ELECTROMAGNETIC ACTUATOR, STAGE APPARATUS AND LITHOGRAPHIC APPARATUS
FIELD [0001] The present invention relates to an electromagnetic actuator, a stage apparatus and
a lithographic apparatus. BACKGROUND [0002] A lithographic apparatus is a machine that
applies a desired pattern onto a substrate, usually onto a target portion of the substrate. A lithographic
apparatus can be used, for example, in the manufacture of integrated circuits (ICs). In such a case, a
patterning device, which is alternatively referred to as a mask or a reticle, may be used to generate a
circuit pattern to be formed on an individual layer of the IC. This pattern can be transferred onto a
target portlglrtéé_gRla i \’I\-”ia—f%) Transfer
of the patte O1T-SE provided on the
substrate. In general a single substrate will cbREARA hEx@/ork of adjacent target portions that are
successively patterned. Conventional lithographic apparatus include so-called steppers, in which each
target portion is irradiated by exposing an entire pattern onto the target portion at once, and so-called
scanners, in which each target portion is irradiated by scanning the pattern through a radiation beam in
a given diettion (the "scanning”-direction) while synchronously scanning the substrate paraIIeI or

anti-parallel to @50?11 tlon It |s fﬁ\?ep?s%'% tr Cpgfnera eérpatternf mtrh%% {tlternlna ce tl%)dthe
substrate by imprin gth ?{eern §T TF oaccur%'?e‘rfl an ro?t%

Re SuBstrae!
position aflttiwgra}n@nmagpmta!tue.relatlve to the wafer or substrate, a I|thograph|c apparatus is often
provided with one or more positioning devices for positioning an object table e.g. holding a patterning
device or_a supstrate. Such positioning devices can e.g. comprise one or more linear actuators such
as Loren@gﬁ% accurate (short stroke) positioning of an object table or support. In such case,

a first member pjonmmummmamwappa(mnmesmgamhmertmmometampmegnetst@ackopﬁmawly a
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yoke) is the manufacture of integrated circuits (ICs). In:rBLa case, a patterning device, which is
alternatively referred to as a mask or a reticlayrbe used to generate a circuit pattern to be
formed on an individual layer of the IC. This gatt can be transferred onto a target portion (e.g.
including part of, one, or several dies) on a galbst(e.g. a silicon waferJransfer of the pattern
is typically via imaging onto a layer of radiatisensitive material (resist) provided on the
substrate. In general, a single substrate will@ord network of adjacent target portions that are
successively patterned. Conventional lithograppjgaaatus include so-called steppers, in which
each target portion is irradiated by exposing aireepattern onto the target portion at once, and
so-called scanners, in which each target portiamrasliated by scanning the pattern through a
radiation beam in a given direction (the “scannidgéction) while synchronously scanning the
substrate parallel or anti-parallel to this direutilt is also possible to transfer the pattermftbe
patterning device to the substrate by imprintingplattern onto the substrate.

[0003] In order to accurately control the position of fheterning device relative to the
wafer or substrate, a lithographic apparatus engfirovided with one or more positioning devices
for positioning an object table e.g. holding a @ating device or a substrate. Such positioning
devices can e.g. comprise one or more linear amsiatch as Lorentz actuators for accurate
(short stroke) positioning of an object table opmart. In such case, a first member of such
Lorentz actuator (comprising one or more perman&gnets and optionally a magnetic yoke) is
mounted to the object table or support that needgipning whereas a second member of the

actuator (comprising a coil for generating a maigni#ix and optionally a magnetic yoke) is



mounted to a long-stroke mover. Such an actuator is configured to generate a force between the first
and second member that is solely dependent on the current supplied to the coil and as such is
independent of the position of the first member relative to the second member. Using a Lorentz
actuator, such a force characteristic can be approximated within a specified operating range of the
actuator. [0004] In a lithographic apparatus, both accurate positioning and throughput (e.g.
expressed as the number of wafers that can be processed per hour) can be considered equally
important. In order to obtain a high throughput, powerful actuators and motors are required enabling
high acceler%tigas[gréq dece er%tions of t op'ject table the{'ré&é)@( I ucing any idle.time Qe ween
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membe Lorentz actuator (comprising one or more permanent magnets and optfona
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mass to ggrgisgtaced by the linear actuators of the positioning device. Further, such actuators are
found to have a comparatively high electric power requirement (and consequently a comparatively
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for such generated disturbance s and/or torques referred to as cross-talk may be diffictlt as well
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radiation beam onto a target portion of the substrate, wherein the apparatus further comprises an
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arranged to transfer a pattern from a patterning device onto a substrate, wherein the apparatus further
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response when a certain magnetizing current iseghpgAs such, compensating for such generated
disturbance forces and/or torques referred to asseialk may be difficult as well thereby

adversely affecting the positioning accuracy tlzat lbe obtained.



[0009] In yet another embodiment, there is provided an electromagnetic actuator comprising first and
second magnetic members that are displaceable relative to each other and are arranged to provide a
magnetic circuit for a magnetic flux; a coil configured to, in use, receive a current to generate the
magnetic flux through the magnetic circuit, thereby generating a force between the first and second
magnetic members in a first direction, the magnetic flux in use being transferred between the first and
second magnetic member through a first surface of the first magnetic member and a second surface of
the second magnetic member, the first and second surface being separated by an airgap; a permanent
magnet provide an additional magnetic flux through the magnetic circuit, wherein the
additional magnetic flux is arranged to cross the airgap separating the first magnetic member from the
second magnef{ied@fEinibis idesidieetion pubdtimtiilyehectiteragnktdidotiagtictn. at 1efe010qutyyet
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pattern from a patterning device onto a substrate, wherein the method further comprises positioning
the patterning dEOREE HcanscingdarafeamhrflnensohibraritE s BRESNIAgdRAFIeRIBRABATIGS the

InventionspiRkde HaphASRE! e ArthesBalRENmABNe DA T NIREIdddRIRRAMINGR each

[0011] Embodiments of the invention will now be described, by way of example only, with reference to
the accoR{B8hifnBraxisienatlRAGREIM G IR AP GORBBUARIHG HsRrEARRI\SG RISHIT SRlitaRenerate a
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the first magnetic member and the second magnetimrer via an end-portion of the first
magnetic member substantially parallel to the filisection, wherein a surface area of the end
portion through which the magnetic flux is transéeris smaller than a facing area of the second
magnetic member through which the flux is trangferr

[0007] In another embodiment, there is provided a lithpgra apparatus including an
illumination system configured to condition a radia beam; a support constructed to support a
patterning device, the patterning device being kgpaf imparting the radiation beam with a
pattern in its cross-section to form a patterneibtteon beam; a substrate table constructed to hold
a substrate; and a projection system configureprdgect the patterned radiation beam onto a
target portion of the substrate, wherein the apgpararther comprises an actuator according to an
embodiment of the invention configured to positiba support or substrate table.

[0008] In another embodiment, there is provided an appsrédr imprint lithography
arranged to transfer a pattern from a patterningcdeonto a substrate, wherein the apparatus
further comprises one or more actuators accorairajpmtembodiment of the invention.

[0009] In yet another embodiment, there is provided arctedmagnetic actuator
comprising first and second magnetic members tiegadisplaceable relative to each other and are
arranged to provide a magnetic circuit for a maigrfaix; a coil configured to, in use, receive a
current to generate the magnetic flux through ttzgymetic circuit, thereby generating a force
between the first and second magnetic memberéiist @irection, the magnetic flux in use being
transferred between the first and second magnetimimer through a first surface of the first
magnetic member and a second surface of the saoagdetic member, the first and second
surface being separated by an airgap; a permanagheh arranged to provide an additional

magnetic flux through the magnetic circuit, whertha additional magnetic flux is arranged to



[0014] Figure 3 schematically depicts a hybrid type actuator as known in the art; [0015] Figure 4
schematically depicts an electromagnetic actuator according to an embodiment of the present
invention; [0016] Figure 5 schematically depicts some further arrangements of a first and second
magnetic member for use in an actuator according to an embodiment of the invention. [0017]
Figure 6a schematically depicts a first hybrid electromagnetic actuator according to an embodiment of
the invention; [0018] Figure 6b schematically depicts different operating modes of the first hybrid

electromagnetic actuator according to an embodiment of the invention; [0019] Figure 6c
schematlcalsg @glcts a second h eI?ct oma tlc act tor %ccordln 0an eggllgorg]m fnth
invention’ 20 q‘—aﬁure bad matlca e% Cts a to| V|ew of an o%Jecmagpe and f
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[0010] In yet another embodiment, there is provided a aevhanufacturing method
comprising transferring a pattern from a patterrdiegice onto a substrate, wherein the method
further comprises positioning the patterning deacehe substrate using one or more actuators

according to an embodiment of the invention priothte transferring of the pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Embodiments of the invention will now be describbg,way of example only,
with reference to the accompanying schematic drgsvim which corresponding reference
symbols indicate corresponding parts, and in which:

[0012] Figure 1 depicts a lithographic apparatus accordongn embodiment of the
invention;

[0013] Figure 2 schematically depicts a reluctance typeator as known in the art;

[0014] Figure 3 schematically depicts a hybrid type actuas known in the art;

[0015] Figure 4 schematically depicts an electromagnetiuador according to an
embodiment of the present invention;

[0016] Figure 5 schematically depicts some further arrareges of a first and second
magnetic member for use in an actuator accordiragtembodiment of the invention.

[0017] Figure 6a schematically depicts a first hybrid gemagnetic actuator according to
an embodiment of the invention;

[0018] Figure 6b schematically depicts different operatmgdes of the first hybrid
electromagnetic actuator according to an embodimkthte invention;

[0019] Figure 6c¢ schematically depicts a second hybridctedenagnetic actuator
according to an embodiment of the invention.

[0020] Figure 6d schematically depicts a top view of ajectitable and 4 hybrid actuators
according to the second embodiment.

[0021] Figure 7 schematically depicts a magnetic fieldutation of an electromagnetic
actuator according to an embodiment of the inventio

[0022] Figure 8 schematically depicts a detail of an d@ctuaccording to an embodiment

of the invention, including a measurement coil.



[0021] Figure 7 schematically depicts a magnetic field simulation of an electromagnetic actuator
according to an embodiment of the invention; [0022] Figure 8 schematically depicts a detail of an
actuator according to an embodiment of the invention, including a measurement coil. DETAILED
DESCRIPTION  [0023] Figure 1 schematically depicts a lithographic apparatus according to one
embodiment of the invention. The apparatus includes an illumination system (illuminator) IL configured
to condition a radiation beam B (e.g. UV radiation or any other suitable radiation), a mask support
structure or patterning device support (e.g. a mask table) MT constructed to support a patterning

device (ﬁ@ﬂ;ﬁ%%@ﬁﬂﬁggﬂ?cted to a first positioning device PM configured to accurately

position atferning device In accordance with certain parameters. In order to accurately position
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includes a projection system (e.g. a refractive projection lens system) PS configured to project a
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types of optical components, such as refractive, reflective, magnetic, electromagnetic, electrostatic or
other typ%gCHf%E{%BPéﬁm%fh‘”eH@tﬁﬁm%%nm&ﬁ, e Eao R EdHtRRSi I Hhangiah.
[0025] TheopatietningrsevicsrsinpjrortHeoiasciopativititgsiesicsthiacuaans ardabdeleerisison. thiee
orientation of the patterning device, the design, of the litho hic apparatus, and other, condjtions
cuch as RV EAA oHEHLTER ot B P R A B e, SR Shiiten
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as referrfA60RS RAIGB\icéerlattandheo el b MepR A ESRaiaubRIRaWwith a pattern in its
cross-section spasAoTHE A AIRAIRILIR R ARIESY RYEKRR Q%W&§%§§H@£ﬂcﬁl Renfoteddhakthe

pattern imparted to the radiation beam may not exactly correspond to the desired pattern in the target
portion oielhactive, reflective, magnetic, electromagnetlectrostatic or other types of optical components,

or any combination thereof, to direct, shape, ot radiation.

[0025] The patterning device support holds the patterdagce in a manner that depends
on the orientation of the patterning device, theigle of the lithographic apparatus, and other
conditions, such as for example whether or not ghtterning device is held in a vacuum
environment. The patterning device support canmisehanical, vacuum, electrostatic or other
clamping techniques to hold the patterning devitlee patterning device support may be a frame
or a table, for example, which may be fixed or nidgas required. The patterning device support
may ensure that the patterning device is at a etkbgiosition, for example with respect to the
projection system. Any use of the terms “reticle’ ‘wnask” herein may be considered
synonymous with the more general term “patterniegak.”

[0026] The term “patterning device” used herein shoulttoadly interpreted as referring
to any device that can be used to impart a radidt@am with a pattern in its cross-section so as to
create a pattern in a target portion of the sutesttashould be noted that the pattern imparted to

the radiation beam may not exactly correspondhéodesired pattern in the target portion of the



substrate, for example if the pattern includes phase-shifting features or so called assist features.
Generally, the pattern imparted to the radiation beam will correspond to a particular functional layer in
a device being created in the target portion, such as an integrated circuit. ~ [0027] The patterning
device may be transmissive or reflective. Examples of patterning devices include masks,
programmable mirror arrays, and programmable LCD panels. Masks are well known in lithography,
and include mask types such as binary, alternating phase-shift and attenuated phase-shift, as well as
various hybrid mask types. An example of a programmable minor array employs a matrix arrangement
of small mi fo!

rs, each of which be individually tilted so.as tq reflect an incoming radiation beam in
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such as a substrate, must be submerged in liquid, but rather only means that a liquid is located
between! O BRILIEHSyREhE 478 tRE BYBSHHEB: diifing BIEhieIFe. “projection lens” herein may be

considered as synonymous with the more general‘{@mjection system”.

[0029] As here depicted, the apparatus is of a transneisgipe (e.g. employing a
transmissive mask). Alternatively, the apparatuy i of a reflective type (e.g. employing a
programmable mirror array of a type as referredove, or employing a reflective mask).

[0030] The lithographic apparatus may be of a type hawng (dual stage) or more
substrate tables or "substrate supports" (and/orommore mask tables or "mask supports”). In
such “multiple stage” machines the additional tabbde supports may be used in parallel, or
preparatory steps may be carried out on one or mabtes or supports while one or more other
tables or supports are being used for exposure.

[0031] The lithographic apparatus may also be of a typergih at least a portion of the
substrate may be covered by a liquid having aiveligthigh refractive index, e.g. water, so as to
fill a space between the projection system andsthestrate. An immersion liquid may also be
applied to other spaces in the lithographic appardbr example, between the patterning device
and the projection system. Immersion techniquedearsed to increase the numerical aperture of

projection systems. The term “immersion” as usar@im does not mean that a structure, such as a



[0032] Referring to Figure 1, the illuminator IL receives a radiation beam from a radiation source SO.
The source and the lithographic apparatus may be separate entities, for example when the source is
an excimer laser. In such cases, the source is not considered to form part of the lithographic apparatus
and the radiation beam is passed from the source SO to the illuminator IL with the aid of a beam
delivery system BD including, for example, suitable directing mirrors and/or a beam expander. In other
cases the source may be an integral part of the lithographic apparatus, for example when the source is
a mercury lamp. The source SO and the illuminator IL, together with the beam delivery system BD if
required, may he referred to as a radiation system 033]_The,illuminator IL may include an
cstor R gt e A S R R o B P e o
least thepyojectimdaysianeansdiae exiesitt ftdurioglgxpdsuresl to as (7-outer and (7-inner, respectively)
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illuminator IL may incClude various other components, such as an integrator IN and a condenser CO.
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(e.g., mask) MA, which is held on the patterning device support ﬁe.g., mask table) MT, and is patterned
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support (e.g. mask table) MT may be connected to a short-stroke actuator only, or may be fixed.
Patternif WRSVREEYEY. mask) MA and substrate W may be aligned using patterning device alignment
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illustrated occupy dedicated target portions, they may be located in spaces between target portions
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substrate table WT or "substrate support” relative to the patterning device support (e.g. mask table)

MT or "ntHEINGEHRRA nAgIMEER ERNREIEDY T eRANIABIgHIfE AP AR dardada sk abia) MHafarYdtics
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the non-scanning direction) of the target portion in a single dynamic exposure, whereas the |length of

the scanRARIRIRGH SRS BREUREIEMR HIFSHROSHIBM fRy hpcRlbry WD L suiqiG fRpdule may



3.In another mode, the patterning device support (e.g. mask table) MT or "mask support” is kept
essentially stationary holding a programmable patterning device, and the substrate table WT or
"substrate support" is moved or scanned while a pattern imparted to the radiation beam is projected
onto a target portion C. In this mode, generally a pulsed radiation source is employed and the
programmable patterning device is updated as required after each movement of the substrate table
WT or "substrate support” or in between successive radiation pulses during a scan. This mode of
operation can be readily applied to maskless lithography that utilizes programmable patterning device,

such as acpro rammable mirror %Er%?f of a E}FD s r fegred abov r[{(])P }} Comblnatlp %réd/or

ne or, mor QO[S a (ﬁ vent|{) %I move
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member 110, e.g. comprising a ferro a second magnetic member 120, e.g.
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140.2 which are wound about le s 150.1and 1 of the second magnetic member. 0038&(
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of such actuators is in general not suited for a bi-directional osmonln in e.q, the Y-direction as
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Figure 3 comprises a first mdgrséep medebéh@patmmlagsdeam siptitamsinibele? 20Tconipraskg
support" and the substrate table WT or "substrapart” are kept essentially
stationary, while an entire pattern imparted torddhation beam is projected onto a
target portion C at one time (i.e. a single staxijgosure). The substrate table WT or
"substrate support” is then shifted in the X and/adtirection so that a different
target portion C can be exposed. In step modendeemum size of the exposure
field limits the size of the target portion C imdge a single static exposure.
2. In scan mode, the patterning device support feagk table) MT or "mask
support" and the substrate table WT or "substratppart” are scanned
synchronously while a pattern imparted to the raoiiabeam is projected onto a
target portion C (i.e. a single dynamic exposurég velocity and direction of the
substrate table WT or "substrate support” reldivthe patterning device support
(e.g. mask table) MT or "mask support” may be deiteed by the
(de-)magnification and image reversal charactessif the projection system PS.
In scan mode, the maximum size of the exposurd figlits the width (in the
non-scanning direction) of the target portion sirggle dynamic exposure, whereas
the length of the scanning motion determines thghihéin the scanning direction)

of the target portion.



three legs whereby the middle leg is provided with a permanent magnet 260. The outer legs of the
second magnetic member are provided with coils 240.1 and 240.2 configured to generate a magnetic
flux in a magnetic circuit 230 connecting the first magnetic member with the second magnetic member.
The permanent magnet 260 as shown provides an additional magnetic flux in the magnetic circuits
270.1 and 270.2 as schematically indicated. The arrangement as shown enables to generate a
bi-directional force (indicated by the arrow 280 in Figure 3) on the first magnetic member 210 by
appropriately energizing the coils 240.1 and 240.2 of the actuator. [0041] A drawback of the
actuators as shown inJrigures 2 ang 3 is that ap impqrtant cross-talk may occur, Withi 5:1 eaning of
this document, cross-t%zlk is ?Ij?s]e%nt%% eno 85{‘ b%gcé)#{e%rgéngf ‘Z%X'r%%iﬁ%)“é%%c' mg(s)lfn%%@]e (M'Erofrorce
components in a non-drigigsdippctitin® kapiaggaiialf\s stationgyeradderpeogoanpoadtespatiermthe first
and second magnetic agibes e isRlacarLIEIAUNE (adch Alc TG ARYING dieetion: Thenned

occurrence of such cross-talk may, as will be acknowledged by the's person, hinder an accurate
position of an object W&t SuRAtEEU BB IGUHEr RS IR MPSABMARIRE 98l M@kgssrosken C.

displaced relative to gachipthenihan QRe@ing rangrrRautadigmnakBaRidmBHsdisRIrFeiReNt

should not result in cross-talk or resultin a variation of the generated force in the driving direction (e.g.

the Y-direction in FiguPE*Z5aquma pics paEEIDifdaUEr it iriatas e mmbaliy aaahame

actuator or a hybrid tygagtiatenll ey suldseaertaipportend ilBen BosiiaRidepanidaBhasiiion
force (e.g. force F as indicated in Figure 2) in the driv(i)(r\):& direction. Further details on how such

dependency can be aBHHRN 84T arE5oMaEs I RPHIRTeSER LR MhEBRIGT dorRRFKESS

schematically shown, littesrdpHyendreuthientignedrirahibblagiaatoniagiskeovichas afpriweaciaabliack in

that a bias force is generated betw?erh;[he first imd S i:og\g magnetic member in a direction

substantially perpendf@ﬂn@rr {2 tR¥ i 8 TRt W(ﬁ%f—:‘ U |%edirection being the X-direction for the

actuator as sho\wd36] Eigurei@tidisscaptiorechimatione dettieebove thesdsidodds tieutacbthantingly

additionadigéz?gﬂp{th%ggé 85 Jener e(,ﬂ btg%lgﬁﬁewg%raent magnet, crosses from the first member to the
the or

second member (or vice-versa depending on ientation of the magnet) in a direction

perpendicular 0 ldFigntedirectiematiodiy depisti atherndtitionall srmhysetitlaciyerarawyiche
permaneMagnel 460 sHPSIsaHBINAY GiRpoLRe. arigaeRRd SETRY ecé?r@ﬁé‘@sﬂ%\?fi\%ofli'mﬁaggtic

Further, as will be understood by the skilled person, the generated bias force may also depend on the
position BI&AWAFst HagribtROMBAHIRE R IEfiRMaghat AGFREREMBEF B MEHEEH 8BnRiButes

to the afeegRiRg eCieFRRPAgHetic mafMIrkE] tReORiies e wtiRaieHRINR CA R AT th oW bAGKRetic

mentioned, an embodiment of the present invention provides in an electromagnetic actuator that,
providesGHcaife §ERBANRHSEEM AN FoERE PXANS A D i REHAIMENE SERMHSERANP FPited
in Figure140.1 ali944b Pheelgcemagntiasslyaigs I60maseschemaiicaly sipwiadin &tig ure ke 2

310 and  seoct i HENEE, AL S2EhBr 0Bt ARG ERIC A D 306 S GBthe

second raagutive foecehéndizatedds, Beieraitesareddgaeticfifidirandlstoemiagagheirowdimber. As
schemaicall dieated byihsdoted.ine 830 Nate dhata single albwaildalso be sifed (o generate
amagne?lc IUX?hr%ug thecircuit. Re magne%c ux, a force F can be genergf)e oper%fl g’
betweentttee Yiditeridsesondicagaetic member acting in a first direction (also referred to as the driving
direction), bein Yrdirection in ] 1S ' t ti IStr rred
between the fir@%& lsrgc{)?ig ?&ggé%%g?n%‘?noﬁglrﬁt r%&%%@ﬁﬁ%@ ﬁ%ﬁh%#ﬁ? rﬁggﬁéﬁc@
member I HAL dobie dsdlesraleaDoyri ey idmiapfitielheehbhret 32D henfipprastiessEnsdof
surface t?ﬁg@b?gaarated by an airgap 390. [0045] In accordance with an embodiment of the

present invention, the first surface 312 and the second surface 322 are arranged relative to each other

such that an oufePBfHERA e INATRILSIARSEPRATIAHRY BIRY S BIRR MUt RSIRAG NI RN
surface ipra\agrRNaCiGSHIOR AURBRMIR!IYBE IR AWaRERENG Brst chiftsiahReierisgdad-iadtnd, the

second direction may e.g. correspond to the X-direction in which case, as can be seen, an outer

dimensidHaTBFthEYiILOBG £ReARANES ISR SaMEPRRRIRGIAN OXG IReRLard saglstance
Alternativety ioin astdiiinad thetsegqpstslisaene mimghao@al e diresRoss teftirecd-dreaticm inyphigh
case (as shown on the right in Figure 4) an guter dj sion L3 of the first surface 312 extends beyond
o outer STHBIRLR Ch Y TR Ao P AL 6 855 T LOBRLR LB W oh B8 A58 AP R B Be e
inventiorFitheeteothpnisesiarfirstusednetdemata bee Diesmdiebotet leagtietis diarebera2?0fcbmpgtisiage or
surfaces which in use contribute to the transfer of the magnetic flux from one magnetic member to the
other. As such, in the embodiment shown in Figure 4, outer dimension L2 corresponds to the outer
dimension of the second magnetic member in the X;direction whereas, as can be seen, the added
length of the surfaces 322 in the X-direction is smaller. In Figure 5, some further examples are shown
of actuator arrangements having a first magnetic member 410 with a first surface 412 and a second

magnetic member 420 with a second surface 422, an outer dimension L5 of the first surface extends
beyond an outer dimension L6 of the second surface. For



clarity, the one or more energizing coils which can either be mounted to the first or second magnetic
member, are not shown. [0046] In an embodiment, the second magnetic member comprises a C-core
or an E-core. [0047] In Figure 6a, an embodiment of an electromagnetic actuator 500 (an hybrid type
actuator) is schematically shown. Similar to the hybrid type actuator shown in Figure 3, the actuator as
shown comprises a first and second magnetic member 510, 520 forming a magnetic circuit 530
coupling the first and second magnetic member via the airgap 590. In the embodiment as shown, the
first magnetic member 510 comprises a first part 510.1 and a second part 510.2, the

three legs whereby the middle leg is provided wiffermanent magnet 260. The outer legs of the
second magnetic member are provided with coils 24Mhd 240.2 configured to generate a
magnetic flux in a magnetic circuit 230 connectthg first magnetic member with the second
magnetic member. The permanent magnet 260 as shmwvites an additional magnetic flux in
the magnetic circuits 270.1 and 270.2 as schentigticalicated. The arrangement as shown
enables to generate a bi-directional force (ineéddty the arrow 280 in Figure 3) on the first
magnetic member 210 by appropriately energizingthks 240.1 and 240.2 of the actuator.

[0041] A drawback of the actuators as shown in Figures@ & is that an important
cross-talk may occur. Within the meaning of thisuloent, cross-talk is used to denote the
occurrence of (parasitic) torque components orf@@mponents in a non-driving direction or a
variation of such torque or force components whenfirst and second magnetic member are
displaced relative to each other in a driving dieet The occurrence of such cross-talk may, as
will be acknowledged by the skilled person, hinderaccurate position of an object using such
actuators. When the first and second magnetic menave displaced relative to each other in an
operating range about a nominal position, suchlatgment should not result in cross-talk or
result in a variation of the generated force indheing direction (e.g. the Y-direction in Figu2g.
With respect to the latter, it is worth mentionihgit a reluctance type actuator or a hybrid type
actuator will always, to a certain extend, haveitpos dependent actuator force (e.g. force F as
indicated in Figure 2) in the driving direction. rfher details on how such dependency can be
accommodated are provided below. With respectadifiorid actuator as schematically shown, it
can further be mentioned that the actuator as shasra further drawback in that a bias force is
generated between the first and second magnetic bererm a direction substantially
perpendicular to the driving direction (the drividgection being the X-direction for the actuator
as shown in Figure 3). As explained in more détalibw, this is due to the fact that the additional
magnetic flux as generated by the permanent magmestses from the first member to the second
member (or vice-versa depending on the orientaifdhe magnet) in a direction perpendicular to
the driving direction. To be specific, the addigmagnetic flux generated by the permanent
magnet 260 substantially crosses the airgap 2%0Hgire 3) along the Y-direction. Further, as
will be understood by the skilled person, the gatest bias force may also depend on the position
of the first magnetic member relative to the secoadjnetic member and as such contributes to
the aforementioned cross-talk.

10



second magnetic member 520 being arranged in between the parts of the first magnetic member. The
actuator further comprises a permanent magnet 560 arranged to provide an additional magnetic flux
570.1 and 570.2. In contrast to the actuator arrangement as shown in Figure 3, the permanent magnet
560 of the hybrid actuator according to an embodiment of the invention is arranged such that the
additional magnetic flux crosses the air gap 590 separating the first magnetic member from the second
magnetic member in a direction substantially parallel to the first direction (the driving direction, being
the X-direction for the arrangement as shown). By doing so, the drawback of generating a bias force

may, to a consiﬂiﬁaﬁI?neggggptob%métgqgtgrqé%r more of the drawbaclkstioned, an embodiment of
the present invention provides in an electromagrastiuator that provides in a reduced cross-talk.

[0043] An embodiment of such an actuator is schematickdpicted in Figure 4.

[0044] The electromagnetic actuator 300 as schematicdlbws in Figure 4 is a
reluctance type actuator having, similar to theuaitir as shown in Figure 2, a first magnetic
member 310 and a second magnetic member 320 pcowidie two coils 340.1 and 340.2 wound
about the second magnetic member to, in use, genaremagnetic flux through the magnetic
circuit schematically indicated by the dotted IB&). Note that a single coil would also be suited
to generate a magnetic flux through the circuite@he magnetic flux, a force F can be generated
operating between the first and second magnetichreacting in a first direction (also referred to
as the driving direction), being the Y-directiontire figure as shown. During use, the magnetic
flux is transferred between the first and secondmatic member through a first surface 312 of the
first magnetic member 310 and a second surfaceB®2 second magnetic member 320, the first
and second surface being separated by an airgap 390

[0045] In accordance with an embodiment of the preserenition, the first surface 312
and the second surface 322 are arranged relate@cto other such that an outer dimension of the
first surface extends beyond an outer dimensiothefsecond surface in a second direction
substantially perpendicular to the first directi®eferring to Figure 4, the second direction may
e.g. correspond to the X-direction in which casezan be seen, an outer dimension L1 of the first
surface extends beyond an outer dimension L2 aféleend surface. Alternatively or in addition,
the second direction may equally correspond taZtHarection in which case (as shown on the
right in Figure 4) an outer dimension L3 of thesfiisurface 312 extends beyond an outer
dimension L4 of the second surface 322. In accarlamith an embodiment of the present
invention, the outer dimension is used to denogdberall outer length or dimension of the
surface or surfaces which in use contribute tdrdwesfer of the magnetic flux from one magnetic
member to the other. As such, in the embodimentwvehm Figure 4, outer dimension L2
corresponds to the outer dimension of the secomghater member in the X-direction whereas, as
can be seen, the added length of the surfacesn32 iX-direction is smaller. In Figure 5, some
further examples are shown of actuator arrangentenmisg a first magnetic member 410 with a
first surface 412 and a second magnetic memberwi20 a second surface 422, an outer

dimension L5 of the first surface extends beyondwaer dimension L6 of the second surface. For
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further improvement of the cross-talk of the actuator as shown in Figure 3 can be obtained by
providing that a first surface 512 of the first magnetic member 510 and a second surface 522 of the
second magnetic member 520 are arranged relative to each other such that an outer dimension L7 of
the first surface extends beyond an outer dimension L8 of the second surface in a second direction
(the Y-direction in the arrangement as shown) substantially perpendicular to the first direction. Similar
to the arrangement of Figure 3, the hybrid actuator of Figure 6a enables bi-directional actuation by
appropriately energizing one or more of the coils 540 of the actuator. [0048] In general, in order to
provide %?acrli't@t?h%ogirtlié)nc;PQn%crgne%b.eg%nséj CCr(])I R igﬁj?&her be mounted to the first or second
magnetic member, are not shown.
[0046] In an embodiment, the second magnetic member ceaga C-core or an E-core.
[0047] In Figure 6a, an embodiment of an electromagneticador 500 (an hybrid type
actuator) is schematically shown. Similar to thériy type actuator shown in Figure 3, the
actuator as shown comprises a first and second etiagnember 510, 520 forming a magnetic
circuit 530 coupling the first and second magnet@mber via the airgap 590. In the embodiment
as shown, the first magnetic member 510 compridiestgpart 510.1 and a second part 510.2, the
second magnetic member 520 being arranged in bettheeparts of the first magnetic member.
The actuator further comprises a permanent magéet aranged to provide an additional
magnetic flux 570.1 and 570.2. In contrast to ttie@or arrangement as shown in Figure 3, the
permanent magnet 560 of the hybrid actuator acegrth an embodiment of the invention is
arranged such that the additional magnetic flusses the air gap 590 separating the first
magnetic member from the second magnetic membardinection substantially parallel to the
first direction (the driving direction, being the-direction for the arrangement as shown). By
doing so, the drawback of generating a bias forag, o a considerable extend, be mitigated. A
further improvement of the cross-talk of the aatuats shown in Figure 3 can be obtained by
providing that a first surface 512 of the first maggc member 510 and a second surface 522 of the
second magnetic member 520 are arranged relateado other such that an outer dimension L7
of the first surface extends beyond an outer dimenk8 of the second surface in a second
direction (the Y-direction in the arrangement asvah) substantially perpendicular to the first
direction. Similar to the arrangement of Figurett® hybrid actuator of Figure 6a enables
bi-directional actuation by appropriately energizone or more of the coils 540 of the actuator.
[0048] In general, in order to provide accurate positignifi an object, such as an object
table in a lithographical apparatus, it is prefdrte mount the actuator to the object in such
manner that the actuator part comprising the acgabils is not mounted to the object. In case of
the embodiment of Figure 6a, the first magnetic tmemn(comprising parts 510.1 and 510.2)
would thus be mounted to the object that needdiposig. In such arrangement, both magnetic
parts 510.1 and 510.2 would thus be moving alortp thie object and the actuator would thus
have to be dimensioned to accelerate or decelérase parts as well (combined with the object).

Note however that the present invention is notictetl to a particular mounting of the actuator to
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table in a lithographical apparatus, it is preferred to mount the actuator to the object in such manner
that the actuator part comprising the actuating coils is not mounted to the object. In case of the
embodiment of Figure 6a, the first magnetic member (comprising parts 510.1 and 510.2) would thus
be mounted to the object that needs positioning. In such arrangement, both magnetic parts 510.1 and
510.2 would thus be moving along with the object and the actuator would thus have to be dimensioned
to accelerate or decelerate these parts as well (combined with the object). Note however that the
present invention is not restricted to a particular mounting of the actuator to

an object to be displaced. As such, the second etiagrart of the actuator as shown in Figure 6a
(or the first magnetic member of the actuator @swshin Figure 6c¢, see further on) may equally be
mounted to the object to be displaced. Furthespirth an arrangement, the position at which the
force is exerted by the actuator on the object dadry, depending on the direction of the
required force.

[0049] This is illustrated in Figure 6b, showing two ogarg modes of the hybrid actuator
as shown in Figure 6a. In a first operating mod®mws in the upper part of Figure 6b, the
energizing of the coils 540 is such that the rasgitnagnetic flux 575 generated by the energized
coils and the permanent magnet 560 substantiakg lihe second magnetic member 520 with the
first part 510.1 only, resulting in an attractiverde F exerted between the second magnetic
member 520 and the first part 510.1. In a secoretating mode, shown in the lower part of
Figure 6b, the energizing of the coils 540 is sttt the resulting magnetic flux 575 generated by
the energized coils and the permanent magnet 3&@astially links the second magnetic member
520 with the second part 510.2 only, resultingriratiractive force F exerted between the second
magnetic member 520 and the second part 510.2. &yntimg the first and second parts (510.1
and 510.2) to an object to be positioned, the farcexerted on the object would thus be applied to
the object at different positions (i.e. the inteda where the first, resp. second part are mouated
the object.

[0050] In Figure 6¢, a second embodiment of an hybrid @gptiator according to the
invention is schematically shown. In this embodimehne actuating coils 540 that are used to
direct the resulting magnetic flux to either thestfior second part of the first magnetic member are
mounted to the first and second part of the firagmetic member, instead of being mounted to the
second magnetic part. In the embodiment as shdwenattuator comprises a first magnetic
member comprising a first part 510.1 and a secantd510.2 (which can e.g. be C-cores as shown
or E-cores) and a second magnetic member 520 mowdbetween the first part and the second
part of the first magnetic member, thus forminggisimilar manner as in the actuator of Figure 6a)
a magnetic circuit magnetically coupling the firsagnetic member with the second magnetic
member via the airgap 590. The actuator furtherp@es a permanent magnet 560 arranged to
provide an additional magnetic flux 570.1 and 578ifilar to the arrangement of Figure 6a.
Equally, the permanent magnet 560 of the hybridatot as shown in Figure 6c¢ is arranged such

that the additional magnetic flux crosses the ap §90 separating the first magnetic member
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an object to be displaced. As such, the second magnetic part of the actuator as shown in Figure 6a (or
the first magnetic member of the actuator as shown in Figure 6c, see further on) may equally be
mounted to the object to be displaced. Further, in such an arrangement, the position at which the force
is exerted by the actuator on the object would vary, depending on the direction of the required force.
[0049] This is illustrated in Figure 6b, showing two operating modes of the hybrid actuator as shown in
Figure 6a. In a first operating mode, shown in the upper part of Figure 6b, the energizing of the coils
540 is such that the resulting magnetic flux 575 generated by the energized coils and the permanent

magnet 560 substantially links the second magnetic be 5 0W|tht fir rt5 1ony
roautting 0 i e A SRR e L el e bty MR S B et e o
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force as exerted on the object would thus be ?gplled to the ob ect at dlfferentéposmons (i.e. the
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this embodiment, the actuatln%ncons 540 that are used to direct the resultln ggetlc flux to either the
first or sQeYFdt ﬁttabﬂﬂg firSOMAGRISRINRE e PAE AHISRINZY 8'5% 2 <PER bege t e RIS
mag net|¢unemhertw$¢anhot<ba1mgamaugéedeta§hﬁ Separnmt mggreeaa pme Hpdhe acnladineg Migsre
shown, the ctuator
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similar t%@%ﬁ‘tﬁﬂﬂ?@@%ﬁ%ﬁdﬁ%ﬁa Equally, the permanent magnet 560 of the hybrid actuator as
shown in Figure 6c¢ is arranged such that the additional magnetic flux crosses the air gap 590

separating the first magRetit ABRYSENSREnFURSISEEaHY Magittie magifixiArasfirscitthal(Briiaially
parale 0 he fggiseptiamniaenCiine i el HERGHONAGhLRe HERTBEENHBN HOVT)

By doing so, the drawback of generating a bias force %1&;\% to a considerable extend, be mitigated. In

the arrangememrﬁﬁ%t@réer%ﬂ'éﬁ?%oe&Iéejszeafg fﬂ@d@tﬁtﬁé“ﬂ%?%&’%@&@\%@a‘?@@i@cl and

510.2) of the firglroraonsdifingmbeth soameatrmhe the 00|Is being arranged on the second magnetic
member 520 in Figure Gg“As can be seen, each of th LI.band second art 510.1 and 510.2 Ij)eet
provided with a pair of ¢ 5 ﬂa@&%‘&lﬁt&tﬁ@?ﬁé@tﬁ& %o?ﬁzflmﬁrtﬂ'e fﬂ?%@?@é@ﬁﬁ ﬁ?a{b ic
member. Note tlmtsa'adenrexgletWtdlmmadtmt/thelpamnhded;s\)vnmay\a@@mmpmedemmamtthecsﬂme
functionality. SImH%I’ QJ rﬁ"u ement %tcl)é FSI ure ?agr FVgHre 6a tn}oe gbrld actuator of Figure 6c¢ thus
enables bi- dlrecfjona ac ua ion y appropriately energizing t {Ra colﬁ 40"'0P e actuator. Because in
the arrangement of Flgmaﬁembommatethwua@tbtmﬂlwfwatmmmnmﬂﬁ)éastammﬁantlalIy
ad"a”tageous ybnrﬁhegﬁﬁﬁfz'tgs@?e%%t"f & 2408 % jﬁ okt o %do helO8 ]

With respect to pe actuators as shown |n Igures’a - 6¢ ng bene its may
emphasized: (i ¢n &lmbélﬁbbaimerr?ﬁeﬂ@tﬁﬁﬁ"m&l&Mﬁtﬁe@fﬂﬁ@rﬁﬁgﬁ@ﬂidﬂﬁ&@ﬁ%%&ﬂi@'&ﬁ'ﬂgh@(éhe

airgaps) betwegB e A RRUBSI AR 5 ARARNM 1O RERRI IR biraih MBSO YRSHIAg Ry force

direction), i.e. the first direction thus ‘mitigating or avoiding parasitic forces occurring in other directions.
The magnetic fiBilgéadtARPIRFASPRFHARHBI RAAGHAFFagnets can be considered a parallel circuit

which CO'nC'deSEOGEiZ] thﬁd@ﬁ&%%@%ﬂﬁﬂ@iﬁtﬂg SychiriGaigneiehamaiiIlibx sepltHans e
added when crossing the ajr g P
combined weight of the rst and second parts 520d.510.2 of the actuator shown in Figure 6a,
thus reducing the required actuator forces for joliog a desired acceleration or deceleration to an

object such as an object table.
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In an embodiment, the magnetic flux path as seen by the coils has a substantially constant magnetic
resistance, leading to a substantially constant self inductance of the coils (i.e. substantially
independent to the position of the first magnetic part relative to the second magnetic part), which is
beneficial to the control loop of an amplifier powering the coils as it enables a substantially constant
gain. [0052] In general, the weight of this second magnetic member 520 will be smaller than the
combined weight of the first and second parts 510.1 and 510.2 of the actuator shown in Figure 6a,
thus reducing the required actuator forces for providing a desired acceleration or deceleration to an
object such as i;r t table. 00 r;lc{ rther, by mounting. the second netic member 520 to
tho objectto b SE BT i UL G SR e T B B R e o
the sameposivioed(i theatatne infe Faedarhencttite agieohavthtigriztiappiiethdo ithmobitetad the shjeet),
thus avojding: deformati istorti f ' ject. iti is isdHus din
Figure 6?& QRI&FO@SéAn]gIEnﬂE(?gﬁie 6 ,éa\&oﬂpé) r\%éﬁvl':/@ O%%S @%@cﬁgtaﬁg?%%g %gﬂ%@%ﬁigglﬁgs%@vg%omgmed
with fourayeigénerdedoomsitiprstppeiso Bing®iteighletie. auekiasidelle asitiobiljisieibighiagdbf the
first magpgfigdngmbers and second magnetic members of the actuators are shown, the coils and
permanent magnets are not shown. For each of the actuators, the resulting magnetic flux 920 coupling

the first magnetRORBHbEITEtELRHPR ViR MR RBIRsEIRI. ARGABE TN sRB RO WY ABPIRAH the
actuator igfison exQE ISR 0 bt e penss HreNa i PO ebRNA Sered oy, tbaipkiecd takies A can

be seen, regardless of the direction of the generated force F, the force is offered or exerted on the

object talflE H LUBSHMHGIVIRDREHAPDSHEANH dNAH ST IR NG ACLGHORR HEmBRVE L3RR to
the objeciralperrtmasremizomiste arénaststimwn, Baploraliyabiirairsiars cesliingseddnetityfihn®20

correspondinﬁ axes. o [0055r] I{] an actHator a cordin%t(@a .embodjment of WE in .enhion a
projectiorc‘not.lﬂp 8% sﬂﬁg&a&S'gdﬂg& 55&00} 5598 it irs es'Uh%rcés(S%.%UﬂY%% %2%1 8¥V§22) in
the first dirgetian, wigh the ddtviatpditecidnerperains evihjsemo nditeagoatouneftherfast axdaise arethior

g N S R s N A ARG R

mag ne;i@ﬁ@é_ﬁ@b@r i@xan_tﬂdthat,th\@r @d@htdpbiatingepbmﬂmsa@wm@ting,raagwbelthéfm:@mondan
outer dimensioRiefthhdrds [ OhAERHPLS G QLRSI SMEoGHEMEMBes e a8 Bryand ¥

outer dimension (e.g. L2, L4, L8 resp.) of a second surface in a second direction. The operating range
of the acRFAiGIYarFayPH IR P BEN DTG 0BIIRRBYANEE &Y by Az) about a nominal working point. By

ensuring that theshg)eASiAnBA QIS bSTIMI BeGPBAMBIRANRIE H19RRRARDH aYsibjkdiof0braREdnd

operating point within the operating ranie of the actuator, the outer dimension of the first surface of the

first maghdiRGR et tiaen dd by ard hRB 18RS HFRERSBA-cTHHRS2EAA SeAACE e SEdiRt

direction; @ midgRlAYQfitbetiensehaineanittraalzigentour KIQREik L EATeOsNIEEI: dagIPPiRitio
dimensiorb(ﬁ‘ tﬁe first surface of the first magne‘ié% member also extends heyond the outer dimensiPn of
8 1y

the secofitl S8 MR il AFREELHSUKE Y AT RPELHN TR AFSPRALRLAZSARYE ©

directionthe actuator. As such, in the embodiment, the dae@mg of the first and second magnetic
member is such that, for each operating point withe operating range of the actuator, an outer
dimension (e.g. L1, L3, L7) of a first surface bktfirst magnetic member extends beyond an
outer dimension (e.g. L2, L4, L8 resp.) of a secendace in a second direction. The operating
range of the actuator can e.g. be described bjuaneo(Ax by Ay by Az) about a nominal working
point. By ensuring that the dimensioning of thetfand second magnetic member is such that, for
each operating point within the operating rangéhefactuator, the outer dimension of the first
surface of the first magnetic member extends beyloaduter dimension of the second surface in

a second direction, a mitigation of the cross-talk be realized.
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[0057] In an embodiment, the dimensioning of the first and second magnetic member is such that the
first surface extends beyond the second surface by a length larger or equal to a nominal value of the
airgap between both members. As such, assuming the second surface has an outer area of n by m,
the first surface may thus have at least an outer area of (n + 8) by (m + 8), 8 being the nominal airgap
length between the first and second magnetic member. When the electromagnetic actuator is applied
within a comparatively small operating range, e.g. Ax, Ay, Az < 8, an important reduction in the
cross-talk can be observed. In case the operating range in a direction substantially perpendicular to

the driving direction.is,comparatively large, it may be required to jncrease the outer area of the first
surface even fﬁﬁgﬂ In 6[6(%3 r(?l a%neé%?)%%i%)nugni%geg]c Il(J)igtC())r? gei?hér {& e Egpaencﬁléﬁyrgg %rc]:‘ﬁﬁlactor of
Figures 4nambBroalse eytendsypeyarttaditr ouRiyeneasioBe)fiecordisnafcsy mmethicdwiikaeinnthe

symmetrg&i&ﬁampp@&%ﬁ&mppﬁ mglﬂ}g’ggmdi rég Oq.?ds parallel to the driving direction.

I
Such an arrangement is schematically shown in Figure 7 w er(-ﬁ)y 700 represents the symmetry-axis.

In Figure 7, a s[PRHZLi6h 1 erabadinent s dinansioniepefiamBrat Aadred GeaIARH G HBETRRG10. 1,
610.2 ang sacenfl f70 ARadiflicc@ ekt iH &ydRar tlevesatRR €lsgtromagnelis fice0eneirieda

between the first and second magnetic member can be controlled by supplying a current to one of the

coils 640"8MHERLGIHEA Thesataap frABRAIRCE) MeRPRESHRRIGSHRIRY Hiepetendsypaee has an
sintered giagnglisrBAIeHNSIRAMHOf siFRG @ Ay NAatRIRsiAl-RARRY SS9 IBMiBAlgd atsyig! is not

easily applied in a rotational symmetric design. 0059] In an embodiment, one or more of the

actuator®8RgalRidP iRk adeah rrgilsheMssEiiBintireh #a5ead (RReRSE dppatats YERPridiRg a
table CO@igwﬁ%ﬁgmw&éhﬁa%%hdﬁlMﬂiﬁ?ﬁbﬁ@%iﬂ%ﬂ%ﬂt BROBENG ARG /IEOhe\ene or

more actuators may be mounted to the table. [00 ith respect to the electromechanical
properties f &l BRREAYS8EESHARJTI i @Rtttk aRoP eli6AS thE o RPRIAYNEEFRIXES dfed

worth “OHI?Séth%hs%%{ﬁFﬂf_a‘i}Sf’%%@é‘%ﬁj’i‘émgrt%afh@rﬂ@ﬁiﬁ?éf%mbﬁf'@@dm@&ﬁﬂom‘ﬂ%%,aif‘ﬁ'&y be

force-to-mass ratio, in particular with respect to the mass of the first magnetic member, this member

in generdPAIRY AONRGIEaTS the eviecatra:qt RedithspIsven Wiekas the energizing coils are
preferably moupgessioithensatesdimashetie Aambsi(either the relueetdype actuator of Figures 4 and

5 or the hybrid type actuator of Figure 6a or 6&)rotationally symmetric, whereby the
symmetry-axis is substantially parallel to the gy axis, i.e. the axis parallel to the driving
direction. Such an arrangement is schematicallyvehioa Figure 7 whereby 700 represents the
symmetry-axis. In Figure 7, a simulation of the metgc flux through the permanent magnet 660
and the first 610.1, 610.2 and second 620 magnekknbers is further shown. The
electromagnetic force generated between the fidtsacond magnetic member can be controlled
by supplying a current to one of the coils 640h& &ctuator. In such a rotationally symmetrical
design, it may be preferred to use a sintered nmegneaterial instead of using a laminated
material, because a laminated material is notyeapjplied in a rotational symmetric design.

[0059] In an embodiment, one or more of the actuatorsjapéed in a stage apparatus for
positioning an object, the stage apparatus conmgrigitable configured to mount the object. In
such embodiment, the first magnetic members obtieeor more actuators may be mounted to the
table.

[0060] With respect to the electromechanical propertiethefactuators according to an
embodiment of the invention, the following aspets worth noting:

- both actuator types according to an embodimenh®efitvention provide a high

force-to-mass ratio, in particular with respecttite mass of the first magnetic
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the reluctance type actuator is further characterized as providing a low signal to noise ratio and
provides a zero stiffness when no currents are supplied to the coil or coils of the actuator. the hybrid
type actuator provides, as mentioned, a bi-directional force enabling to control the actuator by a single
power amplifier. further benefits that are worth mentioning are a low hysteresis and a substantially
constant inductance. The latter is particularly beneficial because the actuator is thus perceived by a
power amplifier supplying the coils as a substantially constant load. The hybrid actuator is further
characterized as having a substantially linear force vs. current characteristic. [0061] In order to
enable an even more accurate force control (and thus position cantrol) of an,object such as,a
patterning device or 4 HLERI s BB s e TR ReTRe fet b et b o Bhieattnen
of the invention may futhkedse e uedgivithoa cnidaisane resfecalillyo mmeigedting se coads unegreticsignal
representative of the g‘%' flux through the magnetic circuit, whereby the measurement coil is

arranged to substantial%/ enclose the magnetic flux through the magnetic circuit. In this respect,
reference is made to (NG rekSIFIGALYAD FEHAENT SeflHihes. dBRBREBET, MHRYEHodate® WesEiRabyi0

reference in its entiretyoise QfiPAhHLPHHISTRDERGHMNERS ARIRIREMER HENBHRAMBIIRE BSHOBHIOl

unit arranged to receive the measurement signal and provide a control signal based on the
measurement signal £C47 SUIRBEHAIARI to control an amplitude of a current of a coil of the actuator

or to control an amplityderghaurnheatepiprividesingl aelhitped dir ¥R R ARseRBBANG fHore

detail in U.S. Provisional Agplication Serial No. 61/362,887, the measurement coil is preferably, at
least partly, arranged S0P BLUBA RN G HRSFP YRR HiEmber and the second magnetic
member. In Figure-8, fudeéribehdfsatinatoe aidriguneebdoningawevd lberesievdng a passisieiposition

of the measurement coil 800..In the arrangement as.shown, th asurement coil 800 may .be a coil
that 16 perthy wound abBIS P AN e T IR e pa o R B iR D ACrugBHaTias
Although specific refepenceivadbpea paderiatipsftexsup pihengsth e fdéiragsapsiardiaisretnstantiead.

manufacture of ICs, itﬁﬁ@g%ﬁﬁ é{&ﬂ%ﬂqggug@ﬁ‘éf@ﬁ&?&%%’@%gﬁ%%%&%dﬁ%ﬂ ﬁﬂ%@i@%&*@é’ have

other applications, such asthe manufactur integrated o ms, guidance a ction
patterns for magnetic eireaichriagigasti¢lat-panel displays, liquid-crystal displays (LCDs), thin-film

magnetic headgogls e el SHBRD 4 LABR IR R 1 SRR PR LR Btol

applications, an%_use of the terms "wafer" or "die" herein may be considered as synonymous with the
more geRERN §t'sUBBiARE BAURIRYBE FRYISR" OFcd AR}, lifnesapRicaAeparaiHsd taenardiittay

be procegsestdRfi AL AHIBHERROSUELIHB TRVEHTIARIRBEIASK Akt BiGadY PO Bday e5rof
resist to a substrate and develops the %E%si?ed resist), a metrology tool and/or an inspection tool.

Where aBBNESHIEORMGSIHSINE Hetdh f@é%ﬁﬁé@%‘%&Eﬁ%ﬁ%ﬂb&?%%@%&%&ﬁ@{bo|s.
Further, {ieeseibgtitadenieayre merressed Beaadbanesopsfare@sineit i raEdfiett et @uaHltiHayer

A e A S S Al oIS A BRI T R Serdans gl
61/362,887, incorporated herein by reference ientirety.

[0062] In such arrangement, the actuator may further cm@@ar control unit arranged to
receive the measurement signal and provide a daitnoal based on the measurement signal at
an output terminal to control an amplitude of arent of a coil of the actuator or to control an
amplitude of a current of a coil of a further attua

[0063] As described in more detail in U.S. Provisional Agation Serial No. 61/362,887,
the measurement coil is preferably, at least padtyanged in an airgap separating the first
magnetic member and the second magnetic membdtiglre 8, a detail of the actuator of
Figure 6a is shown, further showing a possible tiosiof the measurement coil 800. In the
arrangement as shown, the measurement coil 800bmaycoil that is partly wound about the

magnetic member 520 and mounted to the member.
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[0065] Although specific reference may have been made above to the use of embodiments of the
invention in the context of optical lithography, it will be appreciated that the invention may be used in
other applications, for example imprint lithography, and where the context allows, is not limited to
optical lithography. In imprint lithography a topography in a patterning device defines the pattern
created on a substrate. The topography of the patterning device may be pressed into a layer of resist
supplied to the substrate whereupon the resist is cured by applying electromagnetic radiation, heat,
pressure or a combination thereof. The patterning device is moved out of the resist leaving a pattern in

it after the resi r 6]..The rms radlatl "be herein all
w& Eftjho Ogatm%eélfr ere ?gt% % e use o?rf?ﬁ)eﬁﬁ fh

types of electr tlc ra Inc u Ing u ravro ra |at|on e. g aving a wav
about 36@9[26@8,&1931 162 ondrrGantyernf é@ﬁemelumuéd\MetE(lEDu/}haum&)ﬂﬂt@gramumgm)aratus

Wa"e'eng'ékﬁhﬂé "ABAS P joh%% %&eh\ﬁﬁﬁé‘ﬁ%ﬂ? bﬁ&’ﬂ%%&ﬂtﬁﬁd&ﬂé’ nané’%r?i {Ba"gPrRGRAMS-

[0067] The term ens”, where the context a may refer to any one or com of various types

of optlcaﬁhmnémgarméﬁ@ Asfiedive Nefiecir d0nmagaean ak ompiitfhtitadmpest disklaye
optical cagIp@Reeal d.st@%@fitt\téhje %ﬂﬁprrﬁq%@@%ﬂ&e%% of theriRyasipyhave PERMNIdgRsdRRle

above, it will be appreciated that the invention maY practiced otherwise than as described.

[0069] TH@HéQc‘ihﬁtrﬁP@%d?feSHF@ iAtERoRV B aRP ﬁﬁt?ﬁﬂt/é”r?o?flmi%ﬁ@m‘l‘ﬁ uyafeniPhed i fHaEe to
one skilleski BeecardhrtsindifisgHong s hemmade isrecgarentionsasdieasribrdiuiieWdaigarting

from the scope of the claims set out below. WHAT IS CLAIMED IS:
respectively. The substrate referred to herein beprocessed, before or after exposure, in for
example a track (a tool that typically applies gelaof resist to a substrate and develops the
exposed resist), a metrology tool and/or an inspedbol. Where applicable, the disclosure
herein may be applied to such and other substrategsing tools. Further, the substrate may be
processed more than once, for example in orderdate a multi-layer IC, so that the term
substrate used herein may also refer to a subsivatalready contains multiple processed layers.

[0065] Although specific reference may have been madeeatmwthe use of embodiments
of the invention in the context of optical lithogtey, it will be appreciated that the invention may
be used in other applications, for example impithbgraphy, and where the context allows, is
not limited to optical lithography. In imprint lidgraphy a topography in a patterning device
defines the pattern created on a substrate. Tlogtaphy of the patterning device may be pressed
into a layer of resist supplied to the substrateenebpon the resist is cured by applying
electromagnetic radiation, heat, pressure or a guatibn thereof. The patterning device is moved
out of the resist leaving a pattern in it after tbgist is cured.

[0066] The terms “radiation” and “beam” used herein encassp all types of
electromagnetic radiation, including ultraviolet\(Jradiation (e.g. having a wavelength of or
about 365, 248, 193, 157 or 126 nm) and extrem@a-uiblet (EUV) radiation (e.g. having a
wavelength in the range of 5-20 nm), as well asigdarbeams, such as ion beams or electron
beams.

[0067] The term “lens”, where the context allows, may rédeany one or combination of
various types of optical components, includingaetive, reflective, magnetic, electromagnetic
and electrostatic optical components.

[0068] While specific embodiments of the invention haverbdescribed above, it will be

appreciated that the invention may be practicedretise than as described.
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1. An electromagnetic actuator comprising: first and second magnetic members that are
displaceable relative to each other and are arranged to provide a magnetic circuit; and a coil
configured to, in use, receive current to generate a magnetic flux through the magnetic circuit, thereby
generating a force between the first and second magnetic members in a first direction, the magnetic
flux, in use, being transferred between the first and second magnetic members through a first surface
of the first magnetic member and a second surface of the second magnetic member, the first and
second surface being separated by an airgap, wherein the first surface and the second surface are
arranged re""‘.“‘j“aéf%’ﬁf%%%té‘s‘?rrﬁ%hnéhatév”eoa‘%tee{ %W é‘@'t%”o%fiH“%é“ t?H%’?’tﬁ‘@fﬁ%@%iP&ﬁPHg an
outer dimension of the seécond surtace in a second direction substantially perpetidicular to the Tirst
directionaghiehtteione sikded prdiectonhtbatmecsticatsayfdee oate the thetivvefdtm inshieficstoed
directionv(,ﬁﬂaipaé%i%g{ g@r&ﬁt%ggg &a‘ﬁl&%agﬁ BSII)Q/\';.eaCh position of the first magnetic
member relative to the second magnetic member within an operating range of the actuator. 2. An
electromagnetic actuator comprising: first and second magnetic members that are displaceable
relative to each other and are arranged to provide a magnetic circulit; a coil configured to, in use,
receive a current to generate a magnetic flux through the magnetic circuit, thereby generating a force
between the first and second magnetic members in a first direction, the magnetic flux, in use, being
transferred between the first and second magnetic members through a first surface of the first
magnetic member and a second surface of the second magnetic member, the first and second surface
being separated by an airgap; and a permanent magnet arranged to provide an additional
magnetic flux through the magnetic circuit, wherein the additional magnetic flux is arranged to cross
the airgap separating the first magnetic member from the second magnetic member in a direction
substantially parallel to the first direction.
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3. The electromagnetic actuator according to claim 1 or 2, wherein the coil is wound about a leg of the
second magnetic member. 4. The electromagnetic actuator according to any preceding claim, wherein
the second surface has an outer area of n by m, and the first surface has at least an (n + 8) by (m + 8)
outer area, 8 being the nominal airgap length between the first and second magnetic member. 5. The
electromagnetic actuator according to any preceding claim when referring to claim 1, further
comprising a permanent magnet arranged to provide an additional magnetic flux through the magnetic
circuit. 6. The electromagnetic actuator according to claim 5 wherein the permanent magnet is part of
the second magnetic member. 7. The e{ﬁ/ﬂr %%E}ifﬁ\ﬁﬁﬂ%or according to claim 5 or 6, wherein the
additional magnetic flux is arranged to cross the airgap separating the first magnetic member from the
second magnetic member in a direction substantially parallel to the first direction. 8. The

electromfgneti%ﬂg%@]@%@;&ﬁg%&ﬁ@gﬁqoﬁﬁgﬁ S 5 - 7, wherein the first magnetic member

comprises a first part a part, the se agnetic member being arranged between the

first and second part. fUsti@dgeenoehgeest aoteabeLcitrtaig tsaMEpaiaid®ig ertmotieeid the
actuator is rotatignalpyameticalakouhan At LiRsiRNMiRdy parallel to the first direction.

a coil configured to, in use, receive currengénerate a magnetic flux through the
magnetic circuit, thereby generating a force betw#ee first and second magnetic
members in a first direction, the magnetic fluxuse, being transferred between the first
and second magnetic members through a first sudbte first magnetic member and a
second surface of the second magnetic member,itsteahd second surface being
separated by an airgap, wherein the first surfawk the second surface are arranged
relative to each other such that an outer dimensidhe first surface extends beyond an
outer dimension of the second surface in a secordtion substantially perpendicular to
the first direction and wherein, in use, a projctof the second surface onto the first
surface in the first direction remains within artesucontour of the first surface for each
position of the first magnetic member relative He second magnetic member within an

operating range of the actuator.

2. An electromagnetic actuator comprising:
first and second magnetic members that are dispiideeelative to each other and

are arranged to provide a magnetic circuit;

a coil configured to, in use, receive a currenjénerate a magnetic flux through
the magnetic circuit, thereby generating a forcevben the first and second magnetic
members in a first direction, the magnetic fluxuse, being transferred between the first
and second magnetic members through a first sudbte first magnetic member and a
second surface of the second magnetic member,itsteahd second surface being

separated by an airgap; and
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10. The electromagnetic actuator according to any preceding claim, wherein the first surface and the
second surface are arranged relative to each other such that an outer dimension of the first surface
extends beyond an outer dimension of the second surface in a third direction substantially
perpendicular to the first direction and the second direction. 11. The electromagnetic actuator
according to any preceding claim, further comprising a measurement coil configured to generate a
measurement signal representative of the magnetic flux through the magnetic circuit, wherein the
measurement coil is arranged to substantially enclose the magnetic flux through the magnetic circuit.

12. A stage apparatus_configured to pasition an abject, the stage a atus comprising: a tabj
configured o nold the s BILATELRAL TS bRt R AL I A s

to position the tlai_tal@r,lWImeqéﬁwihethteimghet@diémMrmagﬂmrﬁi§ wmow@qmﬂwammd to
the table. 13. AJugoaran '&@%f%&%ﬁ@?ﬂ?éﬂ%@ﬂﬂ%‘iﬂét%gﬁ frnCaniaumaiocandiipma
structed t ng de

radiation beam; a support con to support a patterni ice, the patterning device being
capable of impatPRjantalbtRaishebéathenistediaaeen in its cross-section to form a patterned radiation
beam; a substrate table constructed to hold a substrate; a projection system configured to project

the patterned radiation beam onto a target portion of the substrate, and -
3 The electromagnetic actuator according to clain 2, evherein the coil is wound about a

leg of the second magnetic member.

4, The electromagnetic actuator according to any pliegeclaim, wherein the second
surface has an outer area of n by m, and thesfidace has at least an (dyby (m +&) outer

area,® being the nominal airgap length between the &nst second magnetic member.

5. The electromagnetic actuator according to any pliageclaim when referring to claim 1,
further comprising a permanent magnet arrangeddaige an additional magnetic flux through

the magnetic circuit.

6. The electromagnetic actuator according to clainhBrein the permanent magnet is part of

the second magnetic member.

7. The electromagnetic actuator according to clainm 6,avherein the additional magnetic
flux is arranged to cross the airgap separatin@jtstanagnetic member from the second magnetic

member in a direction substantially parallel to fingt direction.
8. The electromagnetic actuator according to any ef ¢laims 5 - 7, wherein the first
magnetic member comprises a first part and a separtdthe second magnetic member being

arranged between the first and second patrt.

9. The electromagnetic actuator according to any pliageclaim, wherein the actuator is

rotationally symmetrical about an axis substantipdirallel to the first direction.
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an actuator according to any of claims 1 to 11 configured to position the support or the substrate table.
14. An apparatus for imprint lithography arranged to transfer a pattern from a patterning device onto a
substrate, the apparatus comprising one or more actuators according to any of claims 1 to 11. 15. A
device manufacturing method comprising: transferring a pattern from a patterning device onto a
substrate; and  positioning the patterning device or the substrate using one or more actuators
according to any of claims 1 to 11 prior to the transferring.

10. The electromagnetic actuator according to any pliegeclaim, wherein the first surface
and the second surface are arranged relative toather such that an outer dimension of the first
surface extends beyond an outer dimension of ttenskesurface in a third direction substantially
perpendicular to the first direction and the secdinelction.

11. The electromagnetic actuator according to any pliegeclaim, further comprising a
measurement coil configured to generate a measutesgmal representative of the magnetic flux
through the magnetic circuit, wherein the measurgroeil is arranged to substantially enclose

the magnetic flux through the magnetic circuit.

12. A stage apparatus configured to position an obfhetstage apparatus comprising:

a table configured to hold the object; and

one or more actuators according to any of the pliageclaims to position the table,

wherein the first magnetic members of the one arenagtuators are mounted to the table.

13.  Alithographic apparatus comprising:

an illumination system configured to conditioradiation beam;

a support constructed to support a patterningogevhe patterning device being
capable of imparting the radiation beam with a gattin its cross-section to form a
patterned radiation beam;

a substrate table constructed to hold a substrate

a projection system configured to project thegratd radiation beam onto a target
portion of the substrate, and

an actuator according to any of claims 1 to 11 igoméd to position the support or
the substrate table.
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14.  An apparatus for imprint lithography arranged tansfer a pattern from a patterning
device onto a substrate, the apparatus comprigsiagpomore actuators according to any of claims
1to 11.

15. A device manufacturing method comprising:

transferring a pattern from a patterning devieto@ substrate; and

positioning the patterning device or the substusing one or more actuators

according to any of claims 1 to 11 prior to thengferring.
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