M RROR ARRAY FOR LI THOGRAPHY FI ELD OF THE | NVENTI ON The present invention
relates to a mrror array and to a mrror array for |ithography. BACKGROUND
OF THE I NVENTI ON A |ithographic apparatus is a nmachine that applies a
desired pattern onto a target portion of a substrate. Lithographic
apparatus can be used, for exanple, in the manufacture of integrated
circuits (1GCs). In that circunstance, a patterning device, which is
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intensity distribution an
anti-parallel to this direction.

A mirror array typically employs a matrix arrangement of small reflective elements (or
mirrors), which are individually adjustable, for example tiltable about an axis (by an actuator), so
as to apply a pattern to a reflected beam of radiation. Mirror arrays may alternatively be referred

to as a “programmable mirror array”, a “micromirror array” or an “active faceted mirror.”

It should be appreciated that such mirror arrays have several uses and, in particular, may
be utilized in lithographic apparatus. For example, it is known to utilize mirror arrays to form the
patterning device of a lithographic apparatus (for example in a lithographic apparatus for use in

the manufacture of flat panel displays).

More recently, the use of mirror arrays in the illumination system of a lithographic
apparatus has been proposed. The illumination system of a lithographic apparatus is arranged to
receive radiation from a source (for example a laser) and produce an radiation beam for
illuminating an object (for example a patterning device). The illumination system shapes and

controls the radiation beam to provide a beam with a desired spatial intensity distribution and
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1 angular intensity. A conventional illum nation system may conprise a
diffractive optical elenent ("DOE") and a "zoom axicon" apparatus (which is
a device configured to adjust the intensity distribution at a pupil plane).
Sever al di sadvant ages have been identified with such conventi onal
illumnation systens. For exanple, to produce the desired range of
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illumination mode generated using a prior art diffractive optical element requires several seconds,
since the diffractive optical element must be replaced. The mirror array based illumination
system allows the illumination mode to be changed more quickly. Furthermore, the prior art
zoom-axicon can only make circularly symmetric changes to the spatial intensity, whereas the

mirror array based illumination system does not have this limitation.

However, Applicants have recognized a number of problems associated with mirror
arrays, particularly when used in lithography. Since the individual reflective elements of a
typical mirror array are generally very small, for example a mirror array may comprise over a
1000 microscopic mirrors, the elements may be susceptible to damage during use. For example,
heat generated by the radiation (that the mirrors are reflecting) may cause the reflective elements
to be damaged by overheating. Such heat generation is, for example, particularly noticeable with
the high optical power and short wavelengths used in deep UV and EUV applications.

Furthermore, damage may be caused during movement of the reflective elements, for example by



Furt hernore, damage may be caused during novenent of the reflective

el ements, for exanple by 2 excessive oscillation of the reflective el enent
foll owi ng actuation. SUVMARY OF THE INVENTION It is, therefore, desirable
to provide an alternate mrror array apparatus that nay overcone, or
mtigate, at |east one of the disadvantages of the prior art. According to
an enbodi nent of the invention, there is provided a mrror array apparatus
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referred to Akeording torayother qutmcanee af tHedfiventiooy theretis progidedsumethod of ¢omting
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herein may have other applications, such as the manufacture of integrated optical systems,
guidance and detection patterns for magnetic domain memories, liquid-crystal displays (LCDs),
thin-film magnetic heads, etc. It should be appreciated that, in the context of such alternative
applications, any use of the terms “wafer” or “die” herein may be considered as synonymous with
the more general terms “substrate” or “target portion”, respectively. The substrate referred to
herein may be processed, before or after exposure, in for example a track (a tool that typically
applies a layer of resist to a substrate and develops the exposed resist) or a metrology or
inspection tool. Where applicable, the disclosure herein may be applied to such and other
substrate processing tools. Further, the substrate may be processed more than once, for example
in order to create a multi-layer IC, so that the term substrate used herein may also refer to a

substrate that already contains multiple processed layers.

The terms “radiation” and “beam” used herein encompass all types of electromagnetic
radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of 365, 248, 193, 157 or

126 nm) and extreme ultra-violet (EUV) radiation (e.g. having a wavelength in the range of 5-



radi ation, including ultraviolet (UV) radiation (e.g. having a wavel ength of
365, 248, 193, 157 or 126 nm and extrenme ultra-violet (EUV) radiation
(e.g. having a wavelength in the range of 5 3 20 nm, as well as particle
beans, such as ion beans or electron beans. The term "patterning device"
used herein should be broadly interpreted as referring to a device that can
be used to inpart a radiation beamwith a pattern in its cross-section such
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other clamping techniques, for example electrostatic clamping under vacuum conditions. The
support may be a frame or a table, for example, which may be fixed or movable as required and
which may ensure that the patterning device is at a desired position, for example with respect to
the projection system. Any use of the terms “reticle” or “mask” herein may be considered

synonymous with the more general term “patterning device.”

The term “projection system” used herein should be broadly interpreted as encompassing
various types of projection system, including refractive optical systems, reflective optical
systems, and catadioptric optical systems, as appropriate for example for the exposure radiation
being used, or for other factors such as the use of an immersion fluid or the use of a vacuum. Any
use of the term “lens” herein may be considered as synonymous with the more general term

“projection system.”

The illumination system may also encompass various types of optical components,

including refractive, reflective, and catadioptric optical components for directing, shaping, or



"projection system"” The illum nation system may al so enconpass vari ous
types of optical conmponents, including refractive, reflective, and
catadioptric optical conponents for directing, shaping, or 4 controlling
the radi ati on beam of radiation, and such conponents nmay al so be referred to
bel ow, collectively or singularly, as a "lens." The |ithographi c apparatus
may be of a type having two (dual stage) or nore substrate tables (and/or
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by way of example only, with
reference to the accompanying schematic drawings in which corresponding reference symbols

indicate corresponding parts, and in which:

Figure 1 depicts a lithographic apparatus according to an embodiment of the invention;
Figure 2 depicts the transformation of an angular intensity distribution to a spatial

intensity distribution according to a prior art arrangement;

Figure 3 depicts in more detail the radiation system which may utilize a mirror array in

accordance with an embodiment of the invention;

Figure 4 depicts a cross-sectional view of a single reflective element of a mirror array
apparatus; and

Figures SA, 5B and 5C, depict cross-sectional views of a single reflective element of a
mirror array apparatus in accordance with embodiments of the invention.

DETAILED DESCRIPTION

Figure 1 schematically depicts a lithographic apparatus according to an embodiment of

the invention. The apparatus comprises an illumination system (illuminator) IL configured to



DETAI LED DESCRI PTION Figure 1 schematically depicts a |lithographic apparatus
according to an enbodi nent of the invention. The apparatus conprises an
illumnation system (illumnator) IL configured to 5 provide a radiation
beam PB (e.g. UV radiation or EUV radiation). A first support (e.g. a mask
table) MI is configured to support a patterning device (e.g. a mask) MA and
is connected to a first positioning device PM configured to accurately
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conpr i sEssushcasaghe somsse isanbennsidered tg fomm past afithe fithegraphisrapprraiitscang the

radiation is passed from the source SO to the illuminator IL with the aid of a beam delivery

system BD comprising for example suitable directing mirrors and/or a beam expander. In other
cases the source may be integral part of the 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 be referred to as a radiation system.

As will be described in further detail below, the illuminator IL may comprise an adjusting
device AM configured to adjust the angular intensity distribution of the beam. Generally, at least
the outer and/or inner radial extent (commonly referred to as ¢-outer and c-inner, respectively) of
the intensity distribution in a pupil plane of the illuminator can be adjusted. In addition, the
illuminator IL generally comprises various other components, such as an integrator IN and a
condenser CO. The illuminator provides a conditioned beam of radiation, referred to as the

radiation beam PB, having a desired uniformity and intensity distribution in its cross-section.

The radiation beam PB is incident on the mask MA, which is held on the mask table MT.

Having traversed the mask MA, the radiation beam PB passes through the lens PL, which focuses



condenser CO. The illum nator provides a conditioned beam of radiation,
referred to as the radiation beamPB, having a desired uniformty and
intensity distribution in its cross-section. The radiation beamPB is

i ncident on the mask MA, which is held on the mask table MI. Having
traversed the mask MA, the radiati on beam PB passes through the | ens PL,
whi ch focuses 6 the beamonto a target portion C of the substrate W Wth
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i mpar t eMT may be comeciet itoa shaamrike aptuajoe ohlydoomapbafiked. Misk Marandenbstiast Wonce
(i.e. a single static exposure). The substrate table WI is then shifted in
the X Byaybepalignediysigimaesk alignmgngmarky Mk, Maand subsigate alignmens markseRh Pie
exposed. In step node, the nmaxinmm size of the exposure field limts the

si ze of the The detictpdrpparatuCeamtrgesdd imtha fallawihg pref¢ratd modesposure. 2. I n scan
node, the mask table MI and the substrate table WI are scanned synchronously

whil e ajpatt gf fep ABas, tRImhask fabR Madina thosmbheamtdbie WTOAE kbpts@ntigll@ t ar get
portion C (i.e. a single dynam c exposure). The velocity and direction of

t he substatiertagy,tvableen\dMtiregpadtein/ienpacted hethegadatiandizhm iMprajectetbomo mitarget by t he
(de-)magni fication and i mage reversal charagteristic f the  projectjon
syst em Pertion g aoape d@?{ns}g?ét%ﬁxﬁm@i The grostafe t%iéﬁﬁé_h?r} %1}5640 4nrﬂ}ﬁt € the
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maximum size of the exposure field limits the size of the target portion C imaged in a single

static exposure.

2. In scan mode, the mask table MT and the substrate table WT are scanned synchronously
while a pattern imparted to the radiation beam is projected onto a target portion C (i.e. a single
dynamic exposure). The velocity and direction of the substrate table WT relative to the mask
table MT is determined by the (de-)magnification and image reversal characteristics of the
projection system PL. In scan mode, the maximum size of the exposure field limits the width (in
the non-scanning direction) of the target portion in a single dynamic exposure, whereas the length

of the scanning motion determines the height (in the scanning direction) of the target portion.

3. In another mode, the mask table MT is kept essentially stationary holding a programmable
patterning device, and the substrate table WT 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



of the scanning notion determ nes the height (in the scanning direction) of
the target portion. 3. In another node, the nask table MI is kept
essentially stationary holding a programmabl e patterning device, and the
substrate table W' i s noved or scanned while a pattern inparted to the

radi ati on beamis projected onto a target portion C. In this node, generally
a pul sed radiation source is enployed and the progranmabl e patterning

devi ce, ity dRARLE heAipl B bRMA! &Sh nGREDn LuIBXAIAN Al bEURALRALS, 1Y ©
WI' or successive radiation pulses durin

oper at i gade anopeeationath by rédil appliddao miﬁﬁklleaﬂ&hbgrhﬂggmammzkb piogtmmﬂmtﬂes
programmabl e patterning device, such as a progranmable mirror array of a
type aspattsfuing devies satioase, propratinreble mireoranmay of a ivpeiaatéfored rabokie above
descri bed nodes of use or entirely different nodes of use may al so be

enpl oyed. Fi gom®indtiond diglidrafafstidli®nihé itsve ldescibed aiodes i ion gntivetyidiffereand
spatial intensity distributions of the radiation beam PB. According to a
pri or - amedesrafang aregalso berempipyedt i ng device for setting the outer and/or
inner radial extent (commonly referred to as a-outer and a-inner,
respectivel yFigamtpillusteatas the fpfineipld ofeoarpiponding ahguienind(speXid inteflsipi t h an array
of mcro-lenses 4. Each mcro-lens 4 forns a dlvergent pencil 5 of rays.
Each peﬂléirlbugor@ﬁ ofrthg eadiagion abgfpm Rl Aerordipg i a prigr-a L HTANEAMEDY aR A UStEE devicen
beam whi.ch i.s i.nci dent t t he ncident at
Focus! nirrelite Bl g b g rget e peamBogf eertidhes & Dot dfd BaRer s

cor r espRRES e %bmlsrhéewalffatcﬁde Ghi%Al ellﬁaenﬁ' BOERS 3 Wit A BAydTREBISeNs khe
range of dlrecylons into which e rays of the pencil 5 propagate If the
range oEach mied-icond fosnsadivergehtygnsil 5e>f edyst Bach pdngitiSnafireyl corespdnds tdweparback
focal plane 8 is also small. Furthernore, all identical directions of the

penci | soisubrbeam ofjthe ragipsion Rpars pvhighels pagidgnt al the DQIadh The peicils Sovilldhedagident o

one and t 8 Sane QiN D s known to
ot oduce dOSsTRTEno8 bfe bty fPuMsd ordfie 1ACE, Pf Buncilt Bieindsia i of "Fhe
radi ati QRiniRAEA H8a. ThHe A3E bf Gl deﬁen’as raﬁmlé raagaapdue@ﬂbmnk@@haﬁ tIRYAY &
shape. The inner radial extent which corresponds to the central area wth
an i nt etisipeycib$ pmag;aterlfdhcn&aaﬂ of d!eampnsmalsmlaﬂ thesize oy thehHominagedaanea in the

approprj ate DCE 3 or exanﬁ m cro-lenses 4. can be orlanted so t hat
none  obackdacahplar |8§s glsg pma yE“J&R]ilqrmOEf‘e ajl thnaeahdlrﬁﬁthwféqua s %zrlé’aalaF?dsw N

ontY, P RT SRl RGP io LB R s RLAFUGE LRI LT ©°
plane 8.
It is known to produce a spatial intensity distribution in a cross-sectional area of the
radiation beam PB, in particular in a pupil plane, which has an annular shape. The inner radial
extent which corresponds to the central area with an intensity of zero or close to zero, can be set
by choosing an appropriate DOE 3. For example, all micro-lenses 4 can be oriented so that none
of the pencils 5 of rays will be incident at the central area and will only be incident in the annular
area (of course, in practice, there will be an intensity greater than zero in the central area, due to
effects such as dispersion). By orienting the micro-lenses 4 into different directions, other spatial
intensity distributions can be produced in the cross-sectional area, such as dipole or quadrupole

illumination. However, the number of possible intensity distributions is limited and a change of

the illumination setting requires time consuming replacement and/or re-orienting of micro-lenses.

Figure 3 shows an alternate arrangement of the radiation system in which the illuminator

comprises a mirror array 33, which may be a mirror array according to an embodiment of the



effects such as dispersion). By orienting the mcro-lenses 4 into different
directions, other spatial intensity distributions can be produced in the
cross-sectional area, such as dipole or quadrupole illum nation. However,
t he nunber of possible intensity distributions is |imted and a change of
the illumnation setting requires time consum ng replacenent and/ or
re-orienting of mcro-lenses. Figure 3 shows an alternate arrangenent of the
radi ati : ' IJ L um Bk ]

wni ch iSRRG U Bitplis PP har S IAARR Bedly WHh BB Nuedien

i nvent i shutteS 112821133 1t RuhdLbaSsedl thRugh b¥ah Miveadcheyboptis 3RivEat e ek faga hedeamh
passes through shutters 11, 12, 13. It is then passed through beam

di ver getecasizpwhich cazespondhtoghpsinelof hmimersamayt33 o reflectivewlienisns3Be.cbodds to

th i f i rray.33 of reflective, elenents 33a, ,33b, 33c, 33d,
bae. 1 ol pad Heilo ol arce Bes 14 homCaBar GUAmaEd Bogh TvRERa: beam
h t - i o di

he et or e Mgy A GBS HAFLOPARUAL TN 1 RINH IRORE. O e B

i nci denbeaat isaufficiait e tHetragl ie iident 23 reflectide eldnienkd TR4rte 33e. hyFigu@)3, by
exanpl e, three sub-beans of the expanded beam are shown. A first sub-beamis
i nci denwagpf ¢xamn tthree sei-beamms of3BHexpandes heam ase beown.ef | ective el enents 33a,
33c to 33e of the array 33, the reflective elenent 33b can be controlled to
adjust its arfiretsubtbeam is incideat attrbfedivb clkarm 33H. rickt det@berirefletize dRgiched
pre-determ ned direction. By re- directing optics 16, which nay conprise a

o f

f ocusi ng34, 3sto Ieeofdhhartryald, the reBeddive element 33 eande dontrpHed forpdjuseitt at a

desired point or | area in crass-sectional plane 18.of .t he,beam The
cross.  aBfiftan Gt ahesbsRn el dlaiio it e R T U o Bor s s a
virtual g5 adihabhats ROWHEG haP colfifed BEGIRPENE te BRI S ke-AHEBOLYBaSAWN | N
Fi gure 3rare§rgflecfed by ?ig)reflé%tivgﬁgleﬁeﬁ%% é%c, 3%d and re-%irected
by re- dincelehi 1g depitédpoidttorsmaltiardadinherosssectmnl planot $ef thpbearh s Taé cppkane 18.
By controlling the orientations of the reflective elenents 33a to 33e

.

al nost  saeiiona) Rlang |1 8imayesescide with ghernupilpilasng Which #rds ay p¥istigbiadiaipmposeeiae 18

can be produced. For..ex | e, ,the nor. array,33 onprises 1152. (e, q. 32 X
36). m nBCBEoRE” TR bt Dot gt 2 are Ry hEFe st ieTkRithet |\
should Bg @@@ﬁﬁ&feaciif‘ééte_tdl’b}trey&i‘ﬂekﬁné HRick 16 YO WY inbiassrat BEr %ﬁ&%%ﬁnm.el y
one possible application for the mrror array according to an enbodi nent of
t he i nvBgpicomtmlliagitheiofiehtadoty afatie sdflectivar slerhéres Ba/erit3epaimost amytspativ] émebesityt o be
limted to this particular use. For exanple, the_m nor i

distribution in the cross-sectional plane 18 can be produced. For example, the mirror array 33

comprises 1152 (e.g. 32 x 36) mirrors and the orientation of each mirror can be adjusted

separately.

It should be appreciated that while the illuminator described above is merely one possible
application for the mirror array according to an embodiment of the invention, and in its broadest
form the invention is not intended to be limited to this particular use. For example, the mirror

array of the invention may be used as a patterning device in a lithographic apparatus.

Figure 4 schematically represents a cross sectional view of a single reflective element of
one type of mirror array apparatus 100. A carrier (or substrate) 110 is configured to support a
plurality of individual reflective elements 120 (only one of which is shown in the figure). It will
be appreciated that the number of reflective elements 120 forming a particular mirror array 100
may vary widely dependent upon the particular application. The mirror array 100 may, for
example, comprise several hundred or more than a thousand microscopic mirrors, which may be
provided on a single carrier 110. The carrier 110 may be formed of semiconductor material. It
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array of the invention nmay be used as a patterning device in a |ithographic
apparatus. Figure 4 schematically represents a cross sectional view of a
single reflective elenent of one type of mnor array apparatus 100. A
carrier (or substrate) 110 is configured to support a plurality of

i ndi vidual reflective elenents 120 (only one of which is shown in the

figure). It will be appreciated that the nunber of reflective elenents 120
form ng i i r : Ihdeldrisle =Ial SPRTTelo) he
partic uﬁng?" ng{o&&tﬁ%ﬁ eofé}&éf(ﬁgc’% ir“%’rt Hegg?lé%?)oé%ng?%f or rl&eikg)?rg? e, f)lg 0 rrp'c{rliog e

sever al glassndveal @rglase heaytheanredifdrleearapledn tHehssefymirrdti atay 9 00 whichismay be
provided on a single carrier 110. The carrier 110 may be fornmed of

seni coneRpstruttedratieg @ tachnglpgywothesthan lithoarphyel g nhsi-methnairal easitaeiionot her
suitabl e construction material, for exanple nmetal or glass. Metal or gl ass
may be used Eath refenivkelement h20 hasefrait salerompoisingrarraflectivd sutfaceh Fos example
constructed using a technol ogy other than |lithography, e.g. mni-nmechanical
const r uteifoRt SEREH MagfcPBPrisg & mirrana feflectie peating of A dayiering agre@@ Yo antigyl a

reflective surface..For exa t he front surtace conpr.i myror, a
et oot forBngb dithSenstle FEBRR! fap P Sree Pl SEASETy EB SRR ool
reflect ?Mﬁar%ﬁ&ﬁ% surfdde N&S géhek 2 HANTYE, Me reAbdtRBlelhfen® WD B6GENAL ARy A8kked
generally planar reflectiVve surface. In general, however, the reflective

el enent shhpé fomexahmplea aingulaasinerazonslshpps. Furtheemampheredlectivecaiéraentarayhexagonal
shape. Furthernore the reflective el enment may _optionally have a non-pl anar
or ar cudptionaly haa ney-rlanar 9& arcustaeliesting syrface. dbe seflactive domsaly 188 maydened of

any sui 3l ¢ FRLECk A of 90 PRIBL 6 AL LESOD 1INS:Sh LEQer L ALER, FRLer T al.

may be rra h order t0 achreve sufticren

ref | ect goatddywit B@efiblcAhR iNBYeP R ABRHSe sOfficRnPRINeOmE I BleSmirfoRd m@f B8 Rlafe
where m ni - mechani cal construction is used an optical nateri al i ke

Z ERODURf 9theranyattxeal sisEat, exampe; edhewsi thimi-meckdrieat tomstrucoant ismged dihepticaf ineetinl e
el ement 120 is _noveably connected tq the carrier 110 by a suspensi on point

130, f olike4BREDUR® mayges usethecoxered i s lpdIoncoadle - be a resilient member so

as to bias the reflective elenent 120 towards a particular orientation (for
exanpl e so athd eflegiwidbanenttl2flid moveahlyadonetctedtotthecqtienkl (y 4 suspersiani pint
le be a flexure or a i ng.

ALer nl?f%i%fﬁggn%@%ﬁ%igg%; m#%gmﬁ'onﬁéﬂt%@r@é TeYHRRE P ‘?ﬁSPﬁét%'alﬁ%a’r%;t erial
R L LN
i n Fi gupgaldel thrthepifreatithe/@reéremont THLEhspénsiodtp@i@/36 .may for example be a flexure
or a spring. Alternatively the suspension point 130 may be formed from the same material as the
mirror (e.g. silicon), in a strip which is sufficiently thin that it may bend and therefore allows the
mirror to rotate. In the embodiment shown in Figure 4 the reflective element 120 is rotatable,
about a single suspension point 130, about an axis parallel to the plane of the carrier 110. In
other embodiments each reflective element 120 may be arranged to be rotatable about more than

one axis, for example two mutually perpendicular axis, each axis being parallel to the plane of the

carrier 110.

For each reflective element 120 at least one actuator is provided on the carrier 110. In
some embodiments (as shown in Figure 4) each reflective element 120 may be associated with a
pair of actuators 150a, 150b for rotation of the reflective element 120 about a single axis. The
actuators may for example be positioned either side of the suspension point 130. In embodiments

in which the reflective element 120 is rotatable about more than one axis, it will be appreciated
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about a single suspension point 130, about an axis parallel to the plane of
the carrier 110. In other enbodi nents each reflective el enent 120 may be
arranged to be rotatable about nore than one axis, for exanple two nutually
per pendi cul ar axis, each axis being parallel to the plane of the «carrier
110. For each reflective element 120 at | east one actuator is provided on
the carrier 110. In sone enbodinents (as shown in Figure 4) each reflective

el enent i At j ot i s 150a, 150b for
rotati otrlll%lcz)% t ﬂé #&aﬁgﬁﬁvagﬁsg&er%ﬁpn?528&2%%3%95%??% éeH' axis. The actuators
may for exanp] e be posSiti either sid f .the suspensio giat 130..1n
erod ment o TheaqtipBn 1okt TP0P Ry tangisft PrBGmR T RaR R A PETLES pi iRt
than ong@dfrshe deflettveleldiferd PF Gk ahBR tHadniAbrs 3304TARYL AfdyUBh{prSe RREhARIdaP OF
rotation as desired nay be provided. The actuators 150a, "150b nay take any

sui t abl sctiaon(fon dxampyle pepocldctripactubtoss which aeutherthanicatyncametthe ta the reftective
el ements. For exanple the actuators 150a, 150b_may conprise nechani cal

act uat oplementd20exBrfome smbodimenst thejastuatorybtler LSUnnaniosegamplebani cal |y
oG it B8, L OB b bR FIBEA, A o

sel ecti y&) ¥pddtdppR&dtioflof hf BRLtrRaPQfrfehfN I1Pbther EnB&Rfime#is a6/ 150a, 136 upon
application of "‘an electrical current). In other enbodi nents the actuators

150a, 1m@p forremgmplercoerpaivp klecttantyici saasirefthatostyaelectingy atitaot ar repdl atponteon of
selectively attract or repel a portion of the reflective elenent 120 upon
appl i catestflestivaglemertcill upon apphication pf an elegirical qygrentyy Hewillheappiesigted thafch
reflectjyv rear. si . o . j 0)
whi on 1 S RIETEE AR DA% oA e ARNRERL e Caflr ol PRICHE bl 1)

used. | goopRra@ WA iRkt arlth®e dféRRtdr ®Bing@sedhown by Figure 5A, the mrror
array further conprises a liquid 200 arranged in contact with at |east a

portion of tf}le%naegil}oﬁigrh{nﬁ%;%%@é)}&%oé?% shoiR BY'RiburD SACHR! FHAF drrk ) it Der

detail bel ow, texanp rn - direct ther cont act

Wth a pshprhisesaduidmoreiahgsd ineen@benEibt 1340a pdARnl dfahd 68wl dmentanpl e be
arranged etween the reflective elenment 120 and the carrier 110 as shown in

Fi gure BAwilThesxplained in uther de2giDbelay, the lignid22ieniayi for example be v dinect thermal
bstantially.the entire re rface he. refl ective | ement s, 120.

hor deforast Wit GG Rty dog e AR Oe d e OB T Lo er+ Bl s anMien

upper g4htar el@fi‘efgiﬂé {ell@gagﬁf;{ﬁdnﬁ%e LdMfed 1194 Sa 00 i B uREs 2T TROYEE 166D ¢ hat

its upper surface
200 may be arranged in contact with substantially the entire rear surface 122 of the reflective

elements 120. In order to avoid immersion of the outer edges of the reflective element upper
surface 121 during rotation, the liquid 200 may be arranged such that its upper surface 201 lies at
a slightly lower level than the plane of the reflective element 120 (i.e. when the plane of the
reflective element is substantially parallel to the carrier 110). By ensuring that the difference in
height is sufficiently small, surface tension of the liquid 200 will ensure that the regions 202
adjacent to the outer edges of reflective element meet the edge of the reflective element 120.
Therefore, it may be possible to ensure that the liquid 200 is arranged in contact with the lower

surface 122 of the reflective element 120.

In an alternative embodiment, as shown in Figure 5B, the reflective element 120 may be
entirely immersed within the liquid 200. Thus, the entire surface area (i.e. both the upper surface
121 and the lower surface 122) of the reflective element 120 is in contact with the liquid 200. It

will be appreciated that full immersion of the reflective element may avoid the surface tension of
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a slightly lower level than the plane of the reflective elenent 120 (i.e
when the plane of the reflective elenent is substantially parallel to the
carrier 110). By ensuring that the difference in height is sufficiently
smal |, surface tension of the liquid 200 will ensure that the regi ons 202
adj acent to the outer edges of reflective el enent neet the edge of the
reflective el enment 120. Therefore, it nay be possible to ensure that the

liquid gQQq ﬁoﬁﬁﬁgﬁgg'dﬂ&&%gﬁw% tHe thi\e rs%%fthe?éﬁécﬁ@@e%&%nphot he

reflective ‘el ement 120.7 In an ernative enbodi nment, as shown I n Flgure 5B,

h fl | h 200
hos t e ontisg o Tdlia 2008t 201ng Bh{tk F st TE BsmeR, ol Gitfot By bt e,
over sy aGlE i nﬁénstit,b%fE&fél&%fomégn@tl&a@iaﬁorm@s eSleb g O Tha Gkuii o the

liquid [ be  appreciated that full imersion of the reflective
el errentenab}es:hva:@isstﬁaﬁosﬁmﬁaﬁer¢fb:rasvmiemfant 20.the liquid 200 inhibiting or
interfering wwth the novenent of the reflective elenent 120. In use the

l'iquid 200 apskifeh$oedShtdtthe Hquid ool Ree h‘é%nﬁidﬁﬁﬁﬂghe]r%c&‘@ @bn BRY be
heated by the high [ ] i ght |ntenS|ty of the electromagnetic radiation it is

r ef | ect dangping FThfectwilj b prxGded lem)abh@s:ntwaof tte sefleptave dnmmtolrﬁot HewilkEhd ecti ve

el enent 120. Furthernore S|nceth qui d 200 w || aS| nifi
hi gher Rseckaed that mproygd.d aéppla%lway E}Pé? P‘é‘?ﬂfl%ﬂhnﬁge @ethﬁr el ffrg@enent

of the BS‘rEA SH5 A n?hx?&rﬁx% ta uLéd dn@{&% thé‘{’d%hf‘a%%r %Ifﬁugootogigﬂgnin ] ‘ﬂ¥ed danpi ng

may hel avol dama FE>F%e 1've el enen ri novenment and

may al Sfbﬂ@@théS&éinér@s i Imirsbﬁl\éeeniﬁwnﬁ&ﬁyﬂ@scmyaﬁls@ he eR@xﬁFIel ¢able gh@ﬁnﬁdtemay 100
reflective elenments. In sone enbodi nents this nay al so for exanpl e enable

the mi rtodre aperated wiliouts ar wigh opeluetds deed fohpestitiorosensing land/or enlasseciatedeed f or
position sensing and/or an assocl atfeg éﬁ)Sltl n| n 1égrvo to correct the
posi t i oROHHONRESEY: fosotedidhe pastien ottdp retlegtivacleme® it e enbodi ment shown in
Figure 5C, the minor array may further conprise a cover 210 enclosing the
liquid 200. Mo atemnapd embdrdimentsbowmay Figarea? € dhemdrretdstayanay firthgr granpaise el

b 1 or cRBp 2 il erthsing thé Bilad A0, ESdxpmpls e povs® Fy e criabie d s BRAT dRle | ve
el enent &, i%@spazf&ﬁ%paﬂwd%%wcmmm AGKRIIRHE, 1E O bhELARLL aPBEERG oM the

carrier to ac t e novenent ector ITEI’I'[

t her ebeénubssre fot bavhlthe hguidRpo and deaelfldchiat clehensd2er Tht @osdt@ubandyefof or med of
a mterial that is transparent to the 1partl cul ar wavel engt h of
el ect r ofredgide besutficiently snacedirag the earier 110 to accommodate movement of the reflector

elements 120 therebetween. It will be appreciated that the cover 210 should be formed of a
material that is transparent to the particular wavelength of electromagnetic radiation being used.
For example the cover 210 may be formed from quartz, borosilicate or CaF,. Where necessary
(e.g. when using CaF,), the cover 210 may be coated to prevent damage from the liquid 200. The

cover may be coated with an antireflective coating.

In some embodiments the liquid 200 may itself at least partially support the cover 210.
For example the liquid 200 may be slightly pressurised so as to support the weight of the cover

210 and help maintain the cover in a flat orientation.

It should be appreciated that the liquid 200 may be any liquid which is suitable for
immersion lithography (at the particular wavelength of radiation in use). For example, the liquid
200 may be aluminium chloride, hydrogen phosphate (or phosphoric acid) sodium sulphate or

water.

The liquid 200 may be circulated away from the reflective element(s) 120 in order to
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For exanple the cover 210 maybe fornmed from quartz, borosilicate or CaF2.
Where necessary (e.g. when using CaFZ), the cover 210 may be coated to
prevent damage fromthe liquid 200. The cover may be coated with an
antireflective coating. In sonme enbodinents the liquid 200 may itself at

| east partially support the cover 210. For exanple the liquid 200 may be
slightly pressurised so as to support the weight of the cover 210 and help
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liquid may be “circulated to a thermal control unit. It should be

appr eci atagcpld hhéat sinkroe radistonestembtivady,nise thermdl leentrsll unitandy bd aruadtive systeah  may
be suitable for cooling the liquid when circulated away fromthe mrror
array. amngeh i eanlaedhe remperainne ofthe liawd. ekbaibpana contrelamdt may fog gxample be
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thernostatically controlled. In sonme enbodinents the thermal control unit

dovice. (1or Baim B RPRfeRe L T BlOR ot pbaRlaf oL BEREREIRL 0

device (for ex evi C e appreci ated t hat
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be carried out at a sufficiently I ow velocity such that the position of the
r ef | ect reflectelecaiamdnt@) 1 2RB rios disotrbedi s tindierd oviomertt e pededo Velditininal lyypeniedzing
Additionally mnimzing .the velocity of the circulation will_also help to
avoi d oweaﬁésﬁ}wf g rHgwatien wilbalse helpde pyaid opprewe damypee tepthe eflestivéray f or
exanpl €] Seﬁi&bgqgg as the liquid 200 in sone enbodi nents since water has a
relativel'y high~dielectric constant (of approximtely 80). The increased
di el ectric cgnpstant rison to._ai i s .desirahl e

f a lLiguid 200, .in co I,
when an el ect35Emay tgr erample ?Chaf?SF‘éﬁb@ﬁélﬂPldu% \ja sgme embodiments since water has

a relatively high dielectric constant (of approximately 80). The increased dielectric constant of a
liquid 200, in comparison to air, is desirable when an electrostatic actuator arrangement is used
for the actuators 150a, 150b since it enables the actuator voltages to be reduced. The increased
dielectric constant may also be desirable when other forms of actuator are used, for example a
piezoelectric actuator arrangement. The piezoelectric actuator (or other actuator) may have

position feedback which is capacitive, such feedback being enhanced by the liquid 200.

When using a liquid, for example water, with an electrostatic actuator arrangement there
is a risk of electrolysis of the liquid or that the electrodes of the actuator may become polarised
(for example by deposition of hydrogen liberated from the water). In order to avoid this effect the
electrostatic actuators may be driven using an alternating current. The use of an alternating
current does not adversely effect the operation of the actuators 150a, 150b since the polarity of
the current is not relevant to the force induced on the reflecting element 120 (in fact the force is
proportional to the square of the voltage). In order to further avoid or minimize any adverse
effects from the use of alternating currents, for example oscillation of the reflective element 120,
the frequency of the alternating current may be chosen to have a sufficiently high frequency (for
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for the actuators 150a, 150b since it enables the actuator voltages to be
reduced. The increased dielectric constant may al so be desirabl e when ot her
forms of actuator are used, for exanple a piezoelectric actuator
arrangenment. The piezoel ectric actuator (or other actuator) may have

posi tion feedback which is capacitive, such feedback bei ng enhanced by the
liquid 200. When using a liquid, for exanple water, with an electrostatic
actuato i ' . [ t I QU t hat
he ol copRFERRETRAyy bfine Eikef fddiKobhe RURFLUCLLRLR, £0) T Nibdhiner
deposi t thealterhativdsueganmliay BB dk sditdhlpehdséretonaing)jze anp advasr effeetsafriedamples
effect the electrostatic actuators may be driven using an alternating

cur r ent the e ghape glayzhe agquarerisdvieng current does not adversely effect the
operation of the actuators 150a, 150b since the polarity of the current is
not r el evant Theointieesddaeveridah dapmery betwebrethe eéfleedve nlgmehe@ndndtRO cdrrier Fldct t he
force is proportional to the square of the voltﬁge). In order to further

avoi d ofPronidedipy ke prapencg\nd thedliquid peQralsornreyidentbat fhe cracHance spROrHaXs r ent s,

for exanple oscillation of the reflective.elenent 120 he,frequency of the
2l t er nabirgerairisad 8 BhGouRop B G S ERA s ors MR equency (for
13 exanpl&rdinklyChideRigtor 3R8Y f00 Mgy RirfRPc aPlcabththecBpABPId s6RsdzlasiFRRAled120) -
The wave shape’of the alt'ernatihg current nay al so be suitably chosen to

m ni m zwitheychadflentse ebifant { 2) fdreensingathp baentatien wvepositenagechamyfletierexlsupnar e
wave. The increased electrical capacity between the reflective el enent 120
and t heTkasappgtive semsor mapiar gsemplg b@Wée%w@sfé%H@d@fsomﬁé SY§teftlite) eyl ac sty

provi deﬁgsﬁt@oﬁhﬁr@gﬁ%}ﬁhg?et?l%ggi\;e?éggnelelﬁel%prS may be nore readily used to neasure

t he pos of orren I'Oon 0T the reflective elenent. Accordingly, the

mrror array 100 may_furfher conprise at. | east one capagi i ve,sensor
associ ated Wig seegdfic by E‘tepvg’?éhee‘ﬁié‘?‘ﬁu% Ve qunsdgﬁgﬁ}qa a&’ﬂ‘éﬁ’gr‘?"@ﬁlﬂati on or

oci ated - . i Birensinst “ati on
b us et e Ftn FleFEE R ac oo RnaRRAahEA K BRbet TR NescBPUT R P

ref | ect amenteh@arolimi®e ientien.speci fi c enbodi nents of the invention have
been descri bed above, it will be appreciated that the invention may be

practi ced ot heidiitic WA 3% ARRERhDATescHIE d6SRNI L BilBuaiAlbidtyended to

limt the invention. e the enbodi nent scri bed above
uti i zerelflagtivel efehadnty it shbakdae! a%)prd’cﬁfddetﬁ&tl thére QtetstRa firms bf mireotlagrahe
appreciated that there are other fornms of mrror array )
(comprising a plurality of individually adjustable reflective elements) that will be within the
scope of the invention. For example, the mirror array may comprise a plurality of reflective

elements which are arranged to be linearly displaceable.

One alternative form of mirror array apparatus, which may be used in embodiments of the
present invention, comprises a plurality of individually adjustable reflective elements in the form
of movable ribbon-like structures. The array may be addressed by moving individual elements
such that, for example, addressed areas of the reflective surface reflect incident light as diffracted
light, whereas unaddressed areas reflect incident light as undiffracted light. Using an appropriate
filter, the undiffracted light can be filtered out of the reflected beam, leaving only the diffracted
light behind. In this manner, the beam becomes patterned according to the addressing pattern of

the matrix-addressable surface.
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(conprising a plurality of individually adjustable reflective elenents) that
will be within the scope of the invention. For exanple, the mrror array
may conprise a plurality of reflective elenments which are arranged to be
linearly displaceable. One alternative formof mrror array apparatus, which
may be used in enbodi nents of the present invention, conprises a plurality
of individually adjustable reflective elenents in the form of novable

ri bbon-w}IﬁQTq%m%lmﬁiszThe array may be addressed by noving individual

el ements such that, for exanple, addressed areas of the reflective surface
reflect incident light as diffracted 1ight, whereas unaddressed areas
reflect 1inci depfiror W88y appardtitdichhbashed |1 ght. Using an appropriate filter,
the undiffracted light can be filtered out of the reflected beam |eaving
only the difé#radtecnfigugdtto beyiontch pluralitthofandimitiuely adjhstalile aefldstivoelements;

patterned accordi ng to the,addressi attern. o t he t.ri x- gddressabl e
surface. 14 th‘% EPoARbV 1B c2 _reﬁgﬁrvtereﬁﬁmeé}t,rtg? aﬁﬁi}aﬁ?ﬁ% ,C‘_”%d&?ﬁdistgi ng: a
carrier adaeaftwaﬁe%t@aﬁog aﬁampg§§iti@n Bf tHE @bsob el ﬂ&t@ﬁ'ﬁé’ bRHRht YAk YS RRhier;

reflective elenents; an acCtuator associ at ecrlevm each reflective el enent,
the actamat or being configured to adjust the orientation and/or position of
the associateqd. reflective elenent relatjve to the carrier; and aliquid in
cont act vvithagq‘ﬂgr‘?F%‘Haﬁf‘”lf%p‘?ré‘f’?Qgﬁie\f%ﬁe&%%]ﬁf@msz The apparatus of claim
1, wherein each reflective elenment is rotatable about an axis substantially
parallel to a plane of the carrier. 3. The apparatus of claim1, wherein
each retl ect Theapdaeavendf alanr Dtvelteadih eachirofli¢ctivaelemens s rotatdble aboms albaxing
substantially parallel to a plane of the carrier. 4. The apparatus of claim
1, wher%lihﬁtaéé%lﬁ’l?aé?uei&?Q@H%Pg%ﬁfmleﬁ supported on the carrier by a
resilient nmenber. 5. The apparatus of claim1l, wherein each reflective

el emrent has a front side, conprising a reflective surface, and a rear side,
confi guBed t Dheasaedtad & slitnh] , tWterea tavhireflectivh@lementiisdotagibigaboat tvenges, i n
contact with at least a portion of the rear side of the reflective el enments.
6. The beibaKes beinpfubstapiighymarglieb et planhef the arigri s arranged between t he
reflective el enent

4. The apparatus of claim 1, wherein each reflective element is supported on the carrier by a

resilient member.
5. The apparatus of claim 1, wherein each reflective element has a front side, comprising a
reflective surface, and a rear side, configured to cooperate with the actuator, the liquid being

arranged in contact with at least a portion of the rear side of the reflective elements.

6. The apparatus of claim 1, wherein the liquid is arranged between the reflective element

and the carrier.
7. The apparatus of claim 1, wherein the liquid surrounds the reflective elements.

8. The apparatus of claim 1, further comprising a cover arranged substantially parallel to,

and spaced apart from, the carrier.

9. The apparatus of claim 1, wherein the liquid is water.
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and the carrier. 7. The apparatus of claim1l, wherein the |liquid surrounds
the reflective elenents. 8. The apparatus of claim1, further conprising a
cover arranged substantially parallel to, and spaced apart from the
carrier. 9. The apparatus of claim1, wherein the liquid is water. 15 10.
The apparatus of claim1l, wherein the liquid is circulated away fromthe
reflective elenents. 11. The apparatus of claim 10, wherein the liquid is
circulated fromthe reflective elenents to a thermal control unit. 12. The

appar at yg of Tﬁ‘% pma%u s Srbiditner vflﬁ:@ﬁ't 1@ s SRBRAGH 205! g rﬁﬁ)@?ﬁl%rreﬂelc%ve The

apparatus of "C wherei e actuator conprises ectrostatic
act uat oglemedtd. The apparatus of claim 13, V\herel n the actuator is driven by
an alternating current. 15. The apparatus of claim 14, wherein the ac
current conprises a high frequency square- wave alternating current. 16. A

1 hogr #iphi CTAPRALANr AP Sh8fin 82 HablTLARNLER SRUPHETARALL SHASH'o

provide da radia eam a con pat

devi ce, a teenflabohesininig devi ce bel ng confl gured to inpart the radl atl on beam
with a pattern in its cross-section; a substrate table configured to hold a
substrate; a projection systen1configured to project the patterned beam onto
a target,portjon of th e; appar atus conpri sing
a carri L% ﬁ“f ?ﬁPraéa&“StO céadﬂlp S}éerﬁPmngmg§cg?awan © Se Al | y adj ustabl e
reflective el enents; an actuator associated with each reflective el enent,

t he actuator being conf| ured to adjust the orientation and/or position of

t he assbti at Ebe anpparates oficdaiml brvdisrein Bleactuator comptisesaaralgcgiiostatigaeiuaiorn. i qui d i n
contact with a portion of the reflective el enents.

14.  The apparatus of claim 13, wherein the actuator is driven by an alternating current.

15.  The apparatus of claim 14, wherein the ac current comprises a high-frequency square-

wave alternating current.

16. A lithographic apparatus, comprising:

an illumination system configured to provide a radiation beam;

a support configured to support a patterning device, the patterning device being
configured to impart the radiation beam with a pattern in its cross-section;

a substrate table configured to hold a substrate;

a projection system configured to project the patterned beam onto a target portion of the

substrate; and
a mirror array apparatus comprising

a carrier configured to support a plurality of individually adjustable reflective
elements;

an actuator associated with each reflective element, the actuator being configured
to adjust the orientation and/or position of the associated reflective element relative to the carrier;
and

a liquid in contact with a portion of the reflective elements.
17. Anillumination system configured to provide a radiation beam in a lithographic
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17. An illum nation systemconfigured to provide a radiation beamin a

| ithographic 16 apparatus, the systemconprising a mnor array apparatus
conprising a carrier configured to support a plurality of individually

adj ustabl e reflective el enents; an actuator associated with each reflective
el ement, the actuator being configured to adjust the orientation and/or
position of the associated reflective elenent relative to the carrier; and
a | i qui @PRarptes Heaysten QOMpEisHEra MPFPTGfray ApPATHfs efEpN&ng| erents. 18. A net hod

of cooling a_mr.ror ratu . r Ry . luraljty of
i ndi vi dual | yagl jlﬁg oa{%lxgg%\réetsgﬁ) O%V%&gallﬁ%ﬁg&@f@éﬁi%@ﬁ%slggéfrfger%lng? %S&ngtcs)\/i di ng
a liquid in ghi®edtor s86diared webrthatctelottive cddmdraht aguitof béiag coifigufel to
reflective el ements. 19. The method of claim 18, further conprising

ci r cul agding theheridntafigndngd(napositionrt the assoeipfedaeflective element eelatp@ to thigecarrierhod of
claim 19 dfurther conprising renoving heat fromthe liquid and returning

t he qufﬁd to the reflective elenents. 17

a liquid in contact with a portion of the reflective elements.

18. A method of cooling a mirror array apparatus, the apparatus comprising a plurality of
individually adjustable reflective elements, the method comprising providing a liquid in direct

thermal contact with at least a portion of the reflective elements.

19.  The method of claim 18, further comprising circulating the liquid away from the

reflective elements.

20.  The method of claim 19, further comprising removing heat from the liquid and returning

the liquid to the reflective elements.
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