18 OCTOBER 2006 -1 Lithographic Apparatus and Devi ce Manuf a8 QCTOBERRIOGJ
The present invention relates to a device manufacturing nethod conpri sing
the steps of: 5 - providing a substrate that is at |east partially covered
by a |l ayer of radiation- sensitive material; - providing a projection beam
of radiation using a radiation system -1- usi ng patterning neans to endow t he
projection beamwith a pattern in its cross-_section; 10 - projecting the
patterned beam of Fithegraphic pparatus and)Bevise Mamfagipring Methed, * of

radi ati on-sensitive material, - positioning one of the substrate and the
patterning nmeans with a planar notor; said planar notor conprised of a
plurality of coil-sets, each producing at |l east one primary force in a
given direction and at | east one spurious torque, associated with 15 the

pri mary fDrecgesenbinvhetionoelates tpardevieé manufaplusing methedeomprising thdsteps of:ni ng t he

primary forces required to effect the positioning,of the plapar notor. 20
The term™ patt@PWl%H@ q@gﬁgateggatweagieaé}%xgybocogﬁ@&baabléyegroga BHOD- 1yt er pr et ed
as referring tQ oRabSli@l: can be used to endow an inconing radiati on beam

with a patternea cross-secdtion, corresponding to a pattern that is to be
created in a tmogding PRodjection béant bEradiskish usihg a radistidresystent;i ght val ve" can

al so be used in this context. Generally, 25 the said pattern wll correspond
to a parti cul aisifgpsterpgmenngyte endew thequojesdombgany with&-Raligrn in itstcresst ar get
portion, such assan integrated circuit or other device (see below). Exanples
of such patteFﬁl?{’g means include: A mask. The concept of a mask is well

knownoi n 1 it hqgbpblyg thepattérhed BédnY SR RdIRASHK onioya(l@_ﬁ%eﬁ pétioa df BieNayet of _
al ternating phase-shift, and attenuated phase-shitt, as well as 30 various
hybrid mask t ypdigtionPsensisivennatefialsuch a mask in the radi ati on beam causes

(in the case  TBRBTBAnEAL tCURRERS 101 U RBFETN 1ilEH PUPHnORAE mmok,
St ucture w1 1P BRKORRYAReS OEs PRty bPotibie s 35 BopefiEitiead Bhe Ve 0L e
that the mask panarbdorceina givea difetionexid pokiastions spuridusaorque, associated with
15 the primary force, to the moving part of the planar motor; and
- determining the primary forces required to effect the positioning of the planar

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



incom ng radiati on beam and that it can be noved rel ative tl8 ®oeOBERR2006 SO
desired. A programmmable mrror array. One exanple of such a device is a
matri x 5 addressabl e surface having a viscoelastic control |ayer and a
reflective surface. The basic principle behind such an apparatus is that
(for exanple) addressed areas of the r&flective surface reflect incident
light as diffracted |ight, whereas unaddressed areas reflect incident |ight
as undi f f r act gvaskitable, which aasuses thighomaslaean tie heldat a dasired ppsitionindhe f r act ed

TP G220, S SR e o B 54 5 DR B B B
according to deligeaddressing pattern of the matrix-addressable surface. An
A angement ofA piogyammablosobauiy. conaéRantple ofsuoh aidedieeimige-L 1|1 ed Abou
o eon oot UMb i b FER T sPNTSIS ah rlsi R EIPRL "
mat ri x-addr essapl %rmgl:ﬁﬁ]bethﬂg% sugﬁ%gﬁ?ﬁ%u?isrtﬁﬁr(g)&\@x%g§5 GAdrESEd gﬁa&ﬂ Bf@’?]s ng

radi ati on beamin‘a ere 0 0 unadadr ess m nors; 1

manner, the retfl@eiveduitarrefléct Rrident gl a8 drbheted tight) whbRagdaiddssskaly pattern
of the matrix-addressable mnors. The required matri x addressi ng can be

per formed usi rigeas ueflesghinsidenelight s padiffeactes light. bsing apfappreprigietfilter; the said

pr oar ammabl o R ERcied Fieb 8RR Rl I B Aol bR Rk Pl U8 e e
refenped to C@i‘ffﬁ@teﬁ'l%ﬁf‘@éi}incf;% thi€haiir Sthe Béﬁﬁvbk&uxﬁe%_cbaﬁkﬁkeac&@aﬁgtté us
5,296,891 and US 5,523,193, and PCT patent applications WO 98/ 38597 and WD

98/ 33096, whi ¢he atdeessmgqrapgeamaiféhe mewaiadrdsgablefiefaeac dn dlterrtatize case of a

progranmmabl e m nor, array, the said support structure 25 may be enbodi ed as a
frame or tabl EMbogimen gﬁﬁ PEOSTHAMERe FRifrop ey Smployt 2 mab%%ga@emfmyed. A

pr ogr ammabl e . : : : I j i iven in United
G atce Pat ent "B 5% of Ml MiRSinihviAUAD (oS AOGH I BHIIH pBLBEE L 0. “hs
above, the suypjuablé Ihlizedielgotri¢ fielt horsbysmgsloyiny pleeoclahirid actdaticon @medisane or

table, for exanple, . 30 which may be fixed or novabl e as required. For
pur pddes of siQfseiagqinythe EOFsease Mafrix-pddiessable, sygly thap addressed mirrpesciidli ons,
specifically dj it sel . i YA . ] | e;
however, the géefﬁl%r?g?incgr&lléﬁ:%a§1a§§ glp s"gznséggpﬁr%ﬂtg%g l(ﬁaltét% g%@&ejrggggﬁcﬁﬂjgpsbe seen
in the broadefin gadinanberOthe réfiecied eah@Bptetiéibaccorling to the addressing pattern

of the matrix-addressable mirrors. The required matrix addressing can be

performed using suitable electronic means. In both of the situations described

20 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
patent applications WO 98/38597 and WO 98/33096, which are incorporated herein
by reference. In the case of a programmable mirror array, the said support structure

25 may be embodied as a frame or table, for example, which may be fixed or movable
as required.

- A programmable LCD array. An example of such a construction is given in United
States Patent US 5,229,872, which is incorporated herein by reference. As above,
the support structure in this case may be embodied as a frame or table, for example,

30 which may be fixed or movable as required.
For purposes of simplicity, the rest of this text may, at certain locations,
specifically direct itself to examples involving a mask and mask table; however, the general

principles discussed in such instances should be seen in the broader context of the



patterni ng neans as hereabove set forth. Lithographic projecyg@rrisa 2006
can be used, for exanple, in the manufacture of integrated circuits (1Cs).
In such a case, the patterning nmeans nay generate a circuit pattern
corresponding to an individual |ayer of,the IC, and this pattern can be 5

i maged onto a target portion (e.g. conprising one or nore dies) on a

substrate ési licon wa er% thatteéﬁﬁg been coated with a | ayer of

radi ati o PALEREGCADS A3 PP %ﬂvef? g t). In general, a single wafer wll
contain a whole ”etL‘M%Eraﬁﬁi_c%%j@@t%taptpﬁfaﬁﬁtcaﬂ% hké?l[‘?orteﬁﬁihpﬁfﬁnﬁléccess' vely
irradiated via the projection’system one at a tine. In current apparatus,

enpl oyi ngngmafacamre dhiotdgyated cmsiits GICs). Inmsdh 4 edsk ghe patthirsing modane may gendretenade
between twp different 10 types of machine. In one type of |ithographic

proj ect i GrFITAPHRREAT §?“%988H‘51?&F‘g%‘1 mﬂb‘fl&‘i% bavisof the fecind s Psgyer@fﬁ%gﬁ ng the
entir ta . I I 0 ; a.apparatus is
cormon! y TharRr Gl Bl pridielebibrifaE bhO ke ) B n MG

comonl y wagdrP thabHast leeR Sodted WitR adfiybr OF diAdidRaeaditive maRAGT(résidty ¢ gRidll #n 1S
irradi ated by rogressively scanning the mask pattern under the projection

beam i n aingleeafer wilbeantaie a veholtt nesworloef adjacent targahpartigns thatase siesaysivetly | e
e VR By SR A Bl P BB et A o ©°
magni fi cahk@fin gﬁta\?\nhzliélw dnAERGHAabY, £dibtinctioiaf BE fthdY bRiwethityD diffGemubstrat e

tabl e is scann be a factor Mtines that at which the mask table is
scanih@d. tyges ef matlanerdh bnetype ofilithographit frojettidrnapparspls, cactiaaigetegortion wer e
descri bed can%qbe gl eaned, for example, fromUS 20 6,046, 792, i ncorporated
herein byTadigt BhExposing the eRifE Mas aaisAg o W%%&aéngpﬁbmdn IOn€ B8gT & c

Proj et 1 Qf @08 [ ¥ultnory (At byl byl TRR hod ol IEGBEALC, 3, substrate

that is a east par y covere adi atron-sensitive

mat eri al cmamnBinfenedit®hs 4 Stepahs-scaibgppaginst-efeach bege pbfionds aratisted bger go
vari ous procedures, such as primng, resist coating and a_ soft_ bake. After
exposur e pragressivelysgamingthe mask ppiéers upferdhe projestion peam jip a gbgnrelerensech as a

post - gxpqsur.e ke, (PEB), ,..devel o nt..,a hard bake d

reast enditrendBEC et Bhngr bR RBEE Srctfoncey sHAGR systgte Wscedur es i s
used as PakBElct ah§-parHlIeEothR WireBibny isihidain lgade@hl, e pRofd@YdrCHsteth @ill BiveldC. Such
a patterned |ayer nmay then undergo various processes such as etching,

i on- i npl aagaification fagiop VhgeneraBy «11)i thespasd,V atxwhigh thersubstrasertablecisisaarined |

polishing,.etc.. all int e o,.finis aof f an indivi.dyal J.ayer. If
Coveral Pl B rapd maigtioThe 3 vl bR s B o el Mo RREmoliBY S
ther eof , raald tohANGrighiPEVi@RAThER deSéritRaCHn BEBlehA(E for RYBPlfohyusan array
of devices wll be present on the substrate (wafer). TheSe devices are then
sepak@t ed,086,382 aneorporated deredy bureferendmi que such as dici ng or sawi ng, whence
t he i ndi vi dual dev'knces can be nounted on al %8 OCTOBER 2006
a manufacturing process using a lithographic projection apparatus, a
pattern (e.g. in a mask) is imaged onto a substrate that is at least partially covered by a layer
of radiation-sensitive material (resist). Prior to this imaging step, the substrate may undergo
various procedures, such as priming, resist coating and a soft bake. After exposure, the
25  substrate may be subjected to other procedures, such as a post-exposure bake (PEB),
development, a hard 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
30 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 individual devices can be mounted on a



-4 carrier, connected to pins, etc. Further information regat8iOcyoBER2006
processes can be obtained, for exanple, fromthe book "M crochip
Fabrication: A Practical Guide to Sem conductor Processing”, Third Edition,
by Peter van Zant, McGaw Hi Il Publishipg Co., 1997, |SBN 0-07-067250-4,

i ncorporated herein by reference. 5 For the sake of sinplicity, the

proj ection s%stem(ga% her ei paktlgﬁ be refterred to as the "l ens"Bc however,
this terfEHUTYHE® FOO%Bf’)? S At %rlgtio aé@rgﬁ%rgﬂﬁasélg]?gﬁx%??f &% types of
proj ecti QibtAN&t €8P exhanpldl oRthe BbblaCMitScHAP Fhtifoatib®f A Pedcti¥ GRké £, and
catadioptric systens, f or exanpl e. The radiation system may al so include
conponentSendpardation Frocassing’'dThigd EditimnybyPetehemeZang Vbrawy Hdb Patdishitigr ect i ng,

shapi ng or contr i oj ection 10 beam of _radi ation, and such
corrponentéo'nﬁi;%aﬁjs%\] @%@@Bbéfam@rp@&tﬂ&e@m Ydeferspefy or  singularly, as a
"l enss. Further, t |4 r [ &; S, i or
nor e ssubst rate tab:’lgoslr tf(%%%? 8?8 \Bglcgf’gﬁéb?}g ng?ﬁ&%ﬁv%%y%efééﬂ&e?%&%ﬁ‘gl e
stage" dayiasfR "dnl% sdver, tHidlerthahbld bebyoddsy inteepreted ab@h&drhdssing Various

preparatory steps may be carried out on one or nore tables while one or
nmor e ot hdypesa®bprajeciion systemgingiding refractive epties seflaotis¢ opticsgandigtadienttgr aphi ¢
apparatus_are scri bed,.for .exanpl in 5,969,441 and WD 98/ 40791,
Peor por S¥SRPEF TRy, MedrURtar Dl Sp ficive CmnsREa PPAOE awi ngs
shows a plaftaingMhRy ofthese deRigh\{ R ThYdiledanE) sHSSihE Br ERftroMAsY th ?Pd‘@&i&he
patterni ng means and/or the substrate table. 'Further inform |C;n on such

pl andf nieamsof mediation, And srthicompOnéits 189 4k bewtferrbd tasbe2@w) cudlectpaiypbed her ei n
by reference, The fjélana,r not or _as, .shown, is conprised o stationary part |

3 a
and a moHgularyaas PHSrhEU%I%%tthsﬁahﬂﬁrqs jrappasatlis pdnhe LeaityBs havipg tWaPy ty of

per manen ]gg%’g 4 j h‘ﬁrﬁﬁ’t' Baafe.arranged
in rows gn%n cg%ﬁentgksﬂesi .(anl@ioé Eyrgg Bgﬁg)ﬁ%\%gﬁ(a&grg% jé?‘f SuoC?; the 1@?3{%?% n%%&sar t | of
t he pl anale additidnal eibtesinigy betused ar paalla} drgreaiatblyestdps gngt ik caftial altlonwhe

indicate the direction of the magnetic 25 polarization of the nmagnets. In
each of toR&areigbles veile enslonmese pthep@ples are being wagd for expgpires Dyal gtage o

ot her S and b BB S PREBED. o Sntic A8 Uslofl B WESEb R, O PEn

not or. B%Wate@a@&irps tdf&gemdel mary magnets 3, 4 additional nagnets 5 are
arranged in a so-call edy Hal bach configuration. That is to say, the
addi ti onal magnet s Hguee ditheasgempanying drawingsishows gplamaymetarof gol ar i zat i on

2. BT PR bt e o b LB R BRG e s FURBEBIE 'T
cory ", Tl F SROBSAN Yt iy . K o WD tacad gty 10w, such
per p@Adi éndogporated 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



18 OCTOBER 2006 -5 the, plane of the planar notor. The cent¥80cTOBER20QO of
the noving part 2 of the planar notor may be used as the origin. The noving
part 2 of the planar notor consists of 8 coil sets 11 to 18 nounted on a
base 19. Each of the coil sets are pro %ded vvith t hree phase currents which
enable the coil sets, referred to as rcers" to provide a force in the X

Y 5 di t di t hei d af the Z
G rect i oA FsnE BRaacRtor oMbt it o inaep of BRareiingpat A SERRIEAE, f o cer s
11, 12 anghidBmay Be fcd RthEtigh EFné Hchidg [kt 2 btge ?laﬂﬁﬂ rHBon cOndists bf58 b&‘il the Y

dlrectlon These forcers are therefore able to produce tforce iIn

di recti osetad 1uell 8 namntedeonz ltise é8t Each ofthe coiésats arerpgovided-with thirbe p]flﬁeand 17,

18 are orientated such that their primary axis is in the X direction. These
forcers [SPBGRtEWhichyenablejthe qql %efﬁemferaﬁ:d@@t& fercers” tparpvide aderee i therXe€F Yon. To

pr Oduge glrf(ijﬁocnigepenggg OW& 5t o f ég?e 11)1( thedz d%%étlo 1 ”lgggfgrcf{:%esr %, pair of

X-forcCer he secon pal I’ orcers n uni son.

Wien t he afrbhgdd iR phirs. OAs shdval @eFigurd Y, fokderaM e, 12A¥ndSISS OA GreRitientaid stchdhgers 13,
14 operate in opposite directions a torque about fhe Z axis is produced on

t he novi theiperimar® axfs is uhélem direstionplbese fBroais| ae thprefom apteadypreduge force én on t he
novi ng part of .the 5 the Y rectl the first pair of
Y-forcer )5%“%“% “?‘Hg Sstéﬁgorﬁjtgjreﬁté‘?r?" erquagp% Qgeefy 1 ?’%@ r@plgr é% &% n uni son.
Wen theof‘lbﬁtﬁieg}@@%l%thgﬂ; tht&rlfp i$ Rvin 1 RRfeEb6. Oﬂl%‘eé?&cérg’ H%r‘?d ?&@‘i*n pair

of Y-forcers 1 gue about the Z axis Is also pro uce To produce
a foil6e ithe Ytdirectiordisrveslt astthe Zalidectddn. t Tee pfoducea ﬁ>rdeloﬂ theitﬁoxpng)ﬂarc@ imteiX Z
forces in unison. Torques abhout the X and Y axis produced by

oper at i ngire¢on; thesfirstawrrofaf forcers A ¢ el Zsangethe seropgd pair eééc@res@s 1%rléle@er4ﬁet he Z
di rectiog, sc%i{“\ir%”n el kst C;iL f‘l);-%rfg&' ﬁdﬁ 3&&8%&‘%53& ’ofiffoié‘egs ppPOsed to

the second palrr 0 for He Y&eond orcers 13, 14

or by opepérhienfl oppésitefdirestiondai tbrqaé a%tft@liélgraﬁlsllﬂ?xfo@uwme md¥igegart D of he Z
direction in unison with the second pair of Y-forcers and opposed to the

second péherplariar yacten: camslady,do prasiuee p Serce an thegnowing pag 2rof the plasgganetoyil y. 25

ot £ on e dirgitissy I TErHeotnn Dorkel b 1€ BRIPE oD ApARGT Vabrer: e
control | ggerhie iduhissh X WHAIhEHSt Phir bf TR (12 18L eﬂafé @@6&&5 thd'&cdnd Y and Z

directions and about axes parallel to each of t and Z directions).
The Z-di paicof ¥rfofaerckEl 18f a tonguef aboutthe Z1axis is al® mo@oaéeai‘o predusearforchén wei ght

of Lhe m 'ﬂ&; Aty i R T bl SR,
o e T AP R o TGO RPLY YR RSO R o o
20 forces in the Z direction in unison with the first pair of X-forcers 11, 12 and opposed to the
second pair of Y-forcers 17, 18 and the second pair of X-forcers 13, 14 or by operating the
first pair of X-forcers in to produce forces in the Z direction in unison with the second pair
of Y-forcers and opposed to the second pair of X-forcers and the first pair of Y-forcers,
respectively.
25 By combining the forces produced in the manner described above, the
position and velocity of the moving part 2 of the planar motor may be controlled in all six
degrees of freedom (namely in each of the X, Y and Z directions and about axes parallel 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.



| S OCTOBER 2006 -6 However, in addition to the forces in thegdciglR 1006
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 is
a function of the force produced by th& forcer in the Z direction, the 5

force produced by e forcer_jin the X or Y direction and the_position of a
forcer in the X orw"?""ﬂ%é&:i‘qd&‘ﬁnt?ﬁh%foéfﬁﬁrmglfsfflﬁ?‘:(ﬁ‘l?@ae HBBHE&‘FX%“ &ferred

10,2 1 PUREHchOLRHS meWifeelt AW 1Y 187 588 ReBRSpRERSiEle! PPRfofeeks L he

e .
presently knowh design o anar notors to unt er ect of the pitch

torque. pmdatd £airqidutdut B@Ghaxis abditheOf@edrs protluc@a payiie aoudtHeSehxiey an
amount /2. The positional offset is set to be one half of the pitch "t of
10 t he afhetngevecprodedediihe fynstiomabihe foreg pradycest by the fercer indhaZdingetion, theof t he

I t I f .t i .bet t he di | L f
DL ot SR b o PSR 8 SR AR SR P8 b R P gure
2) . Sett wirdfién. PPRis shstils 1QghiS 8SmphehbisTedired 8N&S pitcR torgsy! tS in the pitch
torque produced by one forcer of a pair precisely offsetting the pitch

torque produced byThaX aitdiefortas aserprovidedn pearsrin thehpresehdy &nowe desgn pf t ch
torque within each 15 pair i.s zero. Providing the forcers in pairs js,

however , PAREABOQRY 19 GaBer the effaes af (taespifghdorguenil eratiset thisy eacpof thefOrqeEHn whi ch
I ner ease§ Haeip f&@%? gﬁgen Lﬁﬂﬁliugocﬂ nﬂleD&;SEtio?lgﬂ 3ﬁ%h§|s%rbe dﬁg}llgg_og% S}é&%rtec?fs es 1ts

size in al’'soi'ncreases nunber anplifiers

r equi@ edihearARgctRait 8 thePRARehinfakndts of 1€l WiafiSfhr phrta & thdSlasarRhGSE(I €UT I ent
20 system of forcer pairs so each pair of forcers requires tw 3-phase

anpl i fi ehadf ofithe distdnca betwieen theahpgdomal lines of petmanentthagrietssthat arerorieed in i s an

obj ect of the present invention t ovi de a device nuf act urin t hod
for use HiesA™S MARRoas SEMTInLagE -y Sctting the PosttioRalotfietie Pisakstanserd i n

whi ch  coupensahd @'Ebﬂt@fqu@'r}r)%&ihc&@f)ﬂkiﬁe ﬁﬁ&rfaﬁa%&frﬁmwﬁf&q@g m@gn e of
additional forcers and "anplifiers. This and ot her objects are achieved
accor di ngprque prbduced bg e atheri forcar déthe peir. Jbenetore theatet pitclytonpichwithiasasipeci f i ed
in t{]i openj ng paragraph, characterized by: determning a correction for
each'-bf PHEISZEWlired primary forces such that the effect of the corrections

et a2 PERAASRGS: RS RSB RS, ks (1
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



providing control signals to the coil-sets to effect the pri@oOcdddERER06
including the corrections. This nmethod represents an entirely different
mechani smfor dealing with pitch torques to the presently known techni ques.
It is advantageous in that it provides gn 5 opportunity to reduce the
effect of pitch torque produced by the Coil-sets in a planar notor w thout

requi ring additi onal, conpensator coil -set t he novin t.of the

bl anar ot or . PrpYidigeaniral Septstashe eeilises Iy Tee? HernrHy SHEFOICBing e or s
rather than by.paxigg to nake physical alterations to the equipnment. In
particular, the correction nmay be derived fromthe required primary forces
10 rather than noniThis meghddhepesdteareantizelp differem hévhaniemufor dehlimgtwitn and t he
observed notion and deriving the caorrection fromthis notion. This

si gni fi capitdhforqaes ©dhe Pmelﬁlygmwn teghnigrues.nlt i pdvaptageis in thas itgsavidesan t or ques

that are nsat e [y [ t r rally, . those whi are
N e N S e L
the 15 dyitksit kél{l]ixﬁﬁg A dRidraB Y mpefisatorpcofLeRbnlte WV ikpdrt Sfahe pladaar al | el
to the plane of the coils wthin the coil-set. The step of determ ning the

corr ect i onstorralt che theeaférgrbedundshbycasljesting contrpl tpasameters ratbergharobyjbavding teat  woul d
be caused t he, reqc%i red g)ri mara/. forces being applied by the coil-sets
wi t hout tREREIPFISRlANSFALLORS P 1A EAUBRERY i ni ng the conbi nation of

suppl enentary 20 pri;fapyeyi£p! &Géoﬁ&tfoﬂﬁﬂéﬁe'de%%&ﬂhpﬁtge% 8 Printdry Pdfﬁés on

the noving part of the planar notor are equa n opposite to the sum
of tH® spathepthan wniforiag thehdiffereacyiptwemntha raquired aesionand thdeitervgd nationt he
corrections. This procedure for conpensating for pitch torques significantly
reduces tand degyingdhe gmrastipr froputhisotien. nkhis pigaifigartly waygasdhe oyaralberreloifmands.
25 Alterngtively, the step of determ ning the corrections may be perforned
by determning correction forces for each of the required primary forces

such that, when theThesspitiois foffues eiat BtdofipehMERT anthid MEthbe aty, Egsécillymar y
forces are applied by the coil-sets, the sumof the effect of the primry

forces arflosspuliitioars genergigd dypaeiseaihsat and petabout an axiwethpbis perpendigular &y haes
of fad 1 ifsfor 80 mrgoRaRemaRrey hERa % b Sr BT RO Mt R Rat  ne
ef fect ofwihig tusdiyil s pitch torques. According to a further aspect of the
invention there is provided a conputer program for controlling a
| i t hogr aphi ¢ proj ecthestepapfpleteaamiang dwicdmectmmstreay e pegfosmmed bynoalcslatipg twde 18
CCTOBER Zs?)ggous torques that would be caused by the required primary forces being applied by the
coil-sets without the corrections and then determining the combination of supplementary
20 primary 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. These supplementary forces
are then used as the corrections.
This procedure for compensating for pitch torques significantly reduces the
effect of pitch torque using straight-forward control commands.
25 Alternatively, the step of determining the corrections may be performed by
determining correction forces for each of the required primary forces such that, when 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 substantially equals the forces
and torques required to effect the positioning step.
30 This procedure for producing the offset is particularly beneficial since it
substantially eliminates the effect of the spurious pitch torques.

According to a further aspect of the invention there is provided a computer program

for controlling a lithographic projection apparatus, said computer program comprising code



-8 neans for instructing the apparatus to performthe foll ow$Q@cIOBER2006
positioning one of the substrate and the patterning neans with a pl anar
notor; 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 the ‘§ri mary force, to the noving part of
the planar notor; and _determning the primary forces required to effect the
posi t i oni Agarsifor Mstrpetingthe apRarasps togeaiorm ths f‘)il@&’“?grﬁt?ﬂfat sai d conputer
program furthep ¢ i i g i S
performthe fo‘g?sgt\?\n(mr}lgé §f§%§ﬂgwgt§2a{1 Ié‘(r'.')ﬁrﬁ I#Qt%ﬁg{?g&%e%%l?g Pa?'%?ﬁl gg)ghsa% t he
required pri nHﬁMniﬂﬁ@t@ﬁc@rH?ﬁbeHMb pluielit§Tof e6il-setdf eat i prod@ting Gt ieastondt | east
partially conpensates for the sum of the spurious torques on the noving
part of the plpm@arynforasrin agingnplingotieti angl at deast @rie spigjon torque, asseciated withet s t o
effect. the pripgary. forces ingluding th orrections. According to a
further aspect® P¥W?‘?{%ﬁ?ﬁ'ﬁﬂn?“gggmfgfﬁé’iﬂn%’amgxi M%hogr aphi ¢ projection
appar at us. conpjdi&iilingdhé @:%Qxé/'t?fbeﬂ B fPerfeat Ql\é'[;fékiﬁgnﬁagﬂff%eeﬁﬁh n beam of
radi ation; a support Structur or supporting patterning neans, the
patterni ng nmeamstgerving to pattern the projection beamaccording to a

desired pattern; 20 - a substrate table for holding a substrate; - a
proj ect i ofhagagtarizad inthapsald eapyer Rragrapbiurtberommsisgheasistaeans fof igatrughiset i on of

t he subs{h%%é&gﬁ g?or-?rg)rﬁl;@?g@b@égéwéor posi tioning one of the patterning

means and ‘anar nmotor conprising a plurality of
coil -pets, eacHettrkifing at@rdétidrefds bachref theRqiirdd FritarlfyFofees buthahst tHeBffect
direction and at |east one spurious torque, associated with the primary
force, to the ofthé ngressions aifleashpartinly eompastsates faitle sunrefiths spuriowsdomues ni ng
the primary fOI’C%? requi r%g effect the positioning of the planar notor;
characterized PhteARevViRapP 3’;‘%&9 gsMPE conprises: 30 - nmeans for
determ ning a GOLIdEE éddrof AEnARthE Lol B&ts iCEch B PHhaTorck i t hat
the effect of ?ﬁed?qoérrecti o% gttenuat es the sum ofﬁ{ h@s%ur?@ﬁgﬂ%ﬁﬁes on
t he nmovi ng pacdireofionshe pl anar notor; and a neans of providing a control

signal_to each of the coil-sets to the sum.of th
g 15 According to a further aspect ofa tﬁg llx/ention t?lere is provi(iaed a lithographic

projection apparatus comprising:
- aradiation 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



18 OCTOBER 2006 -9 required primary forces and the correctil8QCaOBER2O06
coil-set. Although specific reference may be nmade in this text to the use of
the apparatus according to the invention in the manufacture of 1GCs, it
shoul d be explicitly 5 understood that such an apparatus has many ot her
possi bl e applications. For exanple, it “hay be enployed in the manufacture
of integrated optical systens, guidance and detection patterns for nagnetic
domai n menor i §8quiredcpyiradry forces,anddhe pergetigahateach ejl-petf j | m nmagnetic  heads,
etc. The skilled artisan will appreciate that, in the context of such

alternative applications, any use of the ternms "reticle”, "wafer” or "die"
in this text shoul dalpkoubfl spevific eférefcerfiayled Madd RIthRGEx thyhel ke offtiee gener al
terms "mask", "substrate" and "target portion", respectively. In the

present dppadraccardiagite thesinvensignan thgrmanuharturp o8 IFs, drshoulddw explicidyconpass
all types af electro netic radiation, .includin ltr.avial et radiation

Ce. o St vanderolagd St SREIPH bamterh had et puhe? bostbip Aonlisalifty, Parinabiie e r e
ul tra-vi B4R thEmnufh RN iAot AR NGB it s@h N,
as well gég}fo%({‘?ﬁ%?% dgieams, gltljcﬁmas ilon eans or rbgeI egi%oﬁlﬁfegﬂn@aetg%%
Enbodi nenjasternt férhragnetie domain merbriesoliqind-otessal didpeay, paylsyehin-fifm enagngtice  onl y,
with reference to the acconpanying schenmatic draw ngs in which: Figure 1

depi cts depds; pisgTagpHiiBedartpacyilbappagsiate thatidn thecontexhef sushalernati¥odi nent  of
the inventipn.,. Fi ' nd 0] .an ha: Of . ' | design; 25
Figure 3 % ng%ltogé’%ﬂggfég?ﬂﬁgk%eﬁeg? ia‘f’t’i %E\agér@%gadrl? lcr)l]ﬁ h%?%@ﬁé@ﬁ@gt or; Figure 4
depi qos tdagsitEred Bgbdlas tepMced b kR abreiehéral @fma kY ERUbARA" MASt@Pst Fi gure
5 depicts the noving part of a planar notor according to the present

i nvent i orportRinjuiespestidielpi ct s an al ternative of the noving part of a planar
nmotor 30 accordin 0 thengr esent ventiQn represent $o 2N el ement

t

[ o Bl gure. 7
of the control systBmOHY¥ p%%e%ﬁ%}emgcggpgpﬁga% bepm ﬂfee%s(?ﬂ i nventi on;
18 OCTOBERc#fPs all HbeSbfblesiréinigitie sRIMtn2hcRldiRY NBhviv Rt RRRINTB Rt with aan
el enent of the contTol systemof a planar notor according to the present
i nvent i onwavelength of 365, 248, 193, 157 or 126 nm) and EUV (extreme ultra-violet radiation, e.g.
15 having a wavelength in the range 5-20 nm), as well as particle beams, such as ion beams or

electron beams.

20 Embodiments of the invention will now be described, by way of example
only, with reference to the accompanying schematic drawings in which:
Figure 1 depicts a lithographic projection apparatus according to an
embodiment of the invention,;
Figure 2 depicts a planar motor of a conventional design;
25 Figure 3 depicts a detail of the stationary part of a planar motor;
Figure 4 depicts the moving part of a planar motor of a conventional design;
Figure S depicts the moving part of a planar motor according to the present
invention;
Figure 6 depicts an alternative of the moving part of a planar motor
30 according to the present invention;
Figure 7 represents an element of the control system of a planar motor

according to the present invention;



Figure 9 represents further elenents of the control system of8 @cpbaprR00®t Or
according to the present invention; and 5 Figure 10 shows an equation for
use in conpensating for the pitch torques. In the Figures, corresponding
reference synbols indicate correspondin parts. Enbodinment 1 10 Figure 1
schematical |y depicts a |ithographic prldfecti on apparatus according to a
particul ar enbodi ment of the invention. The apparatus conprises: a radiation
system Ex, |IL, for Kepisldrepigsentpamalternatiye eobadinmspt of an elgingni efith¢ eonjrol EUV
radi ati ons)g%tewhi o ' case, al so.conprises a radiation source

h.in th t.icul
LA, a fir E‘lﬂf&ﬂl‘l‘{]aémo:ﬁgr(ﬁgérghfggtBIa%prﬁ/ﬁenbm\fip% with a mask hol der for

hol ding a mask 15 pyh k@ IQPreﬁ’crﬁ@fdrﬁgPélem@i&g\?fﬁfﬁ%ﬁ&@lck §@nd o' SplaRR ShdebPN NI

nmeans for accurately positioning t mas respeCt to itemPL; a second
obj ect t altadmgubsha mtsent aivertjoringdr ovi ded with a substrate hol der for

hol ding a substrate W(e.g. a resist-coated silicon wafer), and connected to
second posi ti oni ndiEwWsA8 sheys ar eqiation for yse 4n eQrapENSEingfor therpitchdergues. t h

respect to item PL; ., projection system ("l ens").PL (e.q. nmrror group)
or "t nagi ng. an 1 1 4805 g CFsHPORGIETKE es ol e pétresBoRdigh , Pon G
(e.q. corﬁahg.si ng one or nore dies) of the substrate W As here depicted,
the apparatus is of a reflective type (e.g. has a reflective nmask).

However, in general, it nay al so be of a transni ssive type, for exanple
(e.g. with a . 25 transm ssive nmask). Alternatively, the apparatus nmay enpl oy
anot her c terning neans, such as a progranmable mrror array of a

typegs referred t g?d@g‘g‘i%gh%lggiﬁﬁgy UESicts2 lftﬁ?gapltﬁ? Ex%ze%iibﬂ .ragﬂz#gtgg a&for&ihgc har ge

pl asma source) pro radiatio eam i Into a

i |1 um nattp @pagicalaesimbbdiment ofghe invention.eiHel@paratiis comiptiyesor after havi ng
traversed conditioning neans, such as a beam expander_ Ex, for 30 exanple.
The il | um nat grradiptimyysteonBri Be faduprlyingq prejgadonhganpPB b radisipn (6. out er

o0 o o RO A B RS BRHPL B 251
w1 general | y frgnaYjéc eablefrh KX IaBIE T pré@aB® WahtaSnaskUolder Jortibldink aghakor | N
and a condenser CO "In this way, the beam PB 18 OCTOBER 2006 -11 inpinging
on t A& midA (k. hesticke) chadiconnkctad todirsti pogitianingi means fortagcuriatelly poritioromg the it s
€ross-s e%tle;sﬁ r\]r{lith 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



It should be noted with regard to Figure 1 that the source L¥S @eyoBer2006i n
the housing of the lithographic projection apparatus (as is often the case
when the source 5 LAis a nercury |lanp, for exanple), but that it nmay al so
be renote fromthe |ithographic projection apparatus, the radiation beam
which it produces being led into the apblaratus (e.g. with the aid of
suitable directing mrrors); this latter scenario is often the case when

t he sour cimpinging onithesraskndA hassiedesiratheniformity and imensity idistributeidnGh ais ms
enconpass both of these scenarios. 10 The beam PB subsequently intercepts
the mask FBSS-%H¥h is held on a mask table M. Having been selectively

reflected by the magky, i bk B6teASAM RBarHAS Ffphre | aPHQQoBQ%LA?HW'BEthh

focuses the beam PB onto a target pofrtion of e substrate

ai d of t hthe fieasingoPs lithapraphic pifeﬁﬂﬁmﬁ appchrdtid @ isadfﬂiﬂi&hé mem&auhé s@reeans
|F), the substrate table WI can_be noved accurately, SO as to position
di f f erfent LAds gmercusy porn forrexawpie), l@lﬁ éhq& #trpayodlsq ‘Pseresmwfrpm thejlithogeaphic  t he

first positiao ns..can cur.at el tion the sk MA with
Fespect -t BOIREORBAFRRS ricrgdfal BEm Wi AERRRS el S DeatBrBBR of e
mask MA f mhrmékldldflaﬁwe d@éctlﬂgrnhlﬂﬁrs? tﬁ%E}ﬂter Isaelﬁﬁa% aften thERYKRPRn Of the
object tables MI, WIF will be realzed wth the aid a | ong-stroke nodule
(cour se pthsisouronLAg} amnxlclmeslwtrt Th¢ cwkent oeotien {ifd @lalmmsndonmassig)th ofihi ch are
not 20 explicitly depicted in Figure 1. However, in the case of a wafer
stepper (ASSCOPPEOE to a step-and-scan apparatus) the mask table M may

[ust e connected g, bAliPEB TR AR R e AR Sl Kl Je dopi cted

appar atus can be use

tabl e MI' maskkable M’SSHNthbéQﬁ seleativeln adflected b tRmask M/Ag tlTﬁBé@lm PB pamge l S
projected in one .. a single "flash") onto a target portion C _The
substrat ethrquabmelwrs ]s whléh feaisgs: the beam PReONo & kg ipostiat ¢ oF theombsteate What a

di fferent . 1R e _beam PB: scan
mode.  css W6 HgRE ' Soin ERjonMRERB LA bR AR iy gor
portion Gh §uﬁbﬁﬁteQm@Wﬂ chfib@mdedhurdidlAdl. so B 83 Sardtior MigfefBrblargaabl e M is
novable in a 30 given direction (the so-called "scan direction", e.g. they

di r ecttSi orportipnsiC i al tshp@edl of thg beanh BB. Bimailaplyofhe firstpositioningPBeadns C@Iab@; askdito scan
O e GRS M b RSP B b2 G bR R R 2oL
the magni ﬁlé&ﬁhfcgﬂeﬁfevﬁlnﬁ’ th@ﬂl%slﬂv'[/( FooRi §ﬁalailé/hbr Zorddtif¥ a ¢dan) In deflerall! S
manner, -12 relatively largé’target” portiom C can be
expos ed nru)vdmmit oflEhe:ldbg:ct tables IWIT OWITSwilloe 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



resolution. Figures 5 and 6 depict alternative arrangenents ¥80OCTOBER2006g
part 25; 35 of a planar notor. The primary difference is that the forcers
26-28; 36-38 are not arranged 5 in pairs as in the conventional design. In
Figure 5, for exanple, there are two individual X forcers 26, 27 which
operating in unison, produce forces i n"¥2he X direction and, operating
opposed to one anot her, produce torques around the Z axis. There are two

Y- f or cer srelgyvely dargofaredt portinarC eprbeexpesed. withenskayingtose@upsonise©8s in the Y
direction aqg% when operating opposed to one another, produce torques about

the Z axi&"WZh the First X-forcer 26 10 produces a force in the Z

direction in uni sonkgired 5l 6fdepRt alferhiveRirad Serdifis R)?Bib’sﬁGvﬁ@ p'iaﬁQS; sscond
X-forcer 27 and the Second Y-forcer 29, a torque about the X axis Is

pr oduced. of afiamar mweorf i Thetprixadry differer®6 ipthatithe dsrcers26+28¢ 3613 8tanenat aranged i on i n
uni son with the second Y- forcer 29 d opposite to the second X-forcer 27
and t %e fIPEILS %‘F‘&ﬁ% é?nVQBt}O‘}iﬁ 56%‘%}11(91“38%%%’ ?‘ﬁéxqm%?i é‘ei’esafﬁ%ﬂ U@H@“#ﬁé
control [ [ ' | ¢

o angermeriy 2 g WHIE Bbdratits SN, o ofeed i e Blrbon Wl Srill ) cor s
are not ad;fgamad oinB afiéthérs prodiée tordueb aichd tee Z axidOThereriké twis Yofatdeys 28, 29
conpensated. The X-forcers generate a pitch torque Ty which is dependent on
t he for cewligh,pyhemnpethting in haiserp preduce foreesan xhejl rditgeii@hand, Méien operetifg

b 290629 e SR hRAEIGALEABBI N 238! FASHOLFSHAR X, |
depengentpBiludeh 8 f6ieE SEhEY. RFRESS Burl¥ort WEh {HRIHS! YifBreb®9 Yod gp o8&} iRfle the

force Fz produced by the forcer in the Z direction and the sition of the
forcer i rsetdrel X-fdiceeZ argithe $¢veng iY-fdrcar@9ga ez quaabonethd 86 exis xeprobycedhe

0 (1) 2 WERR She Rkt tupfcesn foret T phepdineiion i viison wideshe Seopnd X'y 2 (3)
TG M o R R A A R g8 By
the y pi tthé Ytaxisjs praduced dTley/cdnie] 6f the mo¢dgpare3s Sowndia Figute tohe sintita bt
xt orI%er t%g arrfn7g;ement of the forcers 26-28 is consolidated.
However, since the forcers are not arranged in pairs, the pitch torque is not

intrinsically compensated. The X-forcers generate a pitch torque Ty which is 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. Similarly the Y-forcers produce
20  apitch 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 following equations.

2.7 2.1-x T
Ty, = Cl'Fxxl'Si"( " x]"'Cz'Fle‘Sin( d x+3) 6}
e X (2m-x m
25 Ty, = —Cl.Fxxz.sm( )- C,- szz-sm( ; +_2_J @)
ey (2my =@
Txyl = Cl-Fyyl'Sln +C2-Fzy!.81n . +E (3)
. 2-1l',~y . 2,n,y T
Tx,, = -C,-Fy,, sin ) G, Fz,, sin ) (4)

In which:



Txy represents the x pitch torque caused by the first Y-forc8 Q@8TOBBR2G6t he
second Y-force 29; 39; 5 Fxx represents the x force generated by the first
X-forcer 26; 36 and the second X-forcer 27;37; Fyy- represents the y force
generated by the first Y-forcer 28; 38 and the second Y-forcer 29; 39; Fz_
represents for z force generated by thel® and Y-forcers 26-29; 36-39; 10 x
represents the position, in the X direction, of the noving part of the

pl anar notor rel at ikye representy bd atpitchitorgue pansed by thedivsti Xdorsenh, 3oangd theart ; vy

represents th sition, - in the Y direction, of the noving part of the
pl anar nﬂ?‘ﬁﬂn%rpg'l?%rﬂa’i/g]?g’ a predeternined position on the stationary part;

Q& G2 represent cqnstagtnthheR cAER rRl Cked Of it 1ot S010E 2MD3@IndiE D 15

are dependent, for exx on It try and the pitc the magnet s;
and rreprseamdtS-forbe29i3%h of the nagnets. From these equations, the total
pitch torque on the noving part 25; 35 of the planar_nptor can be

cal cul ated. 2itx 2t [ Appressptsthe x force gemsrated by e fust Xfpreer 26;,36@nd thez
Fzx2) si . 20 Tx,,, =C, (Fyy Fyy2) sin 2-ny + C (Fz,.1
- Fzy2) ggcr?%d;('i&@rzéﬁ%& Fromthe equations for the total pitch torques
Tywt, Txwt (equationgyp ré{f:ldsc@s, the ztfo&é-@eﬁ&até@ﬁgtﬁerm’ét Yiéf6fter 28, 38ridBe

configurations shown 1'n Fi gures and 6, the forcers and Y-forcers,
respect i vetgondaf-éoraen2dmgBd with a shift of (n+l/2)z pitch torques are not

roduced when the fqgrce conponents in the X-forcers t he t he

1? orce 25 corrponents?{ZJclr"?thieeSe -SE%% “sﬂ%FPsraféebystéﬁg-@ﬁ&&ﬁf@ﬁ?@%ﬁfﬁ}s% Fyy2,
Fz,| zoFzx2, and Fzyt.= po ot . D] -

Z,1 ForZXes, and rFzy r?preseﬁsytﬁéz g?élfz?%ﬁ),tlﬁ'ﬁ{e XA E&ionPbf B rﬁ&ﬁx@é’?ﬂ% 6@?@?{?& s 28,

generated when the X-forcers operate in unison an

29 oper at enadtor relatisero a pedetenmined posifi@non tte stationatylpartequi red force on the
noving part of the planar notor iis a force in the X direction, a force in
the Y direction, aYreRrewnisthe pesivoryiin hetY gHedsionsehtbe mayingeart oftheplangese.
However, pi . farce conponents in the
X-forcer s%&}ﬁffaggﬁﬁégﬁ opggpﬁlﬁgf%m%%%ﬁgﬁ%yﬁghf orce components in the

Y-forcers 28, 29 di ek C2TBprescnt Cotistantd@hichrcitypiabfioptie plénddaldtBbkhidR06 - 14
any of the X, Y and Z axis are required for the noving part 25 of the planar
not or 15 f oere deperdsnt faaxapple oa dis geempigy and the pitch of the magnets; and

Trepresents the pitch of the magnets.
From these equations, the total pitch torque on the moving part 25; 35 of the planar motor

can be calculated.

2-m- 2:%-x W
Ty,w:C]-(Fxxl—Fxﬂ)-Sir{ T x)+c2'(sz1_FZx2)'Sir( T x"’E) )

2wy -y

] + Cz.(Fzyl - Fzﬂ)- sin( 2 .

r
20 Tx, = G- (Fy, - Fy, ) sin( n 5) 6)

From the equations for the total pitch torques Tyo, TXior (€quations S 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 (Fxx; = Fxy, Fyy1 = Fyys, Fzy; = Fz,5, and Fz,; =
Fzy;). 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



For a given conbination of forces and torques that are requi I80dT®BRR 2006
applied to the noving part 25 of the planar notor, equations 5 and 6 can be
used to determne the 5 pitch torque that will be produced. A conpensatory
torque can then be calculated and forces applied to each of the forces to
produce this conpensatory torque. This-l4 summarized in Figure 7. The
required forces and torques for the noving part of the planar notor are
det er m neghy gfnkk X| ¥randZesds areteqiireg fdrlthe rvwifgqyaee2s ofatielipladr motogafoh f orcer
are calculated. In step 42, the total pitch torque on the noving part of

t he pl anagxamploduring aspejerstieRed by producing by the forces in the forcers is
cal cul at ed. Then, iporsé[ en 43 t'rqa' f@:gres [e l(J)i ru%d irt1arearch Nj glrtc%r to.od‘fset
the pitch torque arec T SR e J oFs & f%rﬁgéa ar sIYEEEq, eiaﬁplé? ep 44,
to the f oGRS Mol p&ﬁtﬂsd)fhﬁe/@abmtbﬁqqagms KR8 8an bews&T todetdiRitte thee
pitch torque effect. A commutation algorithmis then applied in step 45 to
det er i nepitdhgorque that mtild be pectduperk dA icompensatopy tozguet aingherhbodal¢diged Anke phases

of each of the four force o0 15 produce.the required forges in each
forcer. qq?aaawwﬁﬁe efftr b faspisde Pigues, is eorp ?tPE’dOf%‘ecg[ﬁ‘b%‘ﬁsat e for the
itch to ] . IRl t . i SIS

E ubst ant i s; dﬁmf%\?gif ?{%‘ 2%7"[)?&%@%%‘?5‘1&&%?{‘ g 'ﬁ&rgg?sqfﬁfeg\l‘égﬁo?ﬁg B%Ign {Iha ?‘rﬂ%ﬁr ons

shown i n mb@kaRdetermitbdbandomitésal in\seep 41, dReBdiesB3quired use@hiforceddre h
subsequent offset forces are determ ned to counteract the 20 pitch torques

produced ¢culdied. plnestapotss e tatal piteh teearesnithe movinppartyfdbeplnaranotee r epeat ed

until.the resultant pi.tch to s _are,below a qgiv hreshol d v . One
anoul ff norieencer R eBubding by UkdBEeSinne orpehs s Achifleln THAE T e B3R o Y e

of the fifosdes eéalgiré@ﬁpéuéhxorcéﬂbczﬂfsét B8 PittH®rdue’ ¢ cAPEa®8C TMese off L FRES
decreases, the benefit of this formof pitch torque conpensation decreases.
25 Tabl e dre sédedsinsstepodrh 40 thednree$ thahwouldripue bequr requiceslini eaclafquteaarvdthowbther wi t h
t he nmovin art 25_arrgnged as .shown .in Figure 5 wth d without pitch
torque.  dBiRBaraNE PERFts ALPrirRUaHge algaditm isbem.plied ihyep g o detemuine e

conpensatd i £ . r i . 30
Ebodi mori TR B et ERNCPpIEFHIGER of R (Rick PhaleR of ORI FRELAAITME. o7 e
i nvents orprbducecheeqoized faneesfimeadhiferder.t ch t or ques produced in the forcers. In
the first step 18 OCTOBER 2006 -15 50, the required forces and taqrques for
the noving part of AkkoyghiheeffsesfseesayhichyatedeayiFrddo compensats for thedpitch1 t he
control 1 I ] J applied
fo the foonbEMARERTpRRRcC ATRE LI trouBl. i SAETRRER bShncliBiber fip R0

par asi t i ahe 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



pitch torques that are produced with the prinmary forces, thelSQarOBERZNO6 to
the required 5 forces and torques in the noving part of the planar notor
determned in step 50. The primary force commands are then applied to the
comut ation al gorithm 55 which provides the required currents to the three
phases of each of the four forcers. In-b¥der to performstep 51, some

mat hemati cal nodeling is required. The follow ng equation nodels the noving
part of t h@, tht saquiredberoes and totgues thethe movingpad af theipldnar motorarpdetemmined.ques.
In order t rovi de_a uni que solutigon, .the nodel requires that the force
conponent s eﬁ’ EPA Yy iﬂ?ee“cog?'%syékﬂf ﬂege -l?%tB%PEWof\e??‘i’fecoﬂﬁP?nr@tht ﬁgo‘llgt al
force in 4G} i QREYnHi -l ion
of the X- Pgrggélreg qgﬁlge\?%éeégs ﬁﬂgﬁ%ﬁ%’?& hé’tﬁk}ge Pg{nglﬁl 13tai;éurzgue abodit]éht ‘};ielﬁg?éa iésS?ﬁ‘éThi S
enbodi menpitel tordues ittt aret produced with the plimary fopdesthatwd iswedual af the requirdd| s,

whi ch use different assunptions, provided the 15 determ nant of the
equi va? enforessand derapessin the ey mepagtRfhe planarmeotardeternynedyim stap 3% Hgn-  zer o.

Fx 110 0.0.0 0 Fxxt 0 . 0 . F .0 0 . ‘ 1
Tx 0 0 - zPridratk et gpiitands ug 1y dopdiel 10 g cglniion Agdiinlsd which rbodigéy’)
Tz YxI' - theheifed-ctridntd tO tHe threkphdse9 oFdacl P ik Budfokedds.0 Fzyl 05Tz yx1 -yxi
000O0O0O0 Fzy2 Fx, Fy and Fz are the total forces on the novable part of

the planar notor, Hmoskytopesformateprddsdme metheniftical Tyodehidg Tereguiged. NEhe or ques
pr oduced t he novi.n f 20 the planar notaor abput. the respective
Pes manAllp e egaatia gl fc mogine adrisl 16 Mandt ot BB e Lo R it

pr oduged g‘ﬁﬂgt : Bt i t

repr eg(Znt 28{3 hg?tfoo ce %ﬁrjglggifeb?rggmg %éﬁ{%ﬁ%%lgg%,otfrﬁ%g?réd yllé&lg%ésgl%t tIFé/nfq[r%ee Y

di r ect i oncamngloreats intiepZ elirectican 6fithe Xefoeeerpprodide ddiflof thertetall éorod rckhe @-cer (x|,
x2, yl or }2) in the Z direction. The cqordinates of_the points of action

of the fofisegtiongnd ghat gheforge qompopents Bhthe X-gdirection of Hip X darears pypvidesehalbof ng
t 25; , |- . . it b i pt
onot (g OGPt 225 TS SuBbialle he ithefiliof pih Glloded DBCTLEL

posi ti onsimplemehted Fithith&@Ghodels, wiifichadse diffi@eiQisiingptns sibiided efe al | of the
forcers, relative to the center of mass 30; 18 OBER 2006 -16 40, are the

sane (%) . determigant|of sheaespiivalent charactgistic-mati® shgwn inthgeguatiop below yonamd yy, =
yy2.

Z€ro.

[ Fx ] [1 1 o0 O 0O 0 0 0 ][Fx,]
Fy o 0 1 1 0 0 0 0]||Fx,
Fz o 0 o0 o0 1 1 1 1 Fy,,
Tx ) 0 0 =2 =2 Ya Ya Yy Iy . Fyﬂ %)
Ty Z Z 0 0 -x, x, Yy In Fz,
Iz Y “Yu Xpn Xy O 0 0 0 Fz,

0S5-Fz 0 0 0 0 1 1 0 0 Fz,

1057z ¥y -Ya O 0 0 O 0 0 | |Fzy

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;



Bot h these assunptions are not essential features of the prdSssdcTepbradld@nt
of the invention but are preferable as they reduce the conplexity of the
cal cul ati ons. Wen the pitch torques are introduced into the nodel, the
equation becomes Fx 1 1 000 00O0Fxx, Fy 00110000Fz2 FZz0O0OO
01111FyY, 5Tx- 00 -z+T -z-q -v:161 yx1 Yy1l+9 -yy,-9 FyY2 (8) Ty z+a
z-a 0 0 -xx,+P xx1-0 -xY, xy, Fzx, Tz yx1 -Yxi xy, -xy, 00 O O Fzx2 0-5.
Fz 0 0 0 49, arethgsame-@). It ipalso asspmed that Xyn= X0, Y1 & Ya 8y10- F2y@pd ymireYye n N =

Csin 2 Y | .9=C2si n T Y+ J 1 = C, in
CiD)" T \Bohnese SSTRRORS b 56y st fcatints of by ik Mhmdinditeles, % 2 ahe
(3 are t hav&RioR bab areppsferabiesds UBGaddudahOEsmptekity bthe caes@tibms. t he first
enbodi ment. 15 This nodel allows us to determ ne the forces, Fxx, through

Fzy2, required i n Waeh tHeqntchtonguesgare tumelucddeintostheaimosldl, tlor expetiambedonregues Fx

through Tz on the noving part of the planar nptor as a whaol e. B%L ihverting
the 8 by 8Famtrfxlof Ehuati8n 8 w8 arrive at the fdlowi n® edueF¥oh, from
whi ch the ggquired prigary florcesyfor egch forger cap be deferiiped|from the
overal | forces fand torques required for the noving part of the planar 20
motor. 18 ®eToBER?20080 -1701 0 000 0 0lo - wxi 1 1 1 Fy,
5 Tx - 0 O _Z+(P _Z_q) _yxl yxl yyl+e _.yyl_e . Fyy2 (8)
Ty Z+0 z-0 0 0 -x,+B x,-B -x, X, Fz,,
Tz Ya  ~Yu X, -x, 0 0 0 0 Fz,
05.Fz 0 0 0 0 1 1 0 0 Fz,
05Tz | yq ~Yu 0 0 0 0 0 0 ||Fzy]
where
2.
9 = C,sin y) )
(2my =@
8 = C, -sin . +5) (10)
2:m-
10 @ = Gsin — x) (1)
(2mx T
B =C,-sin . +Ej (12)

The pitch torque components @, 6, a and p are the same as those discussed
before with reference to the first embodiment.

15 This model allows us to determine the forces, Fxy; through Fz,, 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.



1000000VYXI 11 Fxx 010000 Fxxri xrl Fxx2 0 U800TOBERQ0A6FY
Fyri xr, xr, Fz FY,2 yr,+A xr, xy, yr,+0 ¢ (-Y.ic+yr,.a+Ba) Tx Fzx, 2 Z D
Zl. DODDDI1IDTYY" Fzx2 Yy,+6e x,1 0 xrj Yrl+e -W1 (-Y."', +yr, ate.a)
Tz r* ZDZDyx . D05 Fz (xx (a -xrl + T "' xxi ) 05Tz Fzy2 z Yn - Z (x.~
-6) 1 ~Y DDDDT(xA. D) xr, D-Z%n _z (xn-9) 1 (x~ Yn (x,-0 _1

| axr, +Wkxi-p D D D D (xyD) xr,D (13) In which D=(Yxl' xyl-~0+xxl"'yyl+xxl 0-~
yy3) (14) 5 The nunber of calcubations requiredoto dete i ne tlhe forces
required in eagh of the forcers may be reduced by spott’f”ng that many of the
terms in the canputationtfor® eath of *he X&nd ¥ forcers-is si
negative of the termfor the other of the X or Y forcersd cp,
(and ther[gkdre |D) %are all deBend%nt orf t he pQSltlon of fRg novilg
t he pl anarfxmot qr %nd the{ef ope nyst be0 updat e ed as, t he notor op¢g
t he cal culFatli ons to find the required forcesyin each of t,he for
performedFeach |tiyeet he force cakcul afj.ens g e updat- 9d¢+Ald;ﬂror)a i
of the Caflz,Cl]rctzl_OjBTE sﬂq}i a8 thg valtgs of =p, 0, '

only varij@alle ils {hg pOSLtI on qf the mpving part of_tl g ,phana
rel ative [ta, |t he-st N part)—rray‘il;ge- pr e- aI cul a 2 Q P ]
positions/Fgnd stored i m)r)/ The remai pi nlg cal eul a;fons rigoped f or ned
usi ng the apprap &lyte\rl(éﬂ—&gﬁr rygo%he- gns for which
val ues would be reqw reé’ woul d Si rrply be t ange of the centroi d of the
moving part of |thewplanba-8) =~ (u-8) 3, ,.—B . fextex-98)
“p TYTp ) D (x,-0) - %, D
(13)
In which
D=(yxl'xyl*B'e"'xxn'yy1+xx1'e_B'yy3) (14)
5

The number of calculations required to determine the forces required in each
of the forcers may be reduced by spotting that many of the terms in the computation for
each of the X and Y forcers is simply the negative of the term for the other of the X or Y
forcers. ¢, 0, a and B (and therefore D) are all dependent on the position of the moving

10  part of the planar motor and therefore must be updated as the motor operates.

All of the calculations to find the required forces in each of the forcers may
be performed each time the force calculations are updated. Alternatively some of the
calculations, such as the values of ¢, 6, a and P (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 @, 8, a and p 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.



notor relative to one of the magnets in the stationary part.180omoBER20060NS
of the noving part of the planar notor have the sane values of 1p, 0, a and
0 when the centroid is in the 20 sane relative position to another nagnet in
the stationary part that is oriented with is magnetic polarization parallel
to that of the first nagnet. 18 OCTOBER&O006 -18 Enbodinent 3 A third way
to conpensate for the pitch torques produced by the forces is to 5 provide
a learning algorithm such as a neural network, that can be trained to

provi de tEe right forces commands for each of the forces (or, directly, the
requisit se currents for each forcer) to produce the overall
required force and torques on the noving part of the planar notor. 10 In
all of the above enbodi nents, the pitch torque conpensation is only a part
of the control syst arthiréeuaytecorhperRae foicthe plich MByies grathuced by tHelferdes anar
motor. Figure 9 depicts further conponents in the control system In step
60, tHe rpguideadeaninglatgosithronsich3s g poural ratwarky Hiat pambe Egined xpevidadhe of a

bl noar kB taes calAne TalEach 4 PisRtEs (i R, B aeduitip TRtk g okt "
schedul i gy eadnSfoRRE t8pREFICcE %e%ﬁi_ll%&lﬁréd%rrfe%ﬂitérﬁgesa&Pﬁk%&;iﬁé’ﬂaé—@@f @t the

novi ng part of the planar notor in order to produce the requite

accel er at plamarafiotbhe target regi on. Subsequently, a process 63, referred to
as "gain balancing” is used to determ ned the 20 required forces and torques
64 for the noving part of the planar notor. This process 63 takes into
accoupy the forces, other than those produced by the forcers, on the mddle
part of the planar notor. These forces may, for exanple, include the weight
of the nmoving part of the planar notor, and external forces such as the
cable arm The gain bal ancing may al so take into account the position of
the point of acti oningll efgbeatpayefesrhodimensy theepitdhtorgie compersation Shanlpaoduct  of

th inb ' 63.in.thi is the jdeal i f 64
for sach Fatdafe Syl SERR petturel b st TS Pine b ot B Iartal Mtiore e G
Ther ef or egepiidis fifr@Br &mpdrfitsRh teltonBbM4Stehs MQEPEOTS Bleeqiifid ackileratigad forces

required in each forcer is then provided to the comunication al gorithm 66
whi chl5 defbetinitraéght lihe andrptationdl) ofip tasgetgegion op slashmadk arsabsthateen@imeken f or

each of the four forces. 30 Further jnformgtion on i n_schedul ing may be
found in %ﬁ%@%%ﬁtﬁ%ﬁ@ﬁrﬁm%?@lfwggﬁsﬁ Wﬁsﬁ%ﬁsrﬁf B aB¥8 herein
by ref er euggquiihg® iPpitsiniedtd UBteARMNE BRSRLHP fERYIPRiIoR62 Yt ARTmBYingPirt ¥ t he

met hods
the planar motor in order to produce the required acceleration of the target region.

Subsequently, a process 63, referred to as “gain balancing” is used to determined the
20 required forces and torques 64 for the moving part of the planar motor.

This process 63 takes into account the forces, other than those produced by the
forcers, on the middle part of the planar motor. These forces may, for example, include the
weight of the moving part of the planar motor, and external forces such as the cable arm.
The gain balancing may also take into account the position of the point of action of each

25  force produced by the forcers. The product of the gain balancing process 63 in this case is
the ideal required force 64 for each forcer. However, this does not take account of the
pitch torque. Therefore, in step 65, the pitch torque is compensated for. The real forces
required in each forcer is then provided to the communication algorithm 66 which
determines 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



descri bed above. For exanple, in the first enbodi ment steps HWOCWDOBHER 2686
shown in Figure 18 OCTOBER 2006 -19 7, may be used. In the second

enbodi ment, Equation 13 already takes into account the position of the
point of action of the forcers. The gain balancing therefore need only take
account of the other forces acting on t-h& noving part of the planar notor
and determne the required overall forces and torques for the noving part
as a whol &, may benseat iInghesecond embodimest, Bqationbl 3ealteadptakéinta sacaweidhel gai n
bal anci ng, t.he duct .0 s.the required force eac forcer, and
From & hi < paufin Bf e Bt OF adffinabahe orerce-c EiboaaabalaRfe Deislors T667 ppigifiien o
the forcepg t i

method of i@@%ﬁﬁﬁf‘iﬁﬁ%ﬁ?‘ﬁsﬁ?& Bl B PR BF e PRl ke sﬁﬂétgﬁ?‘?fgiiﬁe For
si npli ci tycquliiﬁdlai'd:rall forcedandaorquay fdrehd movingtpan asa:whote. Alternktivelylit mapbdy

[d 4 ideal ] {Fjeeal 1 (15 Tz 0.5. Fz_ 05Tz in which [A des]] is the
8 matr?x Hedabletagerfaan s@e@ard Bainhalaneg; theprodict plowhich e%@iséecmeﬂ dorses idh
t orque) bet n_the,qQver force n ues on th rt_of, t.he
e o EtRlkeh WA R i ol PRERE uR e iR TORE cBhutahE: FRY MRALPRL frofiosh S
above Cant@@lerf&%ﬂstté @&nﬁ&s@é fofthe pitéh tokdfucs. Tosteb: Mty thd Mettlod oftRdz  05. Tz
15 in which .., ist 8x8matr|X|ncorporat|ngthe pitch torques into

t he nodel seo@odbmhochgldnhssmetfwmﬂqmmesmglsatnqinredarﬁoamglphg;tyilﬁmlatlon 7 abbvey

equati on |s roduced [ Freal = [d"real 1r) "[Ai,.,|IFdeall (17
q %C rewr(itten as. ] [ ) [ ( )

(oclu]|

e
Fy
Fz
10 g = (A} Fra] (15)
Tz

05-Fz
057 |

in which [Ajgea] is the 8 x 8 matrix modelling the ideal relationship (i.e. not incorporating
pitch torque) between the overall forces and torques on the moving part of the planar motor

and the forces in each of the forces. Similarly Equation 8 above can be rewritten as
C Fx ]
Fy
Fz
Tx
Ty [A‘eal] [ real] (16)
Tz
05-Fz
1 05-T7 |

15  in which [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

[ real] [AreaI]—l[AdealIF}deal] (17)

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

20 provided to the forcers, taking account of the pitch torques, and the ideal forces [Figea] that



We therefore have a relationship between the real forces [F, B)CThaER2086 be
20 provided to the forcers, taking account of the pitch torques, and the

i deal forces [F;dey] that 18 OCTOBER 2006 -20 are determined in the gain
bal anci ng step 63. For conveni ence, the, expanded version of equation 17 is
shown as Figure 10 on the acconpanyi ng™dfaw ngs. Again, the anount of

conputation requjred i s reduced, by the fact that many of the terns for each
of the fo?réé@e“?‘@&gil?gﬁgaﬂﬂf CIRESP 67 1 I capvenignge s the e g?‘i‘V/eés’&Pofhe terns

required . and, ef ]&pqm and O
(and hencéeq(?]rﬁsl&l}i::t‘fi37e?g eg(grrllg]fgrﬁghgeni(?ﬁg pogg?éjgél&géf?ﬁéﬁ%gbﬁgﬁg]’éar &ol’fmtgﬁe

pl anar mogdmpaitibrt reguieddos eedueaiby telfgct dind aia@gl o the! tbend ok esichagfah@fses Wi | st
speci fic enbodi ments of the invention have been described above, it will be

appr eci atreduirédhin th&X gndvié farcass areethe hegapive of the sermsirpguivgdder theathegof thesXr i bed.
The escription is  nqt_intended t imt t i nyention. 10 Table 1
Dot 2 oY e A8 Hetare ot Pt (nd hencs DSt eReHes eeibe Bemlion of the

Unconpens | i i T, Ty,
actual [ r\ﬁ’%% bt of i ﬁi‘?ﬁinfﬂb?féy},ﬁgét uafOE%\fn%ieE t%é l':‘f’qgﬁ?mgslt.hggr}d@‘lg"f{%%se; 6/-0.066
+1. 003/ +0. 995 Wihtlstlspedific 3mbbilintents ofith® iieftiorDh46bedn O3 cHb&V abotve; iBvibb&e 4
+1.003/+40.995 Tz =1 Nm +4e-2/-4e-2 +4e-2/-4e-2 +3e-3/-3e-3 +3e-3/-3e-3 Tx
= Ty= Yz appreciged thabihe inventian magbe practios) etheryyserthamay desggbeds Then 18 OCTOBER

2006 21 q%égp“{qugfllpta@ge%ﬁ%daﬁrﬂﬁguglﬁit 1{Oinng met hod conprising the steps of:

- providi partially covered by a | ayer of
radi afg on- sensitive material; - providing a projection beam of radiation
using a radiation system - using patterning neans to endow the projection
beamwi th a pattern in its cross- section; - projecting the patterned beam
of radiation onto a target portion of the layer of radiation-sensitive
material, - positioning one of the substrate and the patterning neans with a
pl anar mfgyie 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 =1Nm 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 +1.003/4+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




sai d planar nmotor conprised of a plurality of coil-sets, ead8 @cSGBERBQ0GL
| east one primary force in a given direction and at | east one spurious
torque, associated with the prinmary force, to the noving part of the planar

notor; - calculating the primary forces required to position the planar
notor at a predeterm ned position; - ¢hl cul ati ng the spurious torques
associated with the calculated primary forces; - calculating a correction

for each Oré"w calculated primary forces such that the effect of the

correctio Yeast partially conpensate for the sumof the cal cul ated
spurious torques on the noving part of the planar notor; and - providing
control signals to the coil-sets to effect the calculated prinmary forces

i ncl udi ng ¥ he cor r ed deyirs. manufastigingineshadgeurraising thegiensetthod as claim 1,
wherein the correagchi ' dehdeyed 0GR OHEbAh el ePbf Badof-Or cES. 3. A
devi ce manuf ac E@ﬁ‘?\lggg@{ltﬁ% ggdtcﬁa{i msl or §' %er e?n?%ﬁe spurai (c))us t or que
gener at ed by eaedsito@irhategdl; act s about an axis that is perpendicular to the
direction of said.at |east. one primary. for.ce produced by the coil-set and
paral l el to t h@TRIdiA% 2 BFOIghign bgﬂﬁf’g%%ﬂ? HS‘P%ﬁpacdgagiop%?t?’Xﬂ. A devi ce

manuf act uri ng BB Qe@RIngMeaROR oW id) PrSjedtidnbedm Wifteh Bhtters &l ith crédsep of

cal culating the corrections conprises: calculating the spurious torques that
woul d be causede®ipni he cal cul ated prinmary 18 OCTOBER 2006 22 forces being
applied by the Ll ' . ' . > '

conbi nati on of pgﬁ%ng&ng?r%ersﬁa\gff {/‘Qg%#ﬁr@ gra?g“?‘éﬁgﬁﬂf’%q?"ﬁ%@é‘? (jl’{‘l giiet%] g&ty %1{3]1(? pr oduces
t orques on t he radistiongsepsitive mhtetible pl anar notor that are equal and opposite

to the sumof the spurious.torques, and using. these supplenentary forces as
the. corr 6t | on@OSHONAE 8% Pbe HTGF& U Me RB TR Foas ViR PANE! B ai me. 1 o
3, wherein sai daid$)&Rr Mbtdr bMPHAUIOE pllrfitg 8F EREicD BRhGRONICHTHOS leaS@deul at i ng
correction forces for each sald calculated primary forces such that, when
t he sum of t he peigrarefreoin argyanediregiien andeat leastone aSpuwtbup FardRe; psspeiated svitr e
applied by the col}l- t - .he cal cul ated prinmary
forces and sptﬁl?ei %E%§§g§r§&é§ﬁ}eéﬂ%g%f)%rpnﬁtg%F%ﬁérﬁg&%r ces and torques
required t-0 poshlkilating the priplaanfurcesBéquiredito pd3itiopniedsitgdr Mot posi ti on.

predetermined position;

- calculating the spurious torques associated with the calculated primary forces;

- calculating a correction for each of the calculated primary forces such that the
effect of the corrections at least partially compensate for the sum of the calculated
spurious torques on the moving part of the planar motor; and

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

including the corrections.

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

derived from the calculated 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 within the coil-set.

4, A device manufacturing method as any one of claims 1 to 3, wherein said
step of calculating the corrections comprises:

- calculating the spurious torques that would be caused by the calculated primary



6. A device manufacturing nethod as claimb5, wherein the stel8 OQaroBERRZDAG
the required sumof the correction forces and the required primary forces is

step of calculating the corrections comprises:

performed wusing the following equation: 1 000 000Yci | 000O0OOY
Fx 0 1 000* OFx xyi xyi x. 01 000-1 01 Fy FYy, xy, X, Fz Fyyz
1.z Y.i+O- xri 0 X1 Yr+OW1 (-Y?2'9+yy' .a+0.a) Tx Fz,~2 DDDDD
Y,~'DTY Fz,y VW, +0 xyi xyi Yy1+O (-Y.. "P+yy| a+Q0a) Tz Fzyl -z Dz DOD
D"D- DO.5F @p 05 Tz DDD
D N (xy~'" D) X?orc?ﬁz%ir\g arpph%d t’y@‘e(c%l Sd(s.))Wl%u%h ggrﬁ)mo‘?/ (a xyi+4'x,.i1-4'"P) D
D DD (x D) xycalkulafinghe ¢bibiddfion &f sup]lileiﬁén'ihﬂ? primagy fotceklin tHR<0ilssety that+2 18
OCTOBER 2006 23 2n x a=Clsin T (2nx it CZ|ngT+2D:(Y1'xy (i
0+XX, VY, +Xx1 Oppgdyg;@)torqﬂﬁ%qréthe moving part of the | planar motor that are equal and
opposite to the sum of the spurious torques; and
- using these supplementary forces as the corrections.
5. A device manufacturing method as any one of claims 1 to 3, wherein said

- calculating correction forces for each said calculated primary forces such that,

when the sum of the correction forces and the calculated primary forces are

applied by the coil-sets, the sum of the effect of the calculated primary forces and

spurious torques is substantially the forces and torques required to position the

planar motor at the predetermined position.

6. A device manufacturing method as claim 5, wherein the step calculating

the required sum of the correction forces and the required primary forces is performed

using the following equation:
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Fxx represents the force generated in a first direction, desi&@STOBER208¢0 7
first X coil set xI and a second X coil set x2; Fyy_ represents the force
generated in a second direction, perpendicular to the first direction and
designated Y, by a first Y coil set yl_and a second Y coil set y2; Fz_
represents a force generated in a thi r# direction, per pendi cul ar to the
first and second directions and designated Z, by the X and Y coil sets xl,
x2, yl and y2; C1 a g C2 \are constants for the specific planar nmotor; X
represents the pogi ,tsii\.% M )the X direction, of the noving part of the

pl anar notor relative\tota /predeterm ned position on the stationary part; vy
represents the positiogn, in the Y direction, of the noving part of the

pl anar notor r I=abi .vsﬁ](tzo“a’cpﬁédet erm ned position on the stationary part;
zrepresents the prtchl\of tt he2drrangenent of pernanent magnets used in the
stationary part of the planar notor; xxl represents the distance in the X
direction betwegn %,rllexpobm+9f1.ﬁgnianeoﬁ.y§ e first X coil set x 1 and the
center of mass of ‘the’noving part of the anar notor and between the point
of action of the second X coil set x2 and the center of mass of the noving
part of the planar notor; xy, represents the distance in the X direction

bet ween t hwhepwi nt of action of the first Y coil set yl and the center of
mass of the noving r bet: ] i of action
of the second Y coi x’%té?p?{'/sfﬁgﬁl ¢ ﬁéé!ag%%%%}%@{no%ﬁ%tadslg&gpﬁ’t 81%%56\3% iaoart of

t he pl anarfirseX osi] segxi andpseesanXscoillset 82;st ance in the Y directi on between the
point of action of the first Xéoil set x.1 and fhe center of. nass of the

moving part of the Fhaferesisdie I9Fg SoRRpGd Ui fesand drsstionpeepdighlap « he

second X GR firsBitectién dfddsRaed Y, BY aGirstPBSS1 Lt %tﬁkﬂiag&%d‘g dedlskt y2f the
pl anar notor; yyl represents the distance in the Y direction between the

poi nt of action of I8 EPREBER fOOGgen2rtadHp afthirdsdiregtieniperpsadicylar trthe t he
center of

f the. [ f . the pl b h i
of act i on B et SR Lo dr Flipes 2oy R L Blo TRAP S f R SLMRERS "o U

part of the planar 0tadC2%ré psRagTbShE frcificplaacmoton; t he Z direction
bet ween the point of action of all of the forcers and the center of mass of
the noving part of KEePrgicalsahe pasttion; inthe Kdijeetiamnpkthe movingragt ths ne novi ng

part of the Rl ARk rdRER to hpMHeletlined position on the stationary part;

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
the first X coil set x1 and the center of mass of the moving part of the planar motor and
between the point of action of the second X coil set 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 coil set y1 and the center of mass of the moving part of the planar motor and
between the point of action of the second Y coil set 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 coil set x1 and the center of mass of the moving part of the planar motor and
between the point of action of the second X coil set x2 and the center of mass of the
moving part of the planar motor;

yy1 represents the distance in the Y direction between the point of action of



the X direction to position the noving part of the planar notSo@CTEBER 2006
represents the force on the noving part of the planar notor required in the
Y direction to position the noving part of the planar notor; Fz represents
the force on the noving part of the plapnar notor required in the Z
direction to position the noving part t the pl anar notor; Tx represents the
torque on the noving part of the planar notor required about an axis

parall el t he,X directi to RL e i ar notor;
ry Fepr esdlit BRE Sl shang nd FaRf St Mg b GG Rt B pnal 0P ALE 0
about an a@gitvieep@eqldittlof etidnhe the deoelY icoih sdt g2 pod theicontet btmawwif g part of the
pl anar notor; and Téerepresents the torque on the noving part of the pl anar

mot or r eqUNYaRe PaERfiihe BlANA MU A al el to the Z direction to position the

nmoving part of the E!rﬁ%?éh@ntg%ecﬁistanc_z-in theFRNitBoNBEWEALTE pb M o REBAES accor di ng
to any preceding clai wherein, in said positioning step, only four

coi | - set s adlrof thesfortetsamng ithevdedter phmagsaxithd aving part of the plaaametar:d f our

coil -sets produce farces in two.orthogonal. di i | he pl ane
of the coi l-sets. B RgialioRealtaeipype b bl 47 BRnBPBler Frshfulms

proj ect i onh@RpieaidhSo poSitotl theanplnEparfsfaly plan s, Si ng code neans for
instructing the apparatus to form t teps: positioning one

pe he foll ow.ng
of the substrate anﬁyf?PéeSﬁ%tffléerfléf%d’nﬁ%eaﬁgwﬁﬂPW\é%'ﬁ‘FQ At MBIOBFEAUITESIY pl anar
Ot OF COMRRE §ettetiforo b Hliah el ingiPi 13 Sandtorr oduci ng at | east. one

primary force in a given direction and at |east one spurious torque,
associ ated with thé&zppresanty tHedprse ontthe mbengpart ofthp atanahotoheeqpirechiar not or ;

calculate th rimary forces required t sition the planar notor at a

pr edet er mth%g_dﬁﬁ%?m@{&%ﬂ%‘ '%‘bﬁ‘&&?"éﬁ“eg& eOfEl'beﬁﬁ BHE¥Yr ques associ at ed with the
calculated primary frsarrsﬁgs'enﬂs%a@wa%ﬁit@%vin%Ea@afmeIpmhsr BowPFdgaizkd on for
each of the calculated primary forces such that the effect of the

corr ect i orfbouitan|agisarahlgh tojthg Kidireetigndapasiien themaving patrafdhe plagaraegtery| at ed
spurious torques on i af R L vigdi ng
control signals to tTkEa)crol W-s?gettg?c[utg) oefﬂ?etelg?wté‘ngé}ggﬂgg g‘t %rdﬁg@f [r:ryé]?lyé orces
i ncl udi ng abbet abaKiseatalleh®.th®Y divettidnitogpsipdn the proyjirechartoof tigpplanatnusgor;
conpri si ng: 4

Tz represents the torque on the moving part of the planar motor required

about an axis parallel to the Z direction to position the moving part of the planar motor.

7. A device manufacturing method 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

plane of the coil-sets.

8. A computer program for controlling a lithographic projection apparatus,

said computer program comprising code means for instructing the apparatus to perform

the following steps:

- 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;

- calculate the primary forces required to position the planar motor at a predetermined
position;

- calculate the spurious torques associated with the calculated primary forces;



a radiation systemfor providing a projection beam of radi at}%QCTQBERZH86
structure for supporting patterning neans, the patterning neans serving to
pattern the projection beamaccording to a desired pattern; a substrate
table for holding a substrate; a projection systemfor projecting the
patterned beamonto a target portion of>the substrate; a pl anar notor for
positioning one of the patterning neans and the substrate table, said

e o R B bty S sl 0y e

one prindry fé&f one spuri ous

associ at ed W t yf tHeh®rrBétionB btyledsd batially Coniftasai@Mbnthe pamtof afe ctalmlqnéchnar not or ;
means for calculati ngqthe primary forces required to Bosi tion the planar
notor at a pr EPEIRSMIARS 99dhe mp¥ng Pak ghthe PEMACEP®EHI 3 ng t he spuri ous

torques associ &@dﬁé‘% L&t}opggﬁak ﬁﬁ'h@gsaﬂ we&tfext thé Qd|Efided BRAR foRtes

cal culating a correcfion eac e cal cul ated prinmary forces such that
the effect of tilduding thecbirestioas.t enuates the sum of the cal cul ated spuri ous

torques on the noving part of the planar notor; and a neans of providing a
control signal to each of the coil-sets to apply the sumof the calcul ated

primary fayces and WRh6EGIAE bickBioRkpRAtls RipisHe -

- 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;

- a substrate table for holding a substrate;

- a projection system for projecting the patterned beam onto a target portion of the
substrate;

- 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;

- means for calculating the primary forces required to position the planar motor at a
predetermined position;

- means for calculating the spurious torques associated with the calculated primary

forces;

- means for calculating a correction for each of the calculated primary forces such that
the effect of the correction attenuates the sum of the calculated 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

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





