subtractor (8) into which the position controller force
(Fp) 1is input; and a first filter (Hf) having a first gain
15 (Kf) into which the output of the subtractor (8) is input
and outputting a control force (Fc) which is to be exerted
on the object; and
- a second acceleration circuit branch comprising a second
filter (Hs) having a second gain (Ks) and into which an
20 acceleration control signal is input, the output of the
second circuit branch being input into said subtractor (8)
to subtract the output of the second circuit branch from
the position controller force (Fp).
2. Lithographic projection apparatus according to
25 claim 1, wherein the acceleration control system has a first transfer
function (Gl) for the position control force (Fp) input to the
subtractor (8) and a second transfer function (G2) for a disturbance

force (Fd) directly exerted on the object, the first transfer

function (Gl) being substantially equal to an object gain (Ko) and



- a first acceleration circuit branch conprising a subtract ®® Q@&)OBER2006
whi ch the position controller force (Fp) is input; and a first filter (Hf)
having a first gain 15 (Kf) into which _the output of the subtractor (8) is
input and outputting a control force GRc) which is to be exerted on the
object; and - a second acceleration circuit branch conprising a second
filter (Hs) having a second gain (Ks) and into which an 20 accel eration
control sir@gnakcosditpiisferheunet B (GD) t being eeaadatlly Catdl 1eranBin haieng
input into said subtractor (8) to subtract the output of the second circuit
branch fraamecthgaposikd)ontbenepindtegafinr ¢éo) Fypstantialhogaphing proj ecti on
appar at us, accord 1, wherein, the acceleration control system

i to 25 clai
has a fi rlé’tveffﬁﬁn%#]g"rhe F’l‘ﬁ@t?gné%%ﬁbjﬁﬁ {HdWgosi ti on control force (Fp)
input to the subtractor 4(; ; fer t] r a
di sturbance force 3('Fd) |lr%}e18??§plglx§%t%ggg8%{%g§p S‘fég?g %‘ﬂ%lﬁ%ét E(?r ansf er
funct son (1Gin beiwgeribstast hatdderequah Eontvlokyecémgeie) Hie) aasshdtea
OCTOBER 2006 31 the second transfer function (G) being generally snaller
t han t he laghj gaingtiln .( Kbk, fihet dhjassfeyafunqtion d@bstkeiral |y equal i ng an
inverse of the mass of the object (1/%‘. 3. Lithographic projection
apparatus according to 5 claim2, wher&im_the acceleration control system
(34) has a selected loop gain (K1), the first transfer function (Gl) being
Gl=1 M the second trar}sfer function §‘%21§ge‘ ng =1 mtKlI 10 and the

|00p gaerqﬁ<§?cB%§rﬁfans er function (G2
1

G2= ,
m+ Kl
10 and the loop gain (K1) being
KI=Kf -Ks .
4. Lithographic projection apparatus according to

claim 2 or 3, wherein the first transfer function (Gl) does not
substantially vary as a function of an input frequency, and wherein

15 the second transfer function (G2) varies as a function of an input
frequency.

5. Lithographic projection apparatus according to
claim 4, wherein the second transfer function (G2) i#creases with
increasing input frequency.

20 6. Lithographic projection apparatus according to
claim 4 or 5, wherein the loop gain (K1) is provided by a frequency
dependent loop filter (H1l(s)), the frequency dependency of the first
filter (Hf (s)) being

Hf (s)=1+ 218
m

25 and the frequency dependency of the second filter (Hs(s)) being

Hs(s) ) .

7. Lithographic projection apparatus according to

claim 6, wherein the loop filter (Hl(s)) is a second-order low-pass



KI = Kf Ks . 4. Lithographic projection apparatus accordi ng19 OCT®BERDD6Or
3, wherein the first transfer function (Gl) does not substantially vary as
a function of an input frequency, and wherein 15 the second transfer
function (&) varies as a function of 3h input frequency. 5. Lithographic
proj ection apparatus according to claim4, wherein the second transfer
function (&) increases with increasing input frequency. 20 6. Lithographic
proj ecti gaigpparatus according to claim4 or 5 wherein the |oop gain (K1)
is provided by a frequency dependent |loop filter (H (s)), the frequency
dependency of the Bi.rst Lfithesraghtic( k] e irg H@pésétuﬁ.aECHt@$¢g td 25 and
the frequency dependency of the second filter (Hs(s being 7. Lithographic
prolectlGﬂaéﬁp%fdﬂﬁ§eé€cBFﬂl¥RfH<§1IEF5|ﬁpds %hé?e¢?1%49§9Fégﬁrfilter (H (s))

is a second-order ljow pass g%! E hogr i

proj ection appar at us' accor S E‘gﬂg%lo\% a%élg%lgt{%s %Icgéghpg‘gt%rpgﬁil (s))
I S ansi nteggeRé Oredddihit Bpgmdohlc@la@é@t@@{ue@n iappRd@ttle dee9f dbMddiRraly 5
of the preceding clains, characterized in that the position control system

is a d|S@yetemtlsn@.@ysbentelmndeswhoqmaphlc proj ection apparatus according
to claim9, conprising one or more delays, in particular a process
transfer function d&lay PEb?OQ%ﬁRQHCnErEJ?quQ§ePPE§r%ﬁ%%1QQQQrGBP%CWD 10 an

accel er atcllgn ngpasur ¢ r'ﬂ_:-\[gtin%I (%rgé/ %%rgq&%l#}?t é?‘q?‘%‘_ﬁq’) tchl(al&e%ogﬂ?ceas,(zscel eration

circuit branch in s rles e secon
transfer function delay (Dp) equaling z® in series with the object,

10 an acceleration measurement delay (Da) equaling z™® in the second
acceleration circuit branch in series with the second filter (Hs), or
both.

11. Lithographic projection apparatus according to

claim 10, wherein
-(p+q)

15 Hf(z)=1+ HI(2) , and
Hs(z) = Hiz) .
z~(P+a)
1+ HI(z)
12. A position control system for controlling a

position of a moveable object, the position control system comprising
a position controller (6) outputting a position controller force
20 (Fp); and a position feedback circuit (22) feeding back a'determined
actual position (20) of the object to an input of the position
controller (6),
characterized in that the position control system further
comprises an acceleration control system (34) comprising
25 - a first acceleration circuit branch comprising a
subtractor (8) into which the position controller force
(Fp) is input; and a first filter (Hf) having a first

gain (Kf) and into which the output of the subtractor



11. Lithographic projection apparatus according to claim 1019 @osaer 2006+q)
15 Hf (z) =1 + H(z) , and mHL(z) Hs(z) _ z-(P+9) 1+H1(z) m 12. A
position control systemfor controlling ? position of a noveabl e object,

the position control systemconprising “a position controller (6) out putt| ng
a position controller force 20 (Fp); and a position feedback circuit (22)
feedi ng back a determ ned actual position (20) of the object to an input of
the position controlker ifH)inpabar ¢ enitped of tHwtfitrbe poOStér OMEG OB
system further conprises an accel eration control system (34) conprising 25
- a first accelerati oﬁx%liﬁf%iotﬂ bhan%bﬂ%rrplan@i ng a subtractor (8) into

whi ch the position control for E) ) l{) da first filter (
having a first gain aCﬁF eﬁ?ﬁ EAHESY Biﬁan(? FREP LB 6t S?C‘i
OCTOBER 2006 33 (8) . l.=§1é u(tH’s)tﬁgv?rgé %u%eggn&hgfafﬂ r&s) f Lha efnddfohi BE
exerted on the object; - second accel eration ci rcwt branch corrprl si ng
a second ‘filter (I-lsag&amemglapseﬁﬂmblg@l@néKsJ)s amgutnNt ehavhdedpu@nof Sthe
accel eration control signal is input, the output of the second circuit
branch bei ng i nput insecend ¢iggbtit aeraych pging oinpust nace saed csgecbdrt he
second circuit branch, fromthe position controller force ( Px)
(8) to subtract the output of the second circuit branch
from the position controller force (Fp)
13. A device manufacturing method comprising a step of
10 controlling a position of at least one moveable object, in particular
a substrate, a patterning means, or both; wherein the step of
controlling a position comprises the steps of:
- exerting a control force (Fc) on said moveable object;
- determining an actual position (20) of said moveable
15 object;
- feeding back said position (20) to an input of a
position controller (6),
characterized by
- subtracting a filtered acceleration control signal from
20 a position controller force (Fp) output by the position
controller (6) using a subtractor (8) comprised in a
first acceleration circuit branch;
- filtering the output of the subtractor (8) using a first
filter (Hf) having a first gain (Kf) comprised in the
25 first acceleration circuit branch;
- determining an acceleration of said moveable object;
- filtering an acceleration control signal using a second
filter (Hs) having a second gain (Ks) comprised in a
second acceleration circuit branch; and

30 - supplying the output of the second acceleration circuit

branch to the subtractor (8) comprised in the first



13. A device manufacturing nethod conprising a step of 10 cbhOCIOBERR0H6
position of at |east one noveable object, in particular a substrate, a
patterning nmeans, or both; wherein the_step of controlling a position
conprises the steps of: - exerting a control force (Fc) on said noveable
object; - determning an actual position (20) of said noveable 15 object;

- feeding back said position (20) to an input of a position controller (6),
characterized by - subtenetdtigrm clirbtief adamenel eration control signal from
20 a position controller force (Fp) output by the position controller (6)
using a subtractor (8) conprised in a first acceleration circuit branch; -
filtering the output of the subtractor (8) using a first filter (Hf) having
a first gain (Kf) conprised in the 25 first acceleration circuit branch; -
determ ning an accel eration of said noveable object; - filtering an

accel eration control signal using a second filter (Hs) having a second gain
(Ks) conprised in a second acceleration circuit branch; and 30 - supplying
t he out put of the second acceleration circuit branch to the subtractor (8)
conprised in the first 19 OCTOBER 2006 34 acceleration circuit branch.





