.3 JKLMe3eD, 6TD-1 _ * 159159* Lithographic Apparatus and Device Manufacturing
Met hod The present invention relates to a device nmanuf aﬂummwmmmmmw
conprising the steps of: 5 - providing a substrate that

partially covered by a | ayer of radi at_ilpn sensitive materi alsjsorsosprovi di ng a
proj ection beam of radiation using a radiation systenm - using patterning

means to endow the. i y 1 . 0.t S section; 10

- projecting the %éﬁoglr‘aﬁgﬁé gggrgn'eagﬁg %%péﬁcgﬁk%ﬁ@c@p{ﬂéﬁgﬁ“%zni on of the

| ayer of radiation-sensitive material, - positioning one of the substrate

and the patterning neans with a planar notor; said planar notor conprised

of a plurality of coil-sets, each producing at |east one primary force in a
ction. and spurious.tor ssoci.ated with 15 the

gi ven di t |east. on ue y

ori mary Fof Biseht NenBon iR ooy g et Nednethod Sombtsing MecleRtoRi ng t he
prinegy for ce?rdvﬁﬁﬂgw@bst@te%ét%at 1EAepRAaNY EREHbYS 13y RhARGEn-MOt or . 20
The term "patterni ng neans” as here enhpl oyed shoul’d bé broadly 1 nterpreted

as referring sensitvamsatericdt can be used to endow an incoming radi ati on beam
with a patterned,cross-section, correspondjng tg a pattern that is to be
created in a P’é?rvbcé?g E)BF"&"?%‘H“%F“PI‘?&%E’W’&{“@%rtaﬁ’é“?‘gfwem;i ght val ve" can
al so be used {fin} PhtferkifBhEhs t0AEHAh YrojedBoh BEart Vi 12 i¥¥ drbss.
correspond to an%grti cuPar ?Jr?cti ona{’l ?{nglerofln %1 delf\?xla(?%ttfggf ngl crrlésast ed in

the target posdctiom;, such as an integrated circuit or other device (see
bel oy) . Exanples of such patterni n? means include: A ma The concept of a

mesill s o P RitGtATE Th BRI 5D O HHGALOR APHCH HAGES PREGR A e i an

bi nary, al ter;&aﬁ&tﬁg_sgﬁ@tq@éﬁgﬂeﬁgl, and attenuated phase-shift, as well as 30
various hybrid mask types. Placénment of such a mask in the radiation beam

causes sel ect postioningiemé sfsthe subisiratetahé thegmattenfingmearsnsith s planar makk) said
reflection (in the case of a reflectjve _mask) of the radiatjon inpinging on
the mask, accBlraHT‘rrfBO‘PBC‘?TH%“ﬁ’iQtO?éPﬁlfﬁlﬁyt"ﬁé"‘i‘ﬁé‘ﬁzeaF]PlP’E%‘@“B&é‘éi%?t %R€rmsk, the

support struc Hﬁﬁgwotde i eRl ditctish shd at 168t Wuha&l t%mu\emss&'st@awiﬁﬁ t hat

the mask can be héld at adesired position I e Incon ng radi ation beam
and that it cﬁmpnimamﬁc&de,rtethmh(véngpanbfethb@mfnosm;ai&lsired. - A

pr ogr ammabl e rror,aryay. One exanple of such a device is a matrix 5
hddressabl e sAFFERBINGIT RmEVPEELBALE] fo St MsiPoPpBIE At PR oct i ve

surface. The motor.

20
The term “patterning means” as here 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 context. Generally,
25  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 it includes mask
types such as binary, alternating phase-shift, and attenuated phase-shift, as well as
30 various hybrid mask types. Placement of such a mask in the radiation beam causes
selective transmission (in the case of a transmissive mask) or reflection (in the case
of a reflective mask) of the radiation impinging on the mask, according to the

pattern on the mask. In the case of a mask, the support structure will generally be a
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. basic principle behind such an apparatus is that (for exanple) addressed
areas of the reflective surface reflect incident light as diffracted |ight,
wher eas unaddressed areas reflect incident Iight as undiffracted Iight.
Using an appropriate filter, the said_ﬂpdiffracted i ght can be filtered
out of the reflected beam leaving only the 10 diffracted [ight behind; in

this manner, th m becones tterned accordi to the addressing pattern
of the mat 1| xPASPECoRBE ourrL e BhSK PEFRLETR 4 fosbaf pEOTH e
programmebl e fRchhiHg radiatidn BEA, QX8 tift FRbA b nve@RAATRND Y bdahitYf sgi rrors,
each of which can be individually tilted about an axis by applying a

sui tabl e | ocadlasiredl el ectric field, or by enploying piezoelectric actuation

neans. 15 Once again, the mrrors are matri x-addressabl e, such that
addr essed ni récnrggrwmabﬂémr@etaﬂah ﬁ%ﬂ%@Fﬁ"H@le Péﬁﬂcgtai NICGASHMAHIXT di f f er ent

direation to A N i : e IS
patt g% ned accordi %&§o t Cghg‘ggé gs“s*ﬁedgggfzﬁ? tO Feﬂr;Il ﬁﬂgkrtahggrg%ﬁc:ug?g%%ég%l e
m rrors. The bagppriretplerbehinkswetidnappirags dsathat@orpanmpie)addresied greas of diel e
el ectroni ¢ neans. .1n both ﬁf the situation des;,ri bed 20 hereabove, the
patt er ni ng mesHECtHESuHasRye %‘@ﬁﬁ@ﬁ%ﬂlgh‘tﬂs@‘%’?ﬁﬁp ighia siheress PRyidressedys. More

exanpl o {1 ontEh g i hefths SRERRARPLERT Lo R boBfordleBoNR weSia, oo
pat ent appl i caidiffiastedllghBéande FltetstonOf B2/ r3E 361 beak, téavirigeonineter por at ed

herein by reference. In the case of a pro%rparmable mrror array, the said
supp® t st r ucdiffracteslight beljad;dpys maang sths beamhscynes pateedmaggording i) e,

whi ch nay be fi d } 1] - gr . LCD array. An
exanpl e of su%hégﬁg%ﬁl@\tg%ﬂ %r}ﬂiég{agrwbe&n&?sﬁa %@%@%QS{\ a{ es gltv lgnt us

5, 229, 872, whembodimentrufarppogrameanibleanieton ahyy eprye aaeatridarradmewent dhenys uppor t
structure in this case rrag be enbodied as a frame or table, for exanple, 30
whi ch may be TiI® egeh apwhish sabe indhidyadly tilied abontap a3 DYAPPLIRGHA | city, the
rest of this . 1 &l p@g%' %y)& Lcal i jtself to
exanpl es invo \?/tlé {rjllsrﬂgéé#ﬁgidgﬁg& ﬁ%@kbt b déﬁlgﬁlg ve?,élg% 12 a%%ﬁ@é’gﬁ’%%‘ﬁ' nci pl es
di scigssed i n Ohiagains tRNGESrsSie matribaddressableNsuch ¢hdd hoddssed eifosxwilpf t he

-3 patterning neans as hereabove set forth. Lithographic projection

appar at us carfeBect 3a dgrontipg radiatiop beamiim adifferent tisegléen foangddressed grisroey
circuits (ICs)chi d i circuit
pat torn_cor r ESuRENED 1R 1EAREq i RBbIGHA RERRAER, HENAAENRIAC ° ol
can be 5 i magsfdhomatrixaaddassyaitle midtbrsO Mhé eequired amparix addigssipecagtbenor e di es) on
a substrate (silicon waf er,zf {hat has been coated with a_ layer of

radi ati on- se gd heing pyitaple slectioatomeans. fpbth of thesityptionselesgribed wi | |
contsai N a wh m?]?# t . i sively

i rrazgi at ed viq{;?%aﬁg{%%ﬁa%l 0 @g%%}ecr?]h%é%@hg?%etéfri(}gngr.etpﬂ?érgﬁﬁlr%gﬁeﬁﬁ gﬁ%ar at us,
enpl oyi ng patdreaysi Mpréinfantmiek on mifronmsdystaahee, referdd $6 caichd gleanednfope made

between two different 10 types of machine. In one type of |ithographic

proj ection apf‘ﬁamﬁlemgr?nb‘d@#c{)%fﬁﬁé? atgnis i o208, 89} ﬁ%ﬁt@%@%ﬁ% CAg t he
entire mask RALLEERINGohs D SP5837 RIWLIR/A IR G SHER AN ARRRLA US 1
commonly referred 10 as a wafer” stepper. I'n an-al ernati ve pparatus
commonl y r ef esyrreférdnoe.aln the shsefof apogre@madRnairadr Usray, thecdid bepr@et stRetfiré on i s
irradi ated by progressjvely scanning the mask pattern under the projection
bea®in a gi VB besrabadiedasiasframe erc&agbnfoeteh@np@cthhﬁgaybﬂfi)@@tqrmv l e
synchr onousl yas%Q@mhng the substrate table parallel or anti-parallel to
this direction; Since, in general, the projection systemw ||l have a

magni fi cat i onA pagkanmbble QTR aRAY. Wnexhmple i iich R@6ktivicAbdn Wiedh inNenifadbst r at e
table is scanned will be a factor Mtines that at which the mask table is

scanned. Mor eStatas Bataatt WD A, 24P 8A2.rvehjeh i ineorppratesidresgin iby refexenew dAsaabokier e

descri bed can,b | eape f.or, .exanple,, fromlS 20 046, 792, i ncor por at ed
ner el n by 1ot Seet Rcr B ARE TPy SREMELERG® & (PE G BPE
projzect i on appRERin4§ be #ixBdbf Movatl€adreqhiled® Mask) is imaged onto a substrate
that is at least partially covered by a |ayer of radiation-sensitive

mat eri al (resi st) .Fopphmosasofishmplidityaihe mest of this texhmag, b sentain docatignsinder go
various pragedures, such as primng .resist coati d a soft.bake. After
exposur dpesfigaiihEEfde EXaRblen i Slyinet nagk fa ac o biuditrebe BH as a
POSt - eXiRFiifesRRdefssel Bl uchdfM AP IR bsdda i A SaddP Gontext of the _
measur ermment /i nspection of the inmaged features. This array of procedures is
used as a basis to pattern an individual |ayer of a device, e.g. an IC.
Such a patterned | ayer may then undergo various processes such as etching,
ion-inplantation (doping), netallization, oxidation, chenp-nechanical
polishing, etc., all intended to finish 30 off an individual |ayer. If




. 15 1ithographi c apparatus are described, for exanple, in US 5,969, 441 and
WO 98/ 40791, incorporated herein by reference. Figure 2 of the acconpanying
drawi ngs shows a planar notor of a previously known design for positioning
t he patterning nmeans and/or the substrate table. Further information on
such planar notors may be found in WO 01/18944A, which is 20 incorporated
herein Eﬁfrf%r) %ﬁasﬁmawv@@&rfoﬂgtor as shown is conprised of a stationary
part 1 d vabl e part 2. The stationary part 1 is conprised of a
plurality of pernditographigpesjsctin a@paﬁtussenhc eskdpforaxaraplej srthe These magnets
are arranged in roms 6 and colums 7. gure shows, a detail of the

st at i ondPgnufactyre of piearaed gr%taﬂ%tlarsuclsw&r © PHETRING SHPRE 3K SeRTile

magnet s ari zation
of the dalfg%gttg.%ﬁﬁ%eac Ogglhg héeg}rggl\%}s‘ﬁ%&an& rc%ft}t}%mhg’ @?Q@g})g@%ﬁnt@ alg?% mary
magnst s imageéll @te a targ@ o @ eU comprigihg dieorr mom i) be apebaratez@ilicon are
anti-parallel to each other and perpendicular to the pI ane of the

st at i onarafer) tat has byen cpated With drlayss obradiationyieasitivmateral @ofisthin gencalpdignet s

3ot 0 e WROBGh 3 Bice ALLBAOG et AREALH G B8Glhcesive

confi gur £s say, are arrange%I such
t hat thefradiged mﬂebtcﬁed@@h@wt&ﬁtoﬂémla$1rr&$[lpﬁﬂfﬂn€h{$p%fatﬁ@ etnpddyi®d the primary
magnets 3, 4. Figure 4 shows in detail the noving part 2 of the presently
known plpartammgdty(ﬁmamn maskeiablene distiactinarcap be gradp bgbregn tweidiffexenty and z

ol el RS BRaTiR dong Wod of Mlogifich-tPush et ErcpluigdpBiBt 0 11

pl anar nRhdiated DR exs@ig the ertmea@eek Qrtérh ohftthsew gdl PoRintin Hnefgof hehlahanar
notor may be used as the ori he nmovi ng part 2 of the planar notor

consi st $pparaigs isgiommenly refgrre t01as apywafen eppsh I ap giignative ApRarRtust—t he coi l

7ot or r oo Bt b B8 ARATER SRR 2 MR e TRBRIAVS AR pF O

dependi pgogreksivaB srcamrmgaﬂreamsrerpaaad u@déﬁh@ Projéttioh ®eain Gh b @Blcn@eferchée forcers
are arranged in pairs. As shown in Figure 4, forcers 11, 12 and 13, 14 are

or i dAt atdirectinncthe; lseanningsidiregianyarhile synchronouply scanning @E sebstiateriablehese

forcers ar her for t roduce f.orce in.the X direction. as
the 2 appialel St il b iifisPhd sibe 19 aRert e d ot oS BT B e
such t hataghifRiafioPfacoR M (@nkRlly % 1)tht Beeed Wit Which @ik subliese tdbf §eEsnnedovi de
forces in 10 the Y direction as well as the Z direction. To produce a force
on the nolkibag fpeter Mimes thateat whighy the magh tablehis srfmngd Meterinfrmptiompithr s 11, 12
and the SeeP re uni.son he first
o of SRRt giCR SRR ddringd BRBY Blsfned R ERRe, HORYS P er at e i n
0ppQei t & 0461792} inodtPortddiietdie bibferenédle Z axis is produced on the noving
part 2 of the planar notor. Similarly, to produce a force on the noving
part 2 of the pl akap mapuf@eturing PB)CF%‘eUSm&ﬁ lithegtaphic PFWéthan@Pali@alSraof
Y-forcers, 15, 16 air far s.17 e i,n _uni son.
When thggttt?rpé?gpar H’qasw&? &%g e?%t T§Ub rgte tggtrlgt%ﬂeg%t%n@b %8&@?‘?& pair
of Y-f 0rofJﬁfdiiatlbﬁvseﬂﬁtlvoamht@ﬁﬁll{ﬁbsébbpPhort fohi6 imvsping Isﬁ:pathe@umfawﬁeﬁuna’& ®roduce
a force in the Z direction, all of the forcers 11 to 18 produce therr Z
forces VAHQHSi psoqrdurpersqglegs priyaing, resist coasing avd aspf bakey After prpRbytse theby

operatin first forcers 15 .16 to roduc es inthe Z
v a8 ot b Rl et PoE&lles Sup' R AmRERNGE vaks TS L 0sed 1 o
t he secqagklfhént Of ha¥d baleCdmdaduredBn@ispdchitn ereqeriﬁtagai fea®resXThRae@ys 13, 14
or by operating the first pair of X-forcers in to produce forces in the Z
di r ect i ohpiogedmi¢ssis sag asta hahe g eaitmrd arpaidrmdﬁal\lra}feopf:edcvmad HppdSetucha t he
second i orcers and the, first orcers, res ectrvely 25
By conbPAMTEE] KermanaBes wibter ionk praseSan s Hisbdle pusmagTRson

posi ti 0'(d%’itﬁk)Vﬁé@ﬁizﬁﬂo@hxfdﬁﬁomﬁéﬂg rﬁ&h&mgalq;ollﬁlﬂﬁg wt@nﬂ[ mtatde& td‘ﬁ)ﬁsﬁe
controlle h all six degrees of freedom (namely ©'n each the X, Y and Z
diraeti offsanandivallu@ldaymtxlé se\paal ddylesd are oeqeaeth, tbén thleevbo,le pfoacﬂilrz atianacighons) .
The Z-direction forces of the for ers g e used t bear t.he wei ght

of the HEWERgYiHAYe o b repeated s gp Pﬂﬁ"ﬁh@ AeYiRRSMEREt for
30 a se rates with
the X aE%'S%*‘S&FE@%‘*fb@? z’f‘?n%fét’ﬁ’g””essrﬁfﬁt@;t@;%%%ﬁ%? 3 QIR pRiR

or i ent atdchniqoé suches divivig & sawthg; olhenaesthe imafivitiha daercaﬁcmﬁe wegited snaf t he
stationary part 1. -6 However, in addition to the forces in the Z
direction and one of the X and Y direction, each of the forcers 11 to 18

al so produces a spurious torque. The X-forcers produce a torque about the Y
axis and the Y-forcers produce a torque about the X axis. The torque
produced |s a functron of the force produced by the forcer |n the Z

- - o N 1



. providing control signals to the coil-sets to effect the prinmary forces

I ncl udi ng the corrections. This nmethod represents an entirely different
mechani sm for dealing with pitch torques to the presently known techni ques.
It is advantageous in that it providesgan 5 opportunity to reduce the
effect of pitch torque produced by the coil-sets in a planar notor w thout
requi ri ngyrAddbddreBRl to ﬁf?ﬁ%&%hﬁérﬁnf&ﬁnbﬁéﬁﬁ%&nd $ubE pfR¥iBYcRpkd Of the

pl anar notor. It can therefore be tuned by adjusting control paranmeters

r at her t distainkd, fowexantpld,dromathe bohy $Miabchdp FebridationsA tPoadtical Gejde poent . I n
particul ar,, the correction e derjved fromthe required primary forces
10 rat he§erflwammi1’tr%9q8ﬁagvﬁ§iyre' ft&nehssﬁctsa%%wtﬁﬂe&%éﬁmlfgﬁbwtngon and

t he obsegrye ' @_W_ V] & tlchpl@ this notion. This

Si gnificgﬁ't’ 3@7'3211‘) uces tﬂgﬁ(r)s\'(/)ezif%&ﬂeb??tg?flérgﬁ]t e ﬁ%{#g]n The spurious torques
that sare conpensat Bet thokakerf simyslicite} the graj¢ctionagneningdyl hereihifess dewbferrbd ar e

generated by each coil-set and act about an axis that is perpendicular to
the 15 diorasdhe densor haweyer. tif iermahewld he buoadbyingRrpietsd as SNEQIBRASSIRE Yapiavsl | el

to th - ] i & Di; 60 | - T L.ni th
cor oot | BRSCerroffort Bslsth, Mtiifl eRfeVE corS€ eiiebhiGe ShAR, R SRBESEL 1, o1
be causegysieynst foe ex@fpler Tkt Rdiates yysteni arg abeiindudd@mmshety opbrtifgi | - set s

wi thout the corrections and then determ ning the conbination of

suppl enedfcardingto agy iofthege designdypesifor disecting, shaping of peptrodlingithe Psojedsicfues on
t he npvin t .of. | anar r r p ke o the sum
1 B A ol e SRS e BB S BB L L0,

cor r ect i gfigulariy)as a Pre@s’e GuftRerf O IR Adppacatisahapbd 6tha type GbEEg two or
significantly reduces the effect of pitch torque using straight-forward

cont rol @erehezate Bblea|(ansyerdwpempore mask tables). dn surst @ruHiplentpge héevdensr ect i ons
may be ptan: Qi1 l?%bl?sﬁxg%; E@ V\hﬁﬂyeeﬁ%t‘ ﬁ%xﬁ&c&’ (ﬁ?@g%@%@ﬁﬁeﬂs%afﬁec La & eonzf)%tgﬁler ed

primary Torces suc he sum “correcti’on” forces an
requi r ecorfihor@Rables WhilSnerdrendid plliee bl atdBeif@iided 6t Sxpobilires. Il ofagé he ef f ect
of the primary forces and spurious torques substantially equals the forces

and ¥or ditbegrephjoapratatug agidescsibed Her prasmnle,dnilliyS.26944! asl WO 98/408edure for

produci ng the offset. is rticularly beneficial since it substantially
elim natlggorpﬂré"?eéifl}eé%?lb&f&?rﬁgcespuri ous pitch torques. According to a further

aspect of the invepigiR iR &cofmphhiig RV iRgsGABRE b Plarf ABEGHDBEhOT
controlling a |lithographic projection apparatus, said conputer program

conpr i siprgviewdr knowy desigrafios ppsivioning theatteming meansmpdios thessubsirgie tabdy. m t he
fol I ow rﬁlrﬁ}e?&%mation on such planar motors may be found in WO 01/18944A, which is
20  incorporated herein by reference. The planar motor as shown is comprised of a stationary
part 1 and a movable part 2. The stationary part 1 is comprised of a plurality of permanent
magnets 3, 4, 5, secured on a carrier. These magnets are arranged in rows 6 and columns 7.
Figure 3 shows a detail of the stationary part 1 of the planar motor, showing
the orientation of the magnets. The arrows indicate the direction of the magnetic
25  polarization of the magnets. In each of the rows 6 and columns 7, adjacent primary
magnets 3, 4 are orientated such that their magnetic polarization are anti-parallel to each
other and perpendicular to the plane of the stationary part 1 of the planar motor. Between
each of the primary magnets 3, 4 additional magnets 5 are arranged in a so-called Halbach
configuration. That is to say, the additional magnets 5 are arranged such that their
30  magnetic polarization is perpendicular to that of the primary magnets 3, 4.
Figure 4 shows in detail the moving part 2 of the presently known planar
motor. For convenience, a set of orthogonal axis X, Y and Z are defined, as shown, such

that the X and Y axis are in the plane of the planar motor and the Z axis is perpendicular to



, - positioning one of the substrate and the patterning nmeans with a planar
notoor; said planar notor conprised of a plurality of coil-sets, each
producing at | east one primary force in a given direction and at |east one
spurious torque, associated with 5 th_es_pri mary force, to the noving part of
the planar notor; and - determning the primary forces required to effect
the posiflionin f |.ana ; i 1 i.d conmputer

(e POSTLL SRS B ol AR BbRR B or SRS A LFE TR ke R P

per f or mhbrer i@y b@%d&%s&h@@@%ni@he QIR pEtD ARthé plafir isiot Bohsisey ofeRedi] of the
required primary forces such that the effect of the corrections at |east
parti al IsptsddripéBseauatcdfara base 18.ukadr ofithe caipsats ra pravadegueith tee plmseovi ng

t of th | an X d - j di trol si, l.s t h i,| -set
P oL e R crBlenl Lk R PRSPl B PUAE S Kiet R bSePRY £ o8
further @ep&GE dBferdli dHEPbEAad SEIR 4 Prddif et diréotion! ReQTERBIsGPT 0] ecti on

apparatus conprising:” - a radiation systemfor providing a projection beam
of radi atranged in pairsuppehawrsinrRigaradefdrears $ Lpi2oamdil3glparetozientangl swehtisat t he

P08 BEARS ST e R RS, bR RER e 2SR ASE L el 2
Proj ect iy SHREGHR 40k elPAOhE 91 difdBtidd eTIRAhBI s f &R $N6%Und 1

a[gﬁ‘te portion
of the substrate; and - a planar notor for positioning one of the

pat t er niongntaedrsaclathdt their psintasy axis & inald X dirsefiah. pltesaforoas providenfordesimg a
plurality of coil-sets, each producing at |east one 25 primary force_in a
gi vé ditﬁf‘e‘éﬁlr@ﬁn%@f well ?Séﬁgz cgwetl@b ukq predugess éw orythe Hqvingparh? ihthert

pri mary C . . i I : [ ¢ or
Gt o i (RERT, b RiTBX ReteBR11, £ ard}fie BB aif B REfordRE L3, JTRBS 1
pl anar nwunison, CWakena ciectinszeir ofiK-fdraérs 14 2 apithe addoad pait o Xi-fopearpi3,slels: ' 30
- nmeans for determ ning a correction for_each of the required primar

forces SRERIGIALPPPTIE dAeriions adproup abety thet Arisds BOfRerdANdhe MAYING RArb? of he
spuriou : A ; - ns of
provi di ?\%é ngdgﬁlt??to ' %?glﬁg? ’ t%) g)goedggﬁggé%% h@ﬂjceg#ﬁqgép ??3’?3%%?%“ atrrrl’ZOtgﬁi?]n of the
_0_ 15 equhe Edlirectiomhe firor gairsofaindortére 16016 sl thesscoad peiaof Yeforders £1,.18A1 t hough

specific reference nmay be made in this text to the use of the apparatus
accor di gt ippBisphy Bftendhe fisst paEok¥farcstst \$s 46 gperpieopppseddn dhn wpoprd
explicit]ls d h C f: & y ibl

apol | oaPr ot TRRHRORS L8 Blondid bRl BRRAN A Mg G TR T PR TR0

i nt egr atledZ dptdtival alb yithe figrcerg Uil da b8 prozinde theirdforces ipahise.nTorkgaes abrgoet i C

domai n menpries, liquid-crystal display ﬁanel s,, thin-filmmagnetic heads,
etc. ThéhesKiapd Joexis may be pradpeedhypneratingdhe first pair af ¥ Harcesnte P to pragdues,

al t epnatel ; i j : ; ; . i €118 " d " "die"
T D o e MR, £ ey Ry uAen I B el gt B Ketor L L 2 BBl o B Ol
ternms " wEid pairofilysforatre!7,d8dnd tisr gedndoprit ofdXi-fyrecemdpetd ovey yperdting the
present docupent, the terns "radiatioon” and "beam are used to enconpass
all typdsstaref &cforesrninterreduea foregsiin the 7 dieetiandy uniser xithdhe secoadipatti on

(e.g. WioIF Q’ rddey ﬁldeébgb&ng él?ees%goid;'%zir c;fg}@forltél% il Isﬂ iﬁ@pfl-fg}égrs( extrene

t
ultra-violet radratron I'ng ‘a wavel eng e range 5-20 nm,
as wel | raxpeqapely. cl e beans, such as ion beans or el ectron beans. 20
Enbodi nents of the invention will now be descri bed, y of exanple only,

wi t 35 reference to Bryw_é’nﬁ’@é%ﬂ'&rf?ﬁcﬁbpf@éhﬁﬁidﬂ ithe @aBRgr ﬁs§¥ib\§’3m\@h¥hepq gure 1
the. i nv@ayiiah ARBARH o RERBTRL B AR B ITa50E B LOnAMIATRRR SIET " 2
Fi gure Jeglesy sftffecdofl€h@hdly af edchof #eaX | YRAd 7 dieectiontf and abbatdies PRYGNEL to
each of the X, Y and Z directions). The Z-direction forces of the forcers 11 to 18 are used
to bear the weight of the moving part 2 of the apparatus, thus obviating the requirement for
30 aseparate bearing. As shown in Figure 2, the planar motor operates with the X and Y axis

of the moving part 2 at approximately 45° to the orientation of the rows 6 and columns 7 of

the permanent magnets of the stationary part 1.



. Figure 4 depicts the noving part of a planar notor of a conventional

design; Figure 5 depicts the noving part of a planar notor according to the
present invention; Figure 6 depicts an alternative of the noving part of a
pl anar notor 30 according to the presgpt invention; Figure 7 represents an
el ement of the control systemof a planar notor according to the present

invention;  -10 HIGWer,8n h&RAGHRIHS fbesdh iR PalrbdRneRROHE BBiHe X0hndY
el enent of the control systemof a planar notor according to the present

i nvent i alirectiongeach f theforeseht © Faalsdpodedes aspegousftonghe. TheXrfrcess/st em of a
pl anar notpor according to the prese i nvention; and 5 Figyre, 10, shows an
equat i o™} eﬁé‘gq}“ha@g‘ﬁﬂ@rgé’flﬁﬁ fﬁﬁ&'tf?fﬁerﬁipf%ﬁc‘%Br“a'ﬂ%es?bqugaleﬁgaﬁsgures,
corresp i : hadi Walsp ireEiGp g drent 1
o Fi qurg 1O A S e B BT e
accofdi figrct progiupal by the farcerariioedX e it diedctibinand thegotition of 3 iercaripahaXus

conprises: a radiation systemEx, IL, for supplying a projection beam PB of
radi at i ondirectign. Eig spudPUstPIENE COMBPRARt jseteried toay thillchtrau®ase al so

conprises a radi atd ; i . 0P]. eC .

provided with a nggﬁe%%ﬁﬂg?&?ééaﬁ%F%?%%&£9ﬁ%§khfﬁﬁﬁﬁg?gggﬁgﬁkgg%gﬁng) and
connect gthnaPmbiorsto dduffet thereffact df&wﬁitd}ﬂbrq@ec Moaiffettthizpedchiof e fdrdefeinmask
with respect to itemPL; a second object table (substrate table) W

provi ded pairtinofises by gn paroent 42 d Ehe pasitidne] efifsey isssetiodstangthal finf tlee pitcher of
resist-coated silic waf er and_conpect to_secqn 0si tioning,.means for
ot at SR ATRISRRPT g IR ey BEndiE e Pt e BB T BT P ™

proj ect iham of Mietdddtardce!bRfweeh tHLdibgori] liﬁEsrdf?_EnﬂdﬂéHp&laér&'is tha®dit Ble@Bd i r adi at ed
portion of the mask MA onto a target portion C (e.g. conprising one or nore
di es) ofthet famegudrsier, as shown inFipenc@).d Setting &, pastimnalpgtfachtoubisi distaricea/2

flecti ) ..0. h f ti k).. Ho in. I it
¥ so bernies e bl iong i brgisEd by She KfoaTar & vpis ety ofrsehutt BF B si Ve
mesk) . Ak pratibotRl By thé BRCPRRRE B He JIRY TRERFQY YRk PRE 1rfist WhniRakter ni ng

means, such as a programmable mrror array of a type as referred to above.
Thel$oupsieidzr¢.e. g. a | aser-produced or discharge plasma source) produces a

?ielalmu(r)r:c n;ta glr )a t II E?P&%{?ﬁgg laleézaflcﬂprcierss iL%ghis 1nsE Roggveir,l clié'lagivgnatgée%rl}s.sﬁsdtoggl]es the
number of forcers required, which increases the mass of the moving part of the planar
motor and increases its size in the X-Y plane. This also increases the number of 3-phase
amplifiers required (a 90 degrees phase shift is required between the 3-phase current

20  system of forcer pairs so each pair of forcers requires two 3-phase amplifiers) as well as the

complexity of the control system.

25 It is an object of the present invention to provide a device manufacturing
method for use with a lithographic apparatus, such as that described above, in which
compensation for pitch torque can be effected without the use of additional forcers and
amplifiers.

This and other objects are achieved according to the invention in a device

30  manufacturing method as specified in the opening paragraph, characterized by:

- determining a correction for each of the required primary forces such that the effect
of the corrections at least partially compensates for the sum of the spurious torques

on the moving part of the planar motor; and



.directly or after having traversed conditioning nmeans, such as a beam
expander Ex, for 30 exanple. The illumnator I1. may conprise adjusting
means AM for setting the outer and/or inner radial extent (comonly
referred to as a-outer and Qinner, regpectively) of the intensity
distribution in the beam In addition, it will generally conprise various
ot her conpone BT an i at Qb is way,
Che beam o Droyjdifk e S RCB ks hofas U RN IGRE PPk 0.0,
intensity di stonrdatibnon in its cross-section. It should be noted with regard
to Figure | that the source LA may be within the housjng of the

|i t hogr aphi ¢ pr oj edtisaRetiQfheepreserys amentrelyshikfersnt Hechanisel ipp dspligevillbur ce 5

LA i t ! | : th
Tt hogr apnEitiss Be oSl AR Gberidles, 13 allanPBEof it fibWHECa] (O 1 1O
bei ngs | edpl'bdﬁlﬂit?’ Eeredpgathaeffect(of pich wirque frbéucatl dy dlie cuil-dstdin plan eidto”

mrrors); this latter scenario is often the case when the source LA is an
exci mer Wibeut requieng addidenal, comprnsabry otedl-Ctseamibe amyargrassofisbe Rlasar t hese

ios. 10,Th PB sub tly int ts th K whi ch
N L e I e VA
t he beamyiARe pRERAPaltdritfig o iRRquipafentl, which focuses the beam PB onto a

target portion C of the substrate W Wth the aid of the second positioning
means (and i nt er f ehopastieule, theaoue¢ting masabesdarived firomethe wegitiredpsimany FescedT can

P TR i St ehet PSSt bl 90 el P50 0 P e 5
used to ACEGrAi the ROZEdtioR Trdn i) RS KEoAP TN kRnITRARAY teduibestthE oR@hI e@br fuhe

beam PB, e.g. after nechanical retrieval of the nmask MA froma mask

| i brary, thermetioni ng a scan. In general, novenent of the object tables MI, WI
will be realized wih the aid of | ong-stroke dul.e (cour,se positioning)
and a short - stroke" FotRH € %qrg]tgsbl%gia{ &W%@fa&eﬁé’hlhﬁée%ﬁ%e%1 {¥i t 1y
depi ct edihoBe WhitHlafe dencFgMENEdach Lbil-kdt@n8 asatdhit #h M@ Biat SLRARABHICLRS tPROSed
to a step-and-scan apparatus) the mask table MI may just be connected to a
shor 15 st diskationof agtiovary forceprpdused by teadcoilfses ankkparallel do Hpplanet afshe agildhe used
in tw dif ertgnt .goeges: 1. In step node, the mask table MI is kept

essent i aMfyY"Staf?'6i%ry, and an entire mask 25 image is projected in one go
(i.e. a single "flapdstkp BNIQerihiRg URE cRRELSRMEY bl pfotHRa by hRulaBRE g i S
then shifted in the x and/or y directions so that a differéent target
portion urmns teeques tized iwsnbbibdxgausdiebybbamequBed Rrimiary fucas bebgalppbiedbythieal | y

t he sanme scenari | i es, .except,that a.given target.portion Cis not
exposed oSS e armtions o thenetormuring I GmPERtide o U pRlGEMEN 1 a 30
gi vero di p@mbitydorces HEthé oit-aéth fht podacesdbiqad brPthe. méviflg pArh6f the Pldn@eiotst) W th
a speed v, so that the projection beam PB is caused to scan over a nmask

i mage; ctwtyecewal lag oppesite $@ tetspan of thegnusiowytarguesi fiescasveplemeptarp {aseesi n t he
sane or g{gg@siteddi@gcti on. at a speed V=M, in which Mis the

magni fi cat’i A BFC fh Icgﬁgcﬂl_]s‘(typi cally, M= 1/4 or 1/5). In this manner, a
-12 rel atively | armﬁisFp%ca&sr_erf&rédn%nsatﬁgrfmgﬁtmweysigmf&mwreh@desrmge to
conprom se on resolution. Figures' 5 and 6 depict alternativé arrangenents
for the efifact nbpipdrtorqds usidg styéight-forwardrcontyoloromiareispr i mary di fference i s

that.t he f 26-28: .36-3 t I, 5 i i t
Comht ronal desi oRteRt g pe S of GeBiaRERES cmsheRainty phBet e tual
forcers @ferndfindlbibotioRR6icas fRGadtoiin ?éélﬂirecpggﬁl‘dﬁefoi'&"s G8h thik, Wien Ye

direction and, operating opposed to one another, "produce torques around the
Z axis. SimepEtharcerrcationYoifcos amt the 28juired primarhioredsere appdied by tlge ¢ail-sats, s,
produce forc in the Y direction and, when operating. oppose 0 .one

Bot her , i GEE ETbrAs s YU O AT SR 105 (I SHRSTIALY Sas et 10
produceSqy GRREErdglistd'd rell (18 pbliABynR sl son wi th the first - forcer 29
and opposed to the second X-forcer 2/ and the second Y-forcer 29, a torque
abouws0 t he X axi s i Thippestedwd foMiredudidgethtioffsét iXphicalarly Dengficdad sines ita f or ce

inthe Z direction in unison with the second Yforcer 29 and opposite to the
second xsybstapdgllyctiminates e effieptaf the snyFious P toEIUEST que about the Y axis is

produced. The : i LN E | Lol ar
but 15 the arlr%g%gl%lrtl Qg%&}{éﬁggﬁggﬂrégglr@ﬂ{%m% @Ex%‘é%gtd&g@&%‘%?%&g@%r; si nce
t he for cirsomrdlingi lithogaphithro@ctis dpparadthsesgid tomptiter prograns covdprising code
intrinsically conpensated. The X-forcers generate a pitch torque Ty which

i s dependent on the force Fx produced by the forcer in the X direction, the

force Fz produced in the Z direction and the position of the forcer in the
X direction. Simlarly the Y-forcers produce



. 20 'a pitch torque Tx which is dependent on the force Fy produced by the
forcer in the Y direction, the force Fz produced by the forcer in the Z
direction and the position of the forcer in the Y direction. The pitch
torques can be described by the foll ow,ng equati ons.

TYX~=CnFxxnsi n~2~~~x~+C2~Fzx, ~si n~2~~~X+ 2J Cl) 25 TYxz = - C ~ ' Fxxz .
sinl 2 ~ ~ ~ ~ - ~ Fzx2 ~ sinC2 ~ ~ ~.X & 2 ~ C2)

Ty, =, s 1oy fisuyting the SAiasdus ibeitap e SySypig teps!

Txyz=- C, =FyyZgsditioréng ot of the Sibsitare iafd die partéménk tdans!withhbahar motokJaily X
represents the y pitch torque caused by the first X-forcer 26, 36 and the
second X- f or cplan&7motd7 coriprysed @f n phrality of bail-zetpicacthptoducjng atleat ede by t he
first Y-force 28; 38 and the second Y-force 29; 39; 5 FxX represents the x
force gener at BAMAYY forrs 1n p giten diregfiqnand a6 leagieong spumepns toraugassociated wath 27: 37;
Fyy_ 4 epresen J . I Y:forcer 28; 38 and the
secon% Y-forcglr% p%@%%&%%é@@éﬁ%@%ﬁ&%%& Blzsan?[loé@%aor’gaé]r(\lerat ed by the X- and
Y-forcers 26-39erndfinghe gdmaryrfeRreserequired folutfepothe pbsitioning of (e plartie r ect i on,

of the nmoving part of the planar notor relative to a predeterm ned position
on the stati ogky; part; y represents the position, in the Y direction, of

h . . ' . i
the ot at | ariflcln bl G BHOkahMAhiN Gl QBTG BIFSnRER L " he
pl anar i @pparitus bo pdfamahe eappdenitepst or exanple, on its geonetry and the

pitch of the magnets; and [err]represents the pitch of the nmagnets. From
t hest) equat i offerminiagacorectisn feneachof the reguirddepriroary digrcpasuch 2t tigpeffdct t he

| anar motor ¢ be calculated. Tyror - C~ ' [FxX~ - FExxz )'.sinC2 ~ ~ ~
DA o O 58 By oG it Ploringss oF B o G shois ey~
Fyyz )" sinl &nthemoviig partofCthe plabfmotor;anZ, .z ) ~ sinC2 ~ ~ ~y + 2 ~ (6)
Fromthe equations for the total pitch torques Tytot,, Txtoc (equations 5
and 6), it caPropisingeontrohgignakhiorthe eail-pets tarifesbieipgimary fopes istlodmgithe Fi gur es
5 and 6, the X QLSS S and Y-forcers, respectively, are arranged with a

shift of (n+l z, pitch torques are not produced when the force
conpnent s i nAtdediXg k@4 eattRr adpectidfehsiamentindhédes hrofvied ATitheyFmsHient s in the
Y-forcers are the same (Fxx i = Fxxz, Fyy i = Fyyz, Fzx i = Fzx2, and Fzy |

= projection apparatus comprising;
- a radiation system for providing a projection beam of radiation;
- a support structure for supporting patterning means, the patterning means serving to
pattern the projection beam according to a desired pattern;
20 - a substrate table for holding a substrate;
- a projection system for projecting the patterned beam onto a target portion of the
substrate; and
- a planar motor for positioning one of the patterning means and the substrate table,
said planar motor comprising a plurality of coil-sets, each producing at least one
25 primary force in a given direction and at least one spurious torque, associated with
the primary force, to the moving part of the planar motor; and
- means for determining the primary forces required to effect the positioning of the
planar motor;
characterized in that said apparatus further comprises:
30 - means for determining a correction for each of the required primary forces such that
the effect of the correction attenuates the sum of the spurious torques on the moving
part of the planar motor; and

- a means of providing a control signal to each of the coil-sets to apply the sum of the



. Fzy2). In other words, pitch torques are not generated when the X-forcers
26, 27 operate in unison and the Y-forcers 28, 29 operate in unison. This
occurs when the overall required force on the noving part of the planar
notor is a force in the X direction, a.force in the Y direction, a force in
the Z direction or some conbination of’t hese. However, pitch torques 30 are
generated when the fqrce conponents in the X-forcers 26, 27 differ and/or
simlarly, whEﬂutrﬂpﬁwwﬁﬁngﬁﬁ@ﬁfgﬂmlqnﬁétG»P-C GPLEfls 28, 29 differ. This
occurs when torques about -14 any of the X, Y and Z axis are required for
the noving part 25 of the planar notor, for exanple during accel eration.
For a gi ven conbi nalthomgtodpetific eefereateimhap beurde trhthis taxetonkguerafdhd o be
applied to the noving part 25 of the planar notor, equations 5 and 6 can be
used to deRAEINS arsording 9 the inyentiowig the mardfagipre)of des, it Bwylddee explisilypensat or y
torq can, then. be cal cul ate d forc appl.ied t ach.of the forces to
br odue. PRGBS SEh Y oPtEatufRR bCtPu DRIRE bR tRR ey sl e

r equi r edpfa9he empfiyed iPfhd wehufaetur Bﬁini@%’(dté&o;ﬂfb@t sysfenish guidhdaind Aefeefio €
determ ned, and fromthese, in step 41, the forces required in each forcer
are cal cpattermsdfor mageatisploamin miemoties, diquisk-¢rystalt dispdapepamelst thin-fibminmagnptie t  of

t he planar notor. 10 engendered. b r.oduci n the forces.in the forcers is
ol cul ar B ReT SKITEH BNAA S AR R B o sl af BEBRUEBLES (o of f ser
the pit chpdiRhGIR, Ayause dF BeéltetnRdirerithes ey abi R tdie O ®ss kshaddag, in step 44,
to the forces that 'would have been required in each forcer wthout the

pi t clP t oeepsislersdfas beingaeplacadibydhe morcagaporal tamms i 'maskiel'subppite sandi 'targetep 45 to
determ ne I]'t.he,,curre%ntfy that need to be applied to each of the three phases
of each B 'PheFBY"F8rcers to 15 produce the required forces in each
forcer. Al though themebfes&it dotifR, B i&hhs2ERlidiRAYAE dodafh CREIRGRASBL € for the

pitch torque thensel ves produce further pitch torques, the anplitude is
subst ant ¢rdompassaligypeshrdielachemagnetic ahdiptiang indlusting el tfavioldt nadiatoonf (egu mathi aons

shown in_ Figures LA jterative pr may be used in which
subsequ eW?Veg?’?ggl?e?ts?ég? 2%€ 13Pe! gﬂéﬁf&?&%@&%@mﬁﬁwﬁdﬁ“m@% adjptionh eor ques
pr odisc edhRiind @ISR HShY rAgt 6L10 BAS a9 Teh el PartiliereARCARA af Ak iAndsepeat ed
until the resultant pitch torques are below a given threshold val ue. One
shoul d ngjeeironthwamser, that, as the nmonment arm between the point of effect
of the first and second Xforcers and the first and second Y-forcers
decreases, the benefit of this formof pitch torque conpensati on decreases.
25 Table 1 shows a conparison of the torques produced in a planar notor
with the noving part 25 arranged as shown in Figure 5, wth and w t hout
pitch torque conpensation such as that described above. As shown, the

co sation significantly reduces the error on.,the required.torque. 30
Enmbodi nent 2 Fi gur%mgo‘gﬁ’(‘f Og%éeclﬂﬁ?fﬁlo&c‘%’ PP ‘?‘i?c%\b"sdggﬁh"&yé’ﬁ%ﬂﬁﬁént of

t he i nvegdy apit Rifer&UERE Afddctfepdiingd RBeMblicHraliBugSnpduced in the
forcers. In the first step -RS 50, the required forces and torques for

t he novi ng part ofFighes Ipdepinss a Hithographiceroiscéomappethtustceerdiigtosnep 51, the
cont rol %ﬁit m c{eé.ﬁﬁm' neﬁ.t_he primary force conmands that should be applied
to the fIPRELLRAGHET" " WBhen the primary forces are combined with the
parasitic pitch topiguRs ddpits ApRnkA6MeE BFla bivanfibitl Bedip@ry forces, the sum
is equal to the required forces and torques in the nbving part of the

pl ankx notor det erfigned dapicts 2getsid) of thestationampartfafagdarao mukerds are t hen

[i h j .al ith i ch i h i
apel T ed 1o the conmiLal gl gerilm o2, ML ol brod dee, LS oS oty
perform step 51) SoghePRREIH GRviAPAR bdphfaiRsiS A&BrdidP o hobtashng

equation nodels the noving part of the planar notor in the 1deal situation,
wi th 10 mwengionch torques. In order to provide a unique solution, the nodel
requi res that thehlrgorce (fo onerlts in toggkfz-di.rectiog of the X-forcers
provide hal f of t HI8PEOHePics} apaliematiyg of e BeYing Rar Qf 2 RS or ce
conpgen 4 ~di Lo Pf the X-forcers provides half of the total

t or que a%%ﬁ%dﬂ%%tgq%ﬁlg%@?ﬁ#h?@b@nbodi ment of the invention nmay al so be

i mpl emented with dfigere 7epkekants avihéletnentsa thie Edrerod systas sfiaplanansptger ovi ded
the 15 determ nant of the equival ent characteristic matri x shown in the
equat i ond95e19Eg todheRrgsant B‘.Ve%kor}ty Fz Tx Ty Tz )S ~ Fz )S ~ Tz

11000000FxX, 00110000Fxxz00001111Fyy, 00- Z- Z- Yxi yXi Yyi -yyt FYrzzz00- Xxx~XxX, -
yy~yy, Fzx, yx~-yx, xy~- xy, 0000Fzxz00001100Fzy, yXi - Yxi 000000Fz,,z Fx, Fy and
Fz are the total forces on the novable part of the planar notor, nanely the
required forces. Tx, Ty and Tz are the torques produced on the noving part
of 20 the planar notor about the respective axes, nanely the required
torques. As before, Fx_ represents the force produced by the denoted forcer

e "



40, are the same (z). It is also assuned that xX, = xxz, yxlI = yx2, xyl =
Xyz and yy, = yy2. Both these assunptions are not essential features of the
present enbodi nent of the invention but are preferable as they reduce the
conplexity of the cal culations. Wen the pitch torques are introduced into
t he nodel, the equation becones Fx 1 1 O0OO0OO0OOFxI Fy 00110000
Fxxz Fz 00001 111Fy1Tx Ty, Tz OS5 ~ Fz OS5 ~ Tz

00- z+~- - ~- yxI yxI y!]ﬁgvéﬂ- § 1ppresonts 20 aiRrnatiye.copbodiment of gn glement ghthe santyall 000000

001100yx = . sln, =2 ~ vy~ 8=C2. si n~2~i ~y+ J2~ a=0 . si
D100y Xkt 8 Epinat] %gia@ﬂdﬁ}gac‘Oﬂ\’(eﬁ‘lfg‘%"t@f“ o%7¢2 Fzyl Fzy2 (9) (10) (11)
( 12) ~ (8) The pi Figrd PreptRents fieHRe Blemefid of bhe dnBODsys@nbdfa plaRarsAG®r as

t hose di scussed before with reference to the first enbodi nent. This nodel

al | ows uaccoudingtodherpresentiventiowesd Fxx 1 through Fzy2, required in each
movi i part of ¢ heFBEnTous dp <SR (Efe iR s Bevated % R ofiie’ e 11 x
of Equation 8 we apyth¥Figitest &trdsPbidivg RErEstéalymbls ihdieAtt Whirédpohdifgr equi red
primary forces for each tTorcer can be determned fromthe ovérall forces
and torgpats.required for the noving part of the planar 20 notor. -17 Xx'.
XXZ yrl Yrx 'zx, zxz .Zrl irl1l 100010000l 000100_lI
Embodiment 1
10 Figure 1 schematically depicts a lithographic projection apparatus according
to a particular embodiment of the invention, The apparatus comprises:
a radiation system Ex, IL, for supplying a projection beam PB of radiation (e.g.
EUYV radiation), which in this particular case also comprises a radiation source LA;
a first object table (mask table) MT provided with a mask holder for holding a mask
15 MA (e.g. areticle), and connected to first positioning means 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 silicon wafer), and connected to second
positioning means for accurately positioning the substrate with respect to item PL,;
20 - a projection system (“lens”) PL (e.g. mirror group) 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.
As here depicted, the apparatus is of a reflective type (e.g. has a reflective
mask). However, in general, it may also be of a transmissive type, for example (e.g. with a
25  transmissive mask). Alternatively, the apparatus may employ another kind of patterning
means, such as a programmable mirror array of a type as referred to above.
The source LA (e.g. a laser-produced or discharge plasma source) produces
a beam of radiation. This beam is fed into an illumination system (illuminator) IL, either
directly or after having traversed conditioning means, such as a beam expander Ex, for
30 example. The illuminator IL. may comprise adjusting means AM for setting the outer and/or
inner radial extent (commonly referred to as o-outer and o-inner, respectively) of the
intensity distribution in the beam. In addition, it will generally comprise various other

components, such as an integrator IN and a condenser CO. In this way, the beam PB



.yr, + a .xr, . Oxr,2z Dz DDyr, + 8 .x" . Oxr,z Dz DDY-1~-xxl =~ ~ ~~xxWe.

Dz. DID- , Y-1 ~xxmS J -l1_ ~xxW~~z Dz DD 00 Oyx I 0 O Ol Yx, 01 O-
IxrixrlO- _I Olxrlxrlyr,+8 (p 1(-YxnWYrl.a+A~a~DDyx, . Dyr, +AN
1(-YxI ~N+Yr, ~a+A. a) DDYxl . DYxI| xxW-( a'_f(lr_l +~' XXW' ~~_ D1 _ ~ ~ (xrl . p)xr,

. DY-1-xxW-(axr, +fp.x=,-(~"§ D1 N. ~X . D~rl_ xrl . D (13) 510 15 20 In
14) “The HENMBEME g GEFATH YA BRE R Phirtu ol o slornded, cqui red i n
each of thesfRfisgrs my be reduced by spotting that many of the terns in
the conputation for each of the X and Y forcers is sinply the negative of
the term for the oitisbouldfbembtedXvitr reyartiao Eeguse 1 dmat the, soarcad\ mdy bamdthin
therefor ﬁle[l?ousai;ge o? hlle lgﬁggﬁgp%?cnéro?egtigg gpp%(r)astilg (ia(s) ?s (?f];cntthg czgrsg\(ai/hne% the source
5 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 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.
10 The beam PB subsequently intercepts the mask MA, which is held on a
mask table MT. Having been selectively reflected by 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 (and interferometric measuring means IF),
the substrate table WT can be moved accurately, e.g. so as to position different target
15  portions C in the path of the beam PB. Similarly, the first positioning means can be used to
accurately position the mask MA with respect to the path of the beam PB, e.g. after
mechanical retrieval of the mask MA from a mask library, or during a scan. In general,
movement of the object tables MT, WT will be realized with the aid of a long-stroke
module (course positioning) and a short-stroke module (fine positioning), which are not
20  explicitly depicted in Figure 1. However, in the case of a wafer stepper (as opposed to a
step-and-scan apparatus) the mask table MT may just be connected to a short stroke
actuator, or may be fixed.
The depicted apparatus can be used in two different modes:
1. In step mode, the mask table MT is kept essentially stationary, and an entire mask
25  image is projected in one go (i.e. a single “flash”) onto a target portion C. The substrate
table WT is then shifted in the x and/or y directions so that a different target portion C can
be irradiated by the beam PB;
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
30  given direction (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 manner, a



part of the planar notor and therefore nust be updated as the notor
operates. All of the calculations to find the required forces in each of
the forcers may be performed each time the force cal cul ati ons are updat ed.
Alternatively some of the cal cul ations,, such as the values of cp, A a and
[err] (|n which the only variable is ﬂﬁe position of the noving part of the
pl anar or | ative to the st i onar art be pre-calcul ated for a
range ofr {yelgrrgg target POFNH Cithy %eWﬁ%jr g" lth?hfehar P SOARTBISE QP at i ons are
per formeg, f&H the appropriate value froma nenory. The range of positions
for whic va ues woul d be required would sinply be the range of the
centroid of the noFigngspant 6afepicheltgrhaherarmmgeanentefoathemtoting pae 26f 35 he
magnets in the stationary part., O her positions of the noving part of the

pl anar hn@%plam\mot@heﬂwmnwmf&gem ighat e f@rcarﬁa6[?e3r PP-3frremnetasrapset r oi d
Is ingt ﬁ%p%?rg?s g,eéh@%hx nH8l Hé%?g}é tﬂglofﬁg%'%e{or%?% hFeti??t\% ﬂ%dﬁ&@:h%%pa”

that 71s ori I's magne Irzatron p a

first megpes 26, 27m1&m&aﬂﬁgrn whiddnt Proddcd\Ryces in RV ERSAI0R an@! ofehfting t ch
t or ques produced by the forces is to 5 provide a |l earning al gorithm such
as a neugrHoseikiowme knotheraprasiaee toeques afoved theoZ prisy THeretapetwd YHordery e 29
commands S|te t hree phase

o e owhigh, WA orraind s bRiSSE Padiict itkes TBvhe Y, dreF T F e obeate o cues

on the neHoR&H Bank afbthéh BrdiusREqu¥ebBsut tHOZ hRisaWhedfthé st Xofyreerebodi nent s,
the pitch torque conpensatlon is"only a part of the control systen1reqU|red

t o cléht rerodudes aforep iythe & diregfion freurgsaanaith thetfast Y forger 29 gldjramoeq%mfthq: t her

conmponents in,the ¢ st | n e the ir.ed acg rations 15
(borh st IEPHCPrsE 2 e o g et SRR i AP R A R T el o

subst r at WheAMEHBEX FBrcbE6 PRMIAE alFBick iR {he!2GirdthiBAHS uAiRbIOWiA g &RbRJ FLNEd. A
process 61, referred to as "gain scheduling”, is perforned to determ ne the

requir edfoaese 39 endoppnsite © e sedoad Xofdreny 27zantl thasf fish¥- fprcanaB armrq:ue aboubrder to
produce the, required accel erati the ta regi.o e uent a

P ocoss B85 PErtmratherd T el Srde mesit S s Paielt SinfHR De 20
requiy edthﬁﬁﬁﬁngg?nﬁéﬂgotttﬂé QtBets 64-28G cofdslidRed.ng part of t he pl anar notor.

Thi s process takes into account the forces, other than those produced by
the forcers, on thdowevkdlsenqsahe fanders are not amangesin pairs, Hequehfionues my, for
exanpl e,. [ nc t he wel novi n part ., and
CATD! S e e R PR B 15 PR o B i o

i nto acc@uféreé e f&i%béd l%l%h@fforké'ﬁn@@d dexﬁétxﬁﬁfthdmr&fl:ze@féhhe%ﬁ if HecZ produced

by the forcers. he product of the gain balancing process 63 in this case
i s the idieegtion engithe pgsition ofetheztomdrmebex dixgcden.. Sipplaelydhe Yiforaeropreduseot t ake

t f. t itch,t i
compdhs ot eiigrdte v e b8l i Betorch Py EReRT Py EToREL HEY o ovi e
to the cqiraxnibh,Bd fRee B %@Hﬁ&h'ﬂy@ﬁe e in BRIZANESS ahdl ehe RAHIONAS tRdIT rent s
for each of the three ases for each of the four forces. 30 Further

|nfornaﬂbﬂwfewhgéiwﬂgehedul|ng nay be found in European application

No. 02250966. 5, whi L g anor e{ﬁ &§¥ @eference The pitch torque
conpensation may b dpc@lﬂgd vm e%? gy %’ Id@?@? "B above. For
example, in the first enbgdipept steps 42/Hog4gd, s shown in Figure -19 5
7, may be usedy, (it he, Oﬁd—e 6@|ﬁ@n$u£Equatﬁ§a 13 already t@Kes into

account the position of t of action bf t forcers. The gain

bal ancing therefore need on a e account the other forces acting on
the yyoving payj of ¢ hex lﬁ jorcapg dﬁﬁ() }L‘e required pyerall
forces and tordﬁes f'or Vi n s a\ whol e. 2 ternatlvely it may be

desirable to perforn1standard gain balanC|ng, the product of which is the
required forc ch f rlc®ryand, f om.t nd¥t €f m ne the requj4ed force
commands that%§h03fdgﬁe plovirde qj % grcers tp conpensat e fgg the pitch
torques. To effect this by the nethod of the second enbodi nent, sone
further proce53|ng s reqUI Ed y or S|an|c 2yr . yEQmation 7 above may be
rewitten as: 00 Y 2 ZSim Fz, Fin.—T i tiggl ~ ~~deal 5 OS ~ Tz
in mhlch [ A deal] |s the 8 tr|x nmodel I'i ng the i deal relationship
(i.e. not incorporgtyfigh:pitch torque) between the overall forces and
torques on the noving part of the planar notor and the forces in each of
the forces. Simlarly Equation 8 above can be rewitten as Fx Fy Fz Tx Ty
Tz ~S ~ Fz - ~~eal ~' LFreal . Tz



15in which [Areas] is the 8 x 8 matrix incorporating the pitch torques
into the nodel. (16) Conbi ning these two equations and rearrangi ng, the
foll owi ng equation is produced [Freal ~ - ~~eal ~ L' ideal |Fdeal (17) W
therefore have a rel ationshi p between tBe real forces [Freall that nust be
20 provided to the forcers, taking accddnt of the pitch torques, and the

i deal forces [F, deajl that - 20 arg determ ned in the gain balancing step

63. For conveni encelYxt KErEXBaHGaPIFatQtass cyised By eifst X-Forcer 2h Srnd dhari gur e
10 on the %900531}8& i {awi ngs. Again, the amount of conputation required
IS reducestf@ y the gg? 3f}hat many of the terns for each of the forces
required in the X ahg r¥plessnteths xgiehtdrquaegsed betheffirsthie féree 08; 3a1d thed f or
the other of the X 5 and Y forcers. As before, cp, 8, a, and ~ (and hence
D) are dessesehtfoss 20hd9ipositi on of the noving part of the planar motor and

emboarnent S of t he TSRO AN RBydORsdR daed BT iR ML Rtcef o i id e

appr eci atRgodd®tfoicbe27;fment i on may be practiced otherw se than as
described. The description is not intended to limt the invention. 10 Table
1. Deviations of tH®),depicsants theydorse gendratad by wiet firsuY -forsap281s38tandrthe
Unconpensat ed x/ rni hCanpensat ed max/ m nT desiredTx, actual [Nm Ty, actual
[ N T, £8€M¥?ﬁﬁ%g§ct ual NmTx = 1

NmiL. 031 0. 970. 066/ - G;06855dscRIFbPIREAD AR d BYEhS KV afid ¥ -forcers 26-29; 36-39;

NnD. 066/ - 0. 0661. 03/ 0797+4e- 3/ - Se- 4+1. 003/ +0.7995Tz =1

Nm+4d02/ - 4e- 2+4e- 2/xrépreger®ethg pogtio i ¢he3K dBectBhx ofthEynovingzpart ¢f the planar

NmL. 054/ 0, 9t461 04/ 0, 8%%%. 008/8. 9941. 00&/;0. %93 -21 CLAIMS: 1. A device
manuf act JPPTGTMEYREY PERBFETEINGG PPHECORPRAY SHIONY Ry di ng a substrate that
is at |east partialylpenes e pbitién, ifMRIY AlredtRl 8t theMovimEpat &f the plmberi al ;
- providing a projection beam of radiation using a radiation system -

usi ng patmetpnicajivetea gredeternisedpositompenthectdtionatygart wi t h a pattern in its
crosssection; - projegti t he patterned. beam of di.ation onto a target
portion of the Iay&‘tl %fdil]’gpﬁﬂémtﬁf'?séz?ﬂt§gﬂkcgtaﬁté’p}?ﬁ{@F the; planar B&?‘tﬁvb’ﬁ ng one
of the subsidRhemTer &hghdIdichaisHeBshefFP 8RS thaipidh df MedRfPnefPhR] ; said pl anar
not or conprised of a plurality of coil-sets, each producing at |east one
primary force in a mgepresentithepit¢hoof thoithagtets.east one spurious torque,

associ at wWiih the prinmary force, to the novin a f the planar notor;
ol 5 FropbuuberenrnBE RS D) GHE rure b e du et 5 Brad b PRBSGBYRL T oni no
of the plaRBE cABLIRked.
Ty, = C,-(Fx, - Fxﬂ)-sin(z': 'x) +C,(Fz, - an)-sin(z': an %} o)
(2®-y (2ny =«
20 Tx,, = Cl-(Fyyl—Fyy2)~sm( ]+ Cz-(Fzyl—Fzyz)-Sm( +Ej (6)

From the equations for the total pitch torques Ty, I'Xior (Equations 5 and 6),
it can be seen that when, as in the configurations shown in Figures 5 and 6, the X-forcers
and Y-forcers, respectively, are arranged with a shift of (n+1/2) 7, pitch torques are not
produced when the force components in the X-forcers are the same and the force

25  components in the Y-forcers are the same (Fxy; = Fxy2, Fyy| = Fyy, Fzy| = Fzy,, and Fzy, =
Fz,,). In other words, pitch torques are not generated when the X-forcers 26, 27 operate in
unison and the Y-forcers 28, 29 operate in unison. This occurs when the overall required
force on the moving part of the planar motor is a force in the X direction, a force in the Y
direction, a force in the Z direction or some combination of these. However, pitch torques

30 are generated when the force components in the X-forcers 26, 27 differ and/or similarly,

when the force components in the Y-forcers 28, 29 differ. This occurs when torques about



. characterised by - deternmining a correction for each of the required
primary forces such that the effect of the corrections at |east partially
conpensates for the sumof the spurious torques 20 on the noving part of
the planar notor; and - providing control signals to the coil-sets to
effect the primary forces including thE-corrections. 2. A device

manuf acturing nethod as claim11, wherein the correction is 25 derived from
t he requamse@fg the Karelr 3ndi e are requipkddias the enaying pasc Lef the PhBah®atoasfoEl ai m 1 or
2, wherein tt]e SPUr | Ou@ aél.orque generated by each coil set acts about an

axi s thaFX%‘EPBQP‘ﬁ%%‘iCB f&8%™ 0 the direction of said at |east one prinary

force produced by Fbea gi9kh c&Bbindtish rabrbs Shd k&&@%a@h&%qﬂfe&tb%e%ﬁ?iiéd 30
within the coil-set. 4. A device nmanufacturing nethod as any one of clains

1 to 3, whihe@avirgpait 2% efghepladateotor, kqngidnké andGreas e aned walepringmeesthe -

determ nihg the spuri.qus torques,that woul d be causgd he requjred

ori ey et Bt DR ST AoRperPTE R SEdin Bmfpro

correcti %}ééssa‘gFH&i Feré%}prC?&@esctQ?}gédi@E k}ﬁﬁc&fxpeﬁﬂﬁ’t_@}}ﬂﬂ&?ﬂe?rﬁis%' mary forces

in the coil- s that produces torques on the noving part of the planar
nmot or t hatmmeszedgodligan 7 ofpesiquaed forcdseand tonqoés foh theapaning part bbHthgypdaiar and 5

- using these s | ement a forces, as the corrections. . 5. devi ce

manuf act mom{g%@@ neg, aa%éowéesaf infep s e torses Feaed i ??C?af?raers%rep of

det er m nLnGukBE FARELES. R ordk BIBN lofdiRe-orr ERIGRHE PG (ROPRAA{hGRy f Or ces for
each said requ:&red rinmary %o?ce su (%nhat, v\/nr{eE 10 t ef)s?um o?ﬂgtrhe

corr gt i emgehdered by pruduting by eigpuioreed irpthe facyrsfiocdadatad.eThaplin eep @9, thbe
coil-sets, the sumof the effect of the primary forces and spurious torques

i's subst easaPaujresHie cacferer taiTsebihgpish fses #E qaleyaiers dBEse AfEschigees oni ng
step. 6. ax%aﬂ%d,?rﬁg@?ﬁh{fté?ﬁ obd2d mg%aggl }ga?? gg{ﬂ I;Egéired’\ﬂeeragﬁt rE&Qvi%ﬁo%Pthé:

det erm ni ng equi red sum rces an e require
primary pixicesquesfipet: fA comnhutasion glgohiehm o themappdied qu step df to Heternxine theyi ~y1

o O -z Ny shat egd fo be agplied Lpcichp} theihrpepoyses of BARat i fost FsFers tayy” b 00
0Y=i,9 produce the required forces in each forcer.

Although the offset forces which are required to compensate for the pitch
torque themselves produce further pitch torques, the amplitude is substantially lower than
the initial pitch torque for the configurations shown in Figures 5 and 6. An iterative
process may be used in which subsequent offset forces are determined to counteract the

20  pitch torques produced by the previously determined offsets. The process can be repeated
until the resultant pitch torques are below a given threshold value. One should note,
however, that, as the moment arm between the point of effect of the first and second X-
forcers and the first and second Y-forcers decreases, the benefit of this form of pitch torque
compensation decreases.

25 Table 1 shows a comparison of the torques produced in a planar motor with
the moving part 25 arranged as shown in Figure 5, with and without pitch torque

compensation such as that described above. As shown, the compensation significantly

reduces the error on the required torque.
30 Embodiment 2

Figure 8 shows a scheme according to a second embodiment of the

invention for compensating for the pitch torques produced in the forcers. In the first step



00 1-Y.~0l1l- o0l-XriXrlO- ~ Oxrixri-yr,+9cp lyY=WYyi

atB~a) DDy=i . DYy~+eN~-y=nN+Yr~ a+A a)- 1 D D y=~~DYy~x=i -~~1a' Xri +~?
X=i-Ny) D -1 ~~rX. pl ,y /lixy~ ~DY-i/ 1X=i-~(a' Xr~+~ X=i-N~)D1 N .
~Xr~ D~_xr, . DF Fy Fz Tx Ty Tz OS_IIS_OS. In WAl Ch: 20 cp = C, ~si n~2~n~y~

t A= CZ~sin~2~ ~~y+ 2J -23 ~2~x~x~ a’= C,~si Jn i ~ = CZ~si n~2~~~x+ 2J

D ~yxnxyz+~~A+xxl .~ +x5S, ~9- (3 ~ where: FEX epresents the force

gener at e?]o’it erﬁqwf%/(gttor%:ﬁ Iag%{q(r%l?;e?é?fgretgfa Wg{r}igcpa%(%kg@,e a?ffrrrg?t_"w&ekgplwdl and a
second X<heh GREtep Sil, t'ﬁ)é)éantf&%?ﬁ&ﬁ%&nhhﬁ_s HR B 2§ Pt At GHmaRdShaCEeIM
direction, perpendicular to the first direction and designated Y, by a

first Y-boappded yo thedomen ssdcthag wheh theqemar fort€s & combineé sethtthe parfasitice
generated in a third directi erpendicul ar to the first and second

n,. p
directi owgchéﬁwua%@@bwatpé@uzsdo Wifh theeprignary fofees. theysuly i eqpal t she requizgsdy y2: @
and : hF4 e X 1 n t he
o5 £ opl0reeR PR AN, in Be hOling e} 1 phirdf Aludi ok Bhminky FRESSENThe |
rel at i vepriray fpice demerantinad tiumsipplieditoahe téramsitation afgorighm &5 twhidlbprovides

represents the position, in the Y direction, of the nmoving part of the
pl gnar the requ?reg currents to the r&uee phases of each ofO the four forcers. I P

In order to perform step 51, some mathematical modeling is required. The
following equation models the moving part of the planar motor in the ideal situation, with
10 no pitch torques. In order to provide a unique solution, the model requires that the force
components in the Z-direction of the X-forcers provide half of the total force in the Z-
direction and that the force components in the X-direction of the X-forcers provides half of
the total torque about the Z-axis. This embodiment of the invention may also be
implemented with other models, which use different assumptions, provided the

15  determinant of the equivalent characteristic matrix shown in the equation below is non-

Zero.
" Fx][1 1 0 0 o0 0 0 0][Fx,
Fy o 0 1 1 0 0 0 0]]|Fx,
Fz 0O 0 0 © 1 1 1 1 Fy,
Tx ) 0 0 -2 -2 =Yu Ya Yy ~Yn ) Fy, 7
Ty z oz 0 0 -x; x; -y Yy ||

Tz Ya ~Ya %, X, 0 0 O 0 Fz,,
05-Fz 0 o o O 1 1 0 0 Fz,
05Tz |y -yqa O O 0 0 © 0 Fz,, |

Fx, Fy and Fz are the total forces on the movable part of the planar motor,
namely the required forces. Tx, Ty and Tz are the torques produced on the moving part of
20  the planar motor about the respective axes, namely the required torques. As before, Fx_
represents the force produced by the denoted forcer (x1 or x2) in the X direction, Fy_
represents the force produced by the denoted forcer (y1 or y2) in the Y direction and Fz_
represents the force produced by the denoted forcer (x1, x2, y1 or y2) in the Z direction.
The coordinates of the points of action of the forcers with respect to the center of mass 30;
25 40 of the moving part 25; 35 of the planar motor, are given by X, y or z with a subscript
denoting the forcer (xi, X2, y1 or y2) In this model, it is assumed that the positions, in the Z-

direction, of all the points of action of all of the forcers, relative to the center of mass 30;



notor relative to a predeterm ned position on the stationary part; are
presents the pitch of the arrangenent of permanent magnets used in the
stationary part of the planar notor; xx 1 represents the distance in the X
direction between the point of action.of 20 the first X-forcer x 1 and the
center of mass of the noving part of the planar notor and between the point
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on the noving part of2.tthe ptanar notor required about an axis parallel to
the Z directibnGosifositidn,fhe noving part of the planar notor(10)
(2mex
10 o = C, sin an
Mex T
B= Cz-sin( +~2-) (12)
The pitch torque components ¢, 8, o and B are the same as those discussed
before with reference to the first embodiment.
15 This model allows us to determine the forces, Fxx through Fzy,, required in

each forcer to produce the required forces and torques Fx through Tz on the moving part of

the planar motor as a whole. By inverting the 8 by 8 matrix of Equation 8 we arrive at the

following equation, from which the required primary forces for each forcer can be

determined from the overall forces and torques required for the moving part of the planar

20  motor.



. 20 7. A device manufacturing nethod according to any preceding claim
wherein, in said positioning step, only four coil-sets are used to provide
the positioning force; and said four coil-sets produce forces in two
orthogonal directions parallel to the ane of the coil-sets. 25 8. A
conputer programfor controlling a |ithdgraphic projection apparatus, said
conput er program conprising code nmeans for instructing the apparatus to
performthe ngloMﬁng sPeps0 positiont ng one of & he sub§trate and t he
patterning nmeans with a planar notor; said planar notor conprlsed of a
plurality of cpillsets, ®eac prBdu0|n at Igast %ne 30 primaryl force in a
given direction and at |east, ong spurjous tbrqug, associlated with the
primary forte,| to the nmovi ng part of the planar notor; amd det rﬁirlng t he
primary fOrces| required;to gffegt the, positiloning of thé_plana fibt|or ;

-25 char gCrerilzed in that said computer profram further®conpri e§zcode
nmeans fO'E%’ﬁlrunﬁwng the apparat us_ Loﬂperforn1the(?ohfnm&ﬂbﬂs X
det er ni nj ffg| & cor pecti onbfor each of Phe reQU|red primary forc
the effepfpf t he, oorrestions ai | easté partial |y cénpensanes
the spur|Gus t|6GFques ofi & he novbng part of “phe pl anar_ngtmor; 4 8553
provi di ng"eont|rol, si gnal, sp)t o t(hepkoi | 5 set s (4,0)ef f edt- xtd'cpex,,pr(pwr)m P far ces
i ncl udi ng the cdrbections : ADIlthographlp r 6] eCti Oom,-appar at us

conprising: 10 - a radl at on sgstgmfor pr VI i ng 2Rr 9 .ec:u. beam of
radi ation; - a sy or& or 2supp paﬁ&e#nhgg—nggns t he
patterning neans Serving to patf%rn the pr yé%tlon bearfraccording to a
desired pattern; - a substrate table for holding a substrate;

projection systemfor projecting the patterned beamonto a targéﬂ”portlon
of the 1, wigtrate; and - a planar notor for positioning one of the
patterni ng neans and the substrate table, said planar notor conprising a
plurality of (;j)igl sef s, Pg;apg pj;oqlg‘m (;lgBaB, l)east one primary foregyin a

gi ven direction 1A 3t Y east™ oné spurious”™ orque, associated with'the
pringgy force, to the noving part of the planar notor; and 20 - neans for
determning the primary forces required to effect the positioning of the
pl anar motor; char@hd eumisedf cactladdnssaqdredpp de@tmisiefthy fones reqrifediis each -
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EME ZifYy23part of the planar motor and therefore must be updated as the motor operates.
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be performed each time the force calculations are updated. Alternatively some of the

S %Lch t hat
r Tt he sum of

e
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(Q

calculations, such as the values of @, 8, a and B (in which the only variable is the position

of the moving part of the planar motor relative to the stationary part) may be pre-calculated
15  for arange of positions and stored in a memory. The remaining calculations are performed

using the appropriate value from a memory. The range of positions for which values would

be required would simply be the range of the centroid of the moving part of the planar

motor relative to one of the magnets in the stationary part. Other positions of the moving

part of the planar motor have the same values of ¢, 6, o and B when the centroid is in the
20  same relative position to another magnet in the stationary part that is oriented with is

magnetic polarization parallel to that of the first magnet.
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Y. s$10 /(%&tegmnes the required currents for each of the three phases for each of the four forces.

30  Further information on gain scheduling may be found in European application

No0.02250966.5, which is incorporated herein by reference.
The pitch torque compensation may be provided by any of the methods

described above. For example, in the first embodiment steps 42 to 44, as shown in Figure
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15 in which [A(a] is the 8 x 8 matrix incorporating the pitch torques into the model.

Combining these two equations and rearranging, the following equation is produced

[F'real] [Areal] [AxdealI deal ] (17)

We therefore have a relationship between the real forces [Freq] that must be

20  provided to the forcers, taking account of the pitch torques, and the ideal forces [Fgea] that
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Table 1. Deviations of the desired torque with and without compensation.

Uncompensated max/min Compensated max/min
T desired Tx, actual [Nm] | Ty, actual [Nm] | Tx, actual [Nm] | Ty, actual Nm]
Tx =1 Nm 1.03/0.97 0.066/-0.066 +1.003/+0.995 [ +5e-4/-4e-3
Ty=1Nm 0.066/-0.066 1.03/0.97 +4e-3/-5e-4 +1.003/+0.995
Tz =1Nm +4e-2/-4e-2 +4e-2/-4e-2 +3e-3/-3e-3 +3e-3/-3e-3
Tx=Ty=Yz= | 1.054/0.946 1.104/0.896 1.008/0.994 1.002/0.993
1 Nm




10Ty" 109%& () - F$10%& () - &@

10%<& () - 10%<& () - &L0%<& () - 910%& () - vvOWMMWMYXdE: / 10Ts!! 10%& () - &
10%<& () - F10%&' () - &10%<& ()-' 10%<& ()- & 10%<& () - Yx| xx-y~yy4zdE:/ 10Ts.y
10%<& ()-5s,! 10%<& ()- +10%<& ()- 1.

' 10%R& () - $- 109%<& () - TH10%<& ()-4zz2S||}} }}dYNC 10T 10< 10< 10<

Y' 109%<& %%40%&'() S3F"10%<&' ()-1$10%<&" ()-s90" 10%<& ()-}}}- ~<z[9YNC
10T! @10 ()-$10%& ()- ! D/ $LOYKOKOE' ()- ! N$10%JOUCK: () -

11 $10%°hPh& () - 10%0& ()-/}[ <YNC

10T! 710908 () -!S $109Z0Z08% ()-!S $109%Z0Z0& () -: $10%O8 (%- 1 S: $109ZOZC8 () - $1
0%& () - vixy~r PC 1omdﬁymmanumg&nqt§wdwmmm&@ze(sscpw/e u& ()- 10 10

10! LY: | 109%& (

I s100q ] & () Pevfaiat oot il b SR Eiasbd b oTTGANG )
1710% u&' () - [;enm%l,l,@atér)a-] ' 10% u& ()- ! 10% u& ()- ! 10%u& ()-fgP
1710% u& ()- ! 10% u& ()- 10% u&' () - AoF>[

- providing a prolectlon beam of radiation usmg a radiation system;

- using patterning means to endow the projection beam with a pattern in its cross-
section;

- projecting the patterned beam of radiation onto a target portion of the layer of

10 radiation-sensitive material,

- positioning one of the substrate and the patterning means with a planar motor; said
planar motor comprised of a plurality of coil-sets, each producing at least one
primary force in a given direction and at least one spurious torque, associated with
the primary force, to the moving part of the planar motor; and

15 - determining the primary forces required to effect the positioning of the planar
motor;

characterised by

- determining a correction for each of the required primary forces such that the effect
of the corrections at least partially compensates for the sum of the spurious torques

20 on the moving part of the planar motor; and

- providing control signals to the coil-sets to effect the primary forces including the

corrections.

2. A device manufacturing method as claim 1, wherein the correction is

25  derived from the required primary forces.

3. A device manufacturing method as claim 1 or 2, wherein the spurious

torque generated by each coil set acts about an axis that is perpendicular to the direction of

said at least one primary force produced by the coil-set and parallel to the plane of the coils
30  within the coil-set.

4. A device manufacturing method as any one of claims 1 to 3, wherein said

step of determining the corrections comprises:

- determining the spurious torques that would be caused by the required primary
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determmmg the combination of supplementary prlmary forces in the coil-sets that

produces torques on the moving part of the planar motor that are equal an opposite
to the sum of the spurious torques; and

5 - using these supplementary forces as the corrections.

5. A device manufacturing method as any one of claims 1 to 3, wherein said
step of determining the corrections comprises:
- determining correction forces for each said required primary force such that, when
10 the sum of the correction forces and the required primary forces are applied by the
coil-sets, the sum of the effect of the primary forces and spurious torques is

substantially the forces and torques required to effect the positioning step.

6. A device manufacturing method as claim 5, wherein the step determining
15  the required sum of the offset forces and the required primary forces is performed using the

following equation:
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5  where:
Fx, represents the force generated in a first direction, designated X, by a
first X-forcer x1 and a second X-forcer x2;
Fy, represents the force generated in a second direction, perpendicular to
the first direction and designated Y, by a first Y-forcer y1 and a second Y-forcer y2;
10 Fz_represents a force generated in a third direction, perpendicular to the
first and second directions and designated Z, by the X- and Y-forcers x1, x2, yl and y2;
C1 and C2 are constants for the specific planar motor;
X represents the position, in the X direction, of the moving part of the planar
motor relative to a predetermined position on the stationary part;
15 y represents the position, in the Y direction, of the moving part of the planar
motor relative to a predetermined position on the stationary part;
Trepresents the pitch of the arrangement of permanent magnets used in the
stationary part of the planar motor;
xx1 represents the distance in the X direction between the point of action of
20  the first X-forcer x1 and the center of mass of the moving part of the planar motor and
between the point of action of the second X-forcer x2 and the center of mass of the moving
part of the planar motor;
Xy1 represents the distance in the X direction between the point of action of
the first Y-forcer y1 and the center of mass of the moving part of the planar motor and
25  between the point of action of the second Y-forcer y2 and the center of mass of the moving
part of the planar motor;
yx1 represents the distance in the Y direction between the point of action of
the first X-forcer x1 and the center of mass of the moving part of the planar motor and
between the point of action of the second X-forcer x2 and the center of mass of the moving
30  part of the planar motor;

yy1 represents the distance in the Y direction between the point of action of
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- a substrate table for holding a substrate;
- a projection system for projecting the patterned beam onto a target portion of the
15 substrate; and
- a planar motor for positioning one of the patterning means and the substrate table,
said planar motor comprising a plurality of coil-sets, each producing at least one
primary force in a given direction and at least one spurious torque, associated with
the primary force, to the moving part of the planar motor; and
20 - means for determining the primary forces required to effect the positioning of the
planar motor;
characterised in that said apparatus further comprises:
- means for determining a correction for each of the required primary forces such that
the effect of the correction attenuates the sum of the spurious torques on the moving
25 part of the planar motor; and
- a means of providing a control signal to each of the coil-sets to apply the sum of the

required primary forces and the corrections at each coil-set.
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