USI NG AN | NTERFEROVETER AS A H GH SPEED VARI ABLE ATTENUATOR BACKGROUND
Field of the Invention [0001] The present invention relates to a variable
attenuator, a lithographic apparatus and a nethod for manufacturing a
device. Related Art [ 0002] A lithographic apparatus is a nachine that

applies a desirelU$PBIGeAN INTERBERODMEBER AS AMIGH SRERDstrate. A
| it hographi c apparatus can Qﬁﬁ(}%LEA?TW@R' n the manufacture of
ated circuits (I

flat panel displays, integr ahd ot her devices involving
fine structures. In a conventional apparatus, a patterning device, which
can be referred to as a mask or a reticle, can be used to generate a
circuit pattern corresponding to an individual |ayer of a flat panel

di splay (or other device). This pattern can be transferred onto all or part

of the substrate (e.g., a glas | , [magi ng onto a | ayer of
radi ati on-sensitive materi al (EQC%CS;@@&DW ovi ded on the substrate.
[0003] Instead of a circuit pattern, the patterning device can be used to

generate Ot@%dB?FHe%%‘rﬁioﬁor exanple a color filter pattern or a matrix of
dot s. Insteaé of a mask, the patterning device can be a patterning array

that SATRLI Ses acdntan ofchet vishiel ¥ eanbIOldahbe, oL sk gy e pattern

can be hanged nor ur ckly and l'ess cost In such a m conpared to
a mask- baseppsytst end a (A foAnfahefactpangh ddvispl ay substrate is typically
rectangul ar in shape. Lithographic apparatus designed to expose a
substrate o Fﬁ%f type can provide an exposure region that covers a ful
width of theeHa %ﬁgular substrate, or covers a portion of the width (for
exanpl The substrate. can be scanned underneath the

f of the width).
o TatBLL, O, oS Alatey s Brnichine Gt QomER. DAGEhECER aon

through a bgam a bibskRicSor @yt of @@u&ﬁ%@e@f&niifhéﬁﬁabﬁﬁsgp%ﬁfa%ﬁ cdnOhd fqsubstrate.
I f the exposure region covers the full wdth of the substrate 2 then

exposur e caferipgamprepirethednanufiviure off Agl manskdisplayd, inthgradposurte(I€egi on
e substrate, the tQF substrate

: gg\r/]er s, for atd %m%lr ed’evib:gsl finv% Vi}ag G sq}u@tu(r)gs. t n a conventional apparatus,
patterning device, which can be referred to as a mask or a reticle, can be used
to generate a circuit pattern corresponding to an individual layer of a flat panel
display (or other device). This pattern can be transferred onto all or part of the
substrate (e.g., a glass plate), by imaging onto a layer of radiation-sensitive
material (e.g., resist) provided on the substrate.

[0003] Instead of a circuit pattern, the patterning device can be used to
generate other patterns, for example a color filter pattern or a matrix of dots.
Instead of a mask, the patterning device can be a patterning array that
comprises an array of individually controllable elements. The pattern can be
changed more quickly and for less cost in such a system compared to a mask-
based system.

[0004] A flat panel display substrate is typically rectangular in shape.
Lithographic apparatus designed to expose a substrate of this type can provide
an exposure region that covers a full width of the rectangular substrate, or
covers a portion of the width (for example half of the width}. The substrate
can be scanned underneath the exposure region, while the mask or reticle is

synchronously scanned through a beam. In this way, the pattern is transferred

to the substrate. If the exposure region covers the full width of the substrate



be noved transversely after the first scan, and a further scan is typically
performed to expose the remai nder of the substrate. [0005] The radiation
sources typically used with a lithographic apparatus include pul sed | aser
sources. Typically, for nask-based |ithographic apparatus, exciner |asers
are used and several tens of laser pulses are used to expose each pattern

0N A part Ol SHRSLLALR »ABRAUATM LEHCLIRT A8 QolSuc Ll there [

random vari ati on ‘o ner s or "'mnus e i ntended

energy for eaes pf@ksmmmmadebf t}teywidsh Bpthe duastate ahbd Me sudbignes ichihm and t he
fact that the exposure dose on the substrate is ty g%call made up from 40
to 60 pul sede PRE HANGEISH iter Hie Bisksg3L Foded fadasrvicanas wpisallsubstrat e

is typicall e%nﬁmot%ﬁggetﬁgre%éfﬁdé? 6mcrg&1§st9mé %or bel ow. [0006] In a

maskl ess appar at us pattern set the patterning device can be inmaged
onto t He0kNbst r atlheusidingioa smunm etypmhiﬁ;e wtd tvhieh mabibagtaphicsygiaearus This i s

because the . size of .t i mage 01 ec nto the substrates at any one
instant is Y |R}1§Ieg L3561 1504 t’ﬂﬂ%“?l olOBr B lﬁg ;@é‘tﬁl"’éﬁhéc t hr oughput

of substrat %ppérﬁ‘tﬁ@%@nﬁé}emédé QQQIS@JP%(F%@E%Q&IS%MS‘E‘P%M@ archBEd & single
pul se, as di scussed above, the energy variation can be plus or mnus 10%

Such a vari &xpoe caeh pdiem enn@rpgyt adfa s&lhﬁrq@ul Aerolsml wish excizer lasars cept abl y

hi gh iati the | dt d th bstr at 0071 |
or dor 'to pr 0T 488 o® rii b G R FORTRE cB%et AT PBIS S0 THEIB68h  pr oposed

for maskl esshd iidtbo@dapitirgy SUstRB fulee MHOYe@R ayr@n@,erﬁemstldannwhl ch the
total dose of radiation 1s conprised of a main pul se and one or nore

correction plgostsn apgthedad tag the expagemdase OIIWGSM‘EWWW;@C@WOW@ES t he
large maj of, btﬁ[mquéiot p)e6gﬁﬁﬁse fihea\chl Elof?r{)f I F 9se I‘Cé& Ly ap?h ul'se of

radi ation i s© neasured a I's su sequen ef m ned ROW Mie

addi tional eadirateiiotypiclly oo dreek dfq)hpsrdwmdes 0. in% oespldw ed dose. A
correction pulse is then provided in which the radiation _source is set to

provi d&%0kecond ﬁmaslﬂmss@pams thserafeinsst by theppdiewdng dedergtindvari abl e
att enuat or H@éed' @% Eﬁ’stfa‘ﬁgﬁ'ﬁﬁ Bgﬁﬁgﬁ: 1BorthL Fﬂd%t%og%ystgfﬁl e§ §0t he

required | eveI exa mal n pul se can-provi % of the
dose requi rhd:ausedtbeewzdnﬁgieymageprdjdrtecmm dotsubsirped fenybhe imtaneizuat or i s
set tor edulce at;[vg ¥ <;ma [ ng in order to provide an adequate throughput of substrate
through the lithographic apparatus. However, for a single pulse, as discussed
above, the energy variation can be plus or minus 10%. Such a variation in the
energy of the pulse results in an unacceptably high variation in the line width
produced on the substrate.
[0007] In order to provide the required radiation dose control, it has been
proposed for maskless lithographic systems to employ an arrangement in
which the total dose of radiation is comprised of a main pulse and one or more
correction pulses. In such an arrangement, the main pulse provides the large
majority of the dose of radiation. The energy within the pulse of radiation is
measured and it 1$ subsequently determined how much additional radiation is
required to provide the required dose. A correction pulse is then provided in
which the radiation source is set to provide a second full pulse, but the pulse is
passed through a variable attenuator that is set to reduce the energy within the
pulse to the required level.
[0008] For example, the main pulse can provide 90% of the dose required.

Accordingly, for the correction pulse, the attenuator is set to reduce the energy



in the correction pulse, such that it only transmts the energy required to
conplete the dose of radiation. If the radiati on source generates pul ses
that nomnally provide 90% of the total dose required, the attenuator is
set for the correction pulse to only 3pass one ninth of the pul se of

radi ation, e.g., to provide the final 10% of the required dose. [0009]

Such an arr aNGRITeBL QAR AhkOWIRTthiNR cﬁﬂ%rtﬁ)ﬁsm'i& hh& chBgyRyBirRUtse to  be
accurately measured. The attenuator can be set to pass accurately a

requi site peptplate tfc ddse cdordiaten. ol {halrediatitiosmyes gendraleppuleert thal error in

the d ided by th t] | se.(whj.ch. originates._f th
variatton | AoEvaRtrgs 208 b EE soRCaB iRt LS R Bl B sour ce)
is al so reduyggetm piibe t@tén%nxaﬁsobm AERIIH tAE ] pllsct BE rMER, le.@ceur acy of

t he dose is inproved. [0010 further inprovenent can be provided, for
exanpl e, by putiidd the digiall % oif e reavirasicdosen pul se in which the intensity is

further enuat ed.. For , .0 I - inally provide 90%
of  t no REL"" e 85 87 e B PIRY By BR B0 RAM DR RETb e B or e

dose and t heesfeamntkly aasdsecdt orhpultkaustan ciwwrbengdt| ¢ pawvidaraldyof the

requi red dose. Such an arrangenent can E)r ovi de a dose accuracy that is one
hundr ed t i nE&uissetRTtiorhah the ¢raregiee Palse utasieves thhaoterbla1wAn dBur ce.

[0011] Howe : - - b i.Ni i.t hogr aphic
appar st s SR RoHial B R A G ARRIE i B KB ool I (o0 o
Firstly, théevarigbinehatpubesgtaratodidy tixeradmpablseurct) Beailstgredetedver y

accurately to iven | evels of transnjssion. Secondly, .the variable
at t enuat or Hii”sattt%B%at‘_é‘bl%c“‘toé ingly; Eth@r‘i’vﬁl@ l\ﬁéﬂﬁa‘t}i‘? ftg? g?lftey‘t‘“’ MERSYPSsi on | evel s
very qm(ﬁ'(‘)] y (the hifR: @ﬁb%@ﬂaeﬁ H&PS@%&d@dd@i‘;"f?ﬁéxaQﬁ;ﬂeP@y Qfilitig sor der of

166 s). Thirdly, the variable attenuator shou be 'sw tchabl e "bet ween a
rel atively Hiighcbeealonopulse answihedi te inderdita isefuathey edttenhasod.| ebed  of

transm ssion. Fqurthly,. the variabl e attenuat be able to operate
Stably for HETTRig HPERLee 7t ST Heh BUCs: e ot e ATy OIS var i abl e
attenuator pyséctiBg ARLE he MREhalNeseyiBerdRprdTaneed6dd bl ide detdndr adi ation
at the wavelength to be used in the lithographic process. A variable

attenuat or téractineardsct ¢ras sopiallproveriée 18y pf érg sequéredglospr edshtany  known.
[0012] Ther gtfré)r{g%me\ﬂpgz}n ;%r%vﬁ%eadaeoge iac?cu?ac%%l%teim)l%nﬁun'ﬁ%tpﬁgleg RLit RN ding a
the dose accuracy of the radiation source.
[0011] However, for such an arrangement to be usable within a lithographic
apparatus, the variable attenuator must meet high performance criteria.
Firstly, the variable attenuator must be capable of being set very accurately to
given levels of transmission. Secondly, the variable attenuator must be able to
switch between different transmission levels very quickly (the time between
successive pulses can be of the order of 166 ps). Thirdly, the variable
attenuator should be switchable between a relatively high level of transmission
and a relatively low level of transmission. Fourthly, the variable attenuator
must be able to operate stably for as long a product lifetime as possible.
Finally, the variable attenuator must be able to meet these performance criteria
for radiation at the wavelength to be used in the lithographic process. A
variable attenuator that meets these performance criteria is not presently
known.
[0012] Therefore, what is needed is a system and method for providing a

variable attenuator that meets the performance criteria necessary for use in a



vari abl e attenuator that neets the performance criteria necessary for use
in a4 subsystemof a |lithographic apparatus used to control the dose of
radiation in a |ithographic exposure process. SUVWARY [0013] In one
enbodi nent of the present invention, there is provided a variable
attenuator configured to adjust its level of transmssion to an i nput beam

of radi ati ongubBystés BPNARokPapAlt ddpRkikusGREA fooc}onﬁjogf?z@ldos%}‘ &Hia‘ii@ﬁgﬁ ents a

desired |l evel of transm ssion of the variable attenuator to t eam of
radi ati on. Thbograpliabtsatamnoator conprises first and second

sem -transparent reflectors and an actuator systens. The first and second
sem -transparent reflectors are arranged substantially nutually parallel,

such that the beam of radiation ShfciddaiRveély passes through the first and
second sem -transparent reflectors. The actuator systemis configured to

contro:dg{’]gg separation otbet,he first and second seni-transparent reflectors

inres to tHB Fparbedmgng of dregpessent [ippandien) dhetaoshamovissdodi ment of

the present y,RyQBRtkeRatd &S ?edptrooé’d.tiﬁg?qts‘%ve\f%rfit lSI?liS%¥0§le1%u faf,ugontigured

. I .
to adjust its level of transmssion to an I nput eam of ra |a{p|on in

response t o bapmiafpadiatanty otspshgnal gn iphcbontepsagsentehieh reesichad | evel of
transm ssi or&gof tge var.i abl e .atten af or to,the beamof radiation. The

variabl e at CSH(FSt &7 °k QhpFISBYESSIOn 0d; B viableaAltapriart By {hey befrgdpht i on beam
conbi ner, raghigidno W@%%B@tafﬂﬂeﬁﬁlﬂéﬁb&x%fséé)h}s?ﬁnd Jend @Qh@ﬁ&%@are gam

splitter divides the beamof radiation into first and second radi ati on

beam pat hs. rdfstaraghdtanorctbaammssterhs. nékher Brst onti ssesdr sethiatrarspafenom t he

br oduces. an Sue Rt Rl sPERMEBRS Rl sl pish $GHeuEeR ehgt h
control | er isligonfdugusseidelyopagentirelgt e fat hhengtdhdoferhib@adshirshe radi ation

beam path i n@gspon,se to the input control signal in order to control the
i nt er f er encEFofhe lhaastadtpoaysteans comdiguredste coatidl decenaratianivltiicon beam

oLy R A ORI B el iRy '
transm ssi _osignai. an input beamof radiation in response to an input control
si gnal [(}O\mi ch e &% i?é[rsen?bodiment of the present invention, there is provided a
variable attenuator configured to adjust its level of transmission to an input
beam of radiation in response to an input control signal, which represents a
desired level of transmission of the variable attenuator to the beam of
radiation. The variable attenuator comprises a radiation beam splitter, a
radiation beamn combiner, radiation beam pathlength controller. The radiation
beam splitter divides the beam of radiation into first and second radiation
beam paths. The radiation beam combiner re-combines radiation from the first
and second radiation beam paths, such that it interferes and produces an output
beam of radiation. The radiation beam pathlength controller is configured to
control the pathlength of the first radiation beam path in response to the input
control signal in order to control the interference of the radiation from the first
and second radiation beam paths.
[0015] In an further embodiment of the present invention, there is provided a
variable attenuator configured to adjust its level of transmission to an input
beam of radiation in response to an input control signal, which represents a

desired level of transmission of the variable aftenuator to the beam of



desired | evel of transm ssion of the variable attenuator to the beamof 5
radi ati on. The vari able attenuator conprises first and second phase

gratings and an actuator system The first and second phase gratings are
arranged substantially nutually paraliel. The beam of radiation is

initially incident on the first phase grating, and after passing through
the first phaigigl aThagaridle atta@iatt@rdongiseh érss @adndeqiasiasgeaitingg. Each of
t he phase gratings conprises a_ plurality of regions of a first type and a
plurality ofndag wteater systaacohlf fighend StrnpRBEE FrUrsnys UrBLEbONst r uct ed

h that, f i mi.he . shift i di ati
suc a s%sﬁﬁ?l%nymﬂﬁﬁ}?gﬁ%%ﬂélg T c%agp@i)slz%dm%%h il 1111851?)991‘5&{%& %Iﬁer adiration

passing thro e'regio the first type is a quarter o

wavel engt h die filwe pghesargoftingadnduftanpaseigt thtamghhtte iast pldse gratitgenuat or
greater or less than for the regions o]fé E}he econd type. The actuator
system is cHFIghPBdE °oonf phpscrEiainte| Bl tﬁ%g FEHE TGS CRPTF S and

second pha?ﬁlrﬁih’t?‘tdf '}ig%ﬁ'ph@of EIRANGSe Af & Eﬁ‘lré{iﬁ?% r&[B&‘isf O a §dBRgkyRL | east

between a first “position and a Second position. Tn the first ‘position,
radi ati on pd$siphgsetdraiongghare cegioatsd oficht thet, foreth ahasespatorg theypasof t he

first phase grating subsequentl asses through regions. of the first and
second typefl%!ft&ﬁgg‘f‘ieéetp)}?&élﬁo ﬁ%ssg’gctg’r?&gﬁﬁ{ﬁ%é 'Y itﬁ‘é?”‘ftr}y?%g %econd
position, radiddi ONtRASHVEENEAT FUER PO VFSra@fatibREnpit foStheaRghidgcond type
of the first grating subsequently passes through regions of the second and
first type, atesptetercastnyor lefs thivefos drondiophab degeeridiype.[ D4 6%tuatar one

enbodi ment there.is ovided a.l]thographic apparatys . i.ncorporating a
variable at tonis o oBiel e el LGRS e MRBEE N -t GO RHR her

enbodi ment bH@@Egrh@ndgériﬁ%Ms@tcﬂﬂl\éiiﬁ@dt%ﬂﬂﬁﬁ@i@h@liaﬁ!geasﬁbéth@dn acflpri sing the
foll ow ng steps. Mdul ating a pul sed beam of radiation and projecting it
onto a subspesitien amha spepndpgpitipnofn fe frabrasitie rgtiatid passing Heopwil sed beam
of radiation,j har [ t ed. by, i.abl e

att enuat or  Ra Dl IS GiP 2P BTG, BEER sk AR RS BATS  beam
of radi ati opadses theapbnsgiohooftheifnguind etk alps irgmpattivahiod the epoesent s a
desired |l evel of transm ssion of the variable attenuator to the beam of

radi ation. THRSCWEHIpI18 B FEAMAPOT UL AHIFERPFTINE IIgHE S B¢t the
sem -tr aHSpﬁ{és‘?%ﬁd séd%ffnldec%QBP @kt BhEnakiRRgedhisubst@anhiRlh Yeguiual Iy

parallel. T eam o fadi ati on successively passes through the first and
second sem eof thasspadent first type, respectively, of the second phase grating.

[6016] In one embodiment there is provided a lithographic apparatus
incorporating a variable attenuator such as discussed above.

[0017] In a yet further embodiment there is provided a device manufacturing
method, comprising the following steps. Modulating a pulsed beam of
radiation and projecting it onto a substrate. The intensity of at least one pulse
of the pulsed beam of radiation is, prior to being modulated, attenuated by a
variable attenuator configured to adjust its level of transmission to an input
beam of radiation in response to an input control signal, which represents a
desired level of transmission of the variable attenuator to the beam of
radiation. The variable attenuator comprises first and second semi-transparent
reflectors that are arranged substantially mutually parallel. The beam of
radiation successively passes through the first and second semi-transparent

reflectors. The method further comprises controlling the separation of the first

and second semi-transparent reflectors in response to the input control signal.



reflectors. The nethod further conprises controlling the separation of the
first and second sem -transparent reflectors in response to the input
control signal. 6 [00181 In a yet another enbodinent, there is provided a
devi ce manufacturing method, conprising the follow ng steps. Mdulating a
pul sed beam of radiation and projecting it onto a substrate. The intensity

of at Ijeasd| one puHlast a@fthé@niydisest, PRAN foviadl AL IngnuMéth@fp t O being
nodul at ed, attenuated by a variable attenuator configured to adtT7 ust its

| evel of trdnghedsewmprissnganhe fpllewingestarsof Madilatiior ipnlseédpomsel t o an

i nput contr S i pr nts.a. si.red .| evel, ,of transm ssion of
the vari abl SL%? ﬂtl(gﬂﬁléit%@e% gné ﬁeo ?(Zgr%u Byrate g@ieéﬁefﬁ#y GI”‘ﬁaet I35 PRBPESSt t enuat or
conpri ses a ofai phls@nbheant splidtdrek, phatto Wing Mesulkia, beamuel vyadi ation

into first and second radiatjon beam paths and a radiation beam conbi ner
that re- conbPHEYe pEERMEGTos R Rd Weadivst 4 lall of dergmarissicadioaan tipubeam pat hs

such that il ptarhahas, andepLAdUEes, ﬁ%u?%rﬂf’oti sg%ﬁﬁﬁnx% h E"(?;]%s%}:fsoan' The

met hod conprises using a radration beam pathlen cont't o™ &t control
t he pat hl englesiredf lavhle off i tratsoriadimatof othe beibleatficivatarespeins deird sthe i nput
control si gn%l. in or,fler to control the interference of the radiation from
the first ahf'@¥Cndhf agriabicoticBaam sarREses [ trreationn bepmy eplideri that f urt her

embodi ment, gth@sané Bed QY kAR iR iqﬁ)\/%ﬁfeamf@%!{daiﬁégg{tiioﬂ%e%&%@g £QNPrising the

foll owi ng steps. Mdul ating a pul se beam o iation projecting it

onto a substadaten tEhe ¢amiensi thyt efcoatbih@asdiation&opuihs diref aridhecegud sed beam
of radiation js, prior Lo bei nﬁ‘fmdu*a ed, .attenuated b vari abl e

att enuat or CERIOGUIEE PEDR AT thef finieRlE e Produgis an syt 8T i nput beam
of radi ati ofudidlioheIPMERSRLSP cApH MR WEing AthdiRion Bd@DBhthiwBirchnkEREeSENts a
desired |l evel of transm ssion of the variable attenuator to the beam of

radi ati on. Fheonjid itk pethlengenohithsr fisb ragidtion depinr gath iamdspesotdthshase

gratings, a ti.al tually. paral | el uch..t hat . the beam of
radi ation i é{pla{r}lg(?ﬁgﬂé ]%ﬁg} %@ﬁt YOOrCrIyM}tWE tl?%/?qgctr{eb?{]ésg edfgtflgtl?q{@tloé’n@?mhavi ng
passed t hr otigHirithedkedsotd rpdiasen Béaat pars. 1S i ncident on the second phase

grating. ach of the ghase gratings conprises a plurality of regions of a
first ﬁ&%% and alt gi uichl Y Brthete giediment.g these oifd Pegpded Thedepitsase grati ngs

are construgt 8t SHGHy ntddda J05EAE . gratin .phas ift
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beam of radiation and projecting it onto a substrate. The intensity of at least

one pulse of the pulsed beam of radiation is, prior to being modulated,
attenuated by a variable attenuator configured to adjust its level of
transmission to an input beam of radiation in response to an input control
signal, which represents a desired level of transmission of the variable
attenuator to the beam of radiation. The variable attenuator comprises first
and second phase gratings, arranged substantially mutually parallel, such that
the beam of radiation is initially incident on the first phase grating and, having
passed through the first phase grating, is incident on the second phase grating.
Each of the phase gratings comprises a plurality of regions of a first type and a
plurality of regions of a second type. The phase gratings are constructed such
that, for each phase grating, the phase shift introduced to radiation passing
through the regions of the first type is a quarter of the wavelength of the beam
of radiation input to the variable attenuator greater than for the regions of the
second type. The method further comprises adjusting the relative positions of

the first and second phase gratings in response to the input control signal at



through the regions of the first type is a quarter of the wavel ength of the
beam of radiation input to the variable attenuator greater than for the
regions of the second type. The nethod further conprises adjusting the
relative positions of the first and sepcond phase gratings in response to
the input control signal at 7 |east between a first position and a second

posi tion. | nefdh@efidenta BRS fdPbn afdi RLIRNHHAESE NGn LRE I EagoNs of the
first and second type of the first phase grating subsequen?ly passes
t hr ough r egiradistiaf pashmgfthrosgh acporsed dinadfitsy ped secprd e toif Vel first pifast he second

phase grating..ln the second posjtion, radiatign ssi.ng through regions
of the firstEaing SUSSRITHROR THE o, o Mg iR ibdenioenl Ppasses
through regiefsc@fely her 82CRBsh@MhsE ighfilngt YREthe! RLORF hbyBY, radRfiod he second
phase grating. [0020] In a yet still further embodinment, there is provided

a devi ce nmasdizgtihrobgly eehodl beonsi shagecdshinegofh theadirgibgreting t enuat or
using first apnd second sem - tyanspar reflectors that are _ arranged
substant | al ICHAbaaR 5 pa el PEGRT e afout B Bl B b REbT a0 on
successi vel yraassesnd piRvghtige first and second semi -transparent
reflectors; controlling separation of the first and second sem -transparent
refl ect®¥M]i n r edpoAsect tilln fiufput cabedimsnt. sihgralls Btoveledati 46Viah i ntensity
of at | east  Of € sed. beam of radiation using the variable
at t enuat or, %ﬁéﬁ%fs%c@%@g’u?ﬁ@f‘igﬁ adjust its level of transmi ssion to an
i nput beam of radi ati dbmrhingr espeiasle itenbber inpigt firgomid eécontigsrali: whi ch

represents a desired | evel of transm ssion of, the varjable attenuator to
the beam of REEHEE JRtleqipduinat Meprernged Seeptadiaty grutialdy #p1aHRh Safy

proj ecting ttigﬂll? ﬂg%k@tﬁqlrp?@%(ﬂm& %c%ls’gwe&a?gsseﬁﬁﬁ%gh'tﬂe Fi¥etnst il

further enbo there i's provided a de cturing nethod,
conpri si ng: sé@ndisagi-aangrarabkdleatorenuat or usi ng a radi ati on beamsplitter
t hat divides a pul sed beamof rad ond radi ation

iation.into fiyst and se (
beam pat he. and & r adiatTOPiNBSAR LB nEE Rt SoeBmorRGLAT R8Il  on from
the first reflectors in response to an input control signal,
attenuating an intensity of at least one pulse of the pulsed beam
of radiation using the variable aftenuator, which is configured to adjust its
level of transmission to an input beam of radiation in response to the input
control signal, which represents a desired level of transmission of the varable
attenuator to the beam of radiation;
modulating a pulsed beam of radiation; and
projecting the modulated beam onto a substrate.
[0021] In a yet still further embodiment, there is provided a device
manufacturing method, comprising:
forming a variable aftenuator using a radiation beam splitter
that divides a pulsed beam of radiation into first and second radiation beam
paths and a radiation beam combiner that re-combines radiation from the first
and second radiation beam paths such that it interferes and produces an output
beam of radiation;
using a radiation beam pathlength controller to control the
pathlength of the first radiation beam path in response to an input control

signal in order to control the inferference of the radiation from the first and

second radiation beam paths;



and second radi ati on beam paths such that it interferes and produces an

out put beam of radiation; using a radiation beam pathlength controller to
control the pathlength of the first radiation beam path in response to an

i nput control signal in order to contgol the interference of the radiation
fromthe first and second radiation beam paths; 8 attenuating intensity

of at least one pul se a@tfen&ém RS @@ﬁ%as@foné%is%tdf%ePéﬁis&%&i}ﬁs vari abl e

attenuator that is confi to adjust its level of transm ssion to an
i nput beam &f redigficat vome f W@@b@ﬁﬁ@nﬁﬁonﬁetwnpmﬁgunﬂﬂpohymSNghabL whi ch
represents I ve trans i,on of the vari.able uator to
t he beam of 6éra e ?E‘gﬂ}l% J(/?’lulllpz'iu[t bﬁantcﬁléa%?f Lt rﬁg%f)rﬂs‘f)? h&df’ﬁ‘ftl ‘B’Hr omt he

vari abl e atstgamuamrc,h BPELsPtO] £ Cehifd 1dvePHfOranssHRSs L alrethe| PR28% | N a yet
still further enbodinment, there is provided a device nmanufacturing nethod,

conpri si ng: aﬂ@ﬂﬁﬁﬁ&’ﬁ“ﬂé?ﬁ%ﬁﬁé1a@®enuator fron1f|rst and second phase
gratings that are arr b su that a
%ﬂ%‘lﬂa ﬁl'}i tShE‘ 1 lbé(ax (tjf a¥101[1) fﬁ;SY Bﬁ .

pul sed beam of radiation 1s~init y ‘T nci on t se grating
and, havi ngattpassedartdhr ough t he flrst phase gratlng, is incident on the
second phase grating; faormng a plurality of regions of a first type and a
plurality of regi onspﬁfffccémgéh%‘ﬁﬂatsylbséfa% each of the phase gratings;

const r ygfaing t heIrpk@S%tgﬁt‘m | RESeS Usthddtialn tﬁéree?scgbrgbiﬁ§§ 3 g(.rleqi‘ideng’ a phase

shift |ntroduced to t pul sed beam of radiation passing hrough t
regi ons of nHBU&mmgngmy@bxisompquagter of the mavelength of the beam of
radi ation input to th n for the regions of

vari abl e t enuat or great
the second type; adj ﬁ%rf"i " & P@”%@? a?tttle@‘éat?fog‘ dﬁ%‘ 8hd 1956014 PaEseand second

phase grat gf@sgd that @GPPSR QuBAakBRYIMGAALY Q!araﬁblg @a&h 8lat lh&R3eqbet Ween a
first position, in which the radiation passing through regions of the

first and sé@@hé}fﬂiﬁb@,ﬂ@fis mﬁeﬂmmeﬂerpm@egﬁratt phage sriysenaehthayingasses
through r egbf%'é'@d t%ougﬂet‘hg th?bhé%e rating, is incident on the second phase grating;
forming a plurality of regions of a first type and a plurality of
regions of a second type on each of the phase gratings;
constructing the phase gratings such that, for each phase
grating, a phase shift introduced to the pulsed beam of radiation passing
through the regions of the first type is a quarter of the wavelength of the beam
of radiation input to the variable attenuator greater than for the regions of the
second type;
adjusting the relative positions of the first and second phase
gratings in response to an input control signal at least between a first position,
m which the radiation passing through regions of the first and second type of
the first phase grating subsequently passes through regions of the first and
second type, respectively, of the second phase grating, and a second position,
in which radiation passing through regions of the first and second type of the
first grating subsequently passes through regions of the second and first type,
respectively, of the second phase grating;
attenuating intensity of at least one pulse of the pulsed beam of
radiation using the variable attenuator configured to adjust its level of

transmission to an input beam of radiation in response to the input control



second type, respectively, of the second phase grating, and a second
position, in which radiation passing through regions of the first and
second type of the first grating subsequently passes through regi ons of
the second and first type, respectivéy, of the second phase grating;
attenuating intensity of at |east one pulse of the pul sed beam of

radi ati on usigngl, t #Rickardpaddlestsad tdBed devet offf Lghireidsibo @djhestvatistde | evel of
transm ssion to an input beam of radiation in({esponse to the input control
9 signal, wWHFRHRIrD thsskaensolragidlpp.eqmPEYEE: #1d t r ansni ssion of the variable

attenuator to the, ﬁg&é gggggﬂjﬂggg%ghﬁggg; and nodul ati ng the pul sed

beam of radiation; an projecting t ated beamonto a substrate.
[ 0023] Further embgditments mddebted esm andaadvsnateages of the present

i nventions, as |l .as the structure and operation of the variou
enbodi MRS of WteFHéthﬁrr BRIt CRHICS ar Wiy SLUPRIBES 9 et SBESBhI ow wi t h

reference t G ¢di6ondGe WEPRRYE 9trlEi@d A8 peBilbRR MIFRSER R dhb EimditE
DRAW NGS/ FI GURES [ 0024] The acconpanyi ng draw ngs, which are incorporated

herein and fofrthe aresparitvaftionheresgrsciifddciat deai] belobuvtithaetrowe tortheror e
enbodi nents of the present invention and, together with the description,
further ser&ﬁ“FWxEX%ﬁ "WW¥%E& principles of the invention and to enable a
person skilled in the pertinent art to nake and use the invention. [0025]

erbodi ment o of BT beer KIRUI0N S HEbRICHNINES S REpIES S mode of
transferring a pattern to a substrate according to one enbodi nent of the

i nvent @pags ShowReiaBodrh Qe oZirak B9 A hibh G iRcApHaRIMUPei R An@ FdANPETENT  Of
opti cal engi nes, accorA|ng t 0 one “enbodi ment oF t he present invention.
[ 0028] Fi gupert>idbpisptsiitdienygtsohteaoneari ambtecabodmeatsorf, thaguesedi ng to t he

precent Invent] on, MLN,D 84! LeSLeolLc spparays. 0070l Flaprgs © and 7
L nvention. principles of the invention and to enable a person skilled in the pertinent art to
make and use the invention.
[06025] Figures 1 and 2 depict lithographic apparatus, according to various
embodiments of the present invention.
[0026] Figure 3 depicts a mode of transferring a pattern to a substrate
according to one embodiment of the invention as shown in Figure 2.
[0027] Figure 4 depicts an arrangement of optical engines, according to one
embodiment of the present invention.
[6028] Figure 5 depicts the use of a variable attenuator, according to the
present invention within a lithographic apparatus.
[0029] Figures 6 and 7 depict a first embodiment of variable attenuator,
according to the present invention.
[6030] Figure 8 depicts a second embodiment of a variable attenuator,
according to the present invention.
[0031] Figure 9a depicts a third embodiment of a variable attenuator,
according to the present invention.
[0032] Figure 9b depicts a detail of a variable attenuator, according to the

third embodiment of the present invention.



[ 0030] Figure 8 depicts a second enbodi nrent of a variable attenuator,
according to the present invention. [0031] Figure 9a depicts a third
enbodi ment of a variable attenuator, according to the present invention.
[0032] Figure 9b depicts a detail of gyvariable attenuator, according to
the third enbodi nent of the present invention. 10 [0033] Figure 10

depi ct gogs3)our t h penBed] (MRML;i A JarY@h! @ﬂb@diﬂfeﬁ??ﬂaﬁ Ol ariahRCGRLALRG 1O the

present invention. [0034] Figure 11 depicts a fifth enbodiment of the
vari abl e at retmudingtq thegremntinmention. t he present invention. [0035] Figures

12a an depi ¢t _an operatin jnciple of an alternative Kkind of

vari abﬁ%&%ﬁ) t enuatcF e o lc(’ilrelzili"ﬂ’h;ggtgHEl h@nlgffdé%‘éﬁlh OFﬁséannéﬁfe POOBBICTF gure 12c
depi ct s phagseccgdial kg praRal Al &dicly a Tal bot spacing. [0037] Figure 13
depicts a sixth enbodi ment of a variable attenuator, according to the
presenf003¥ent i ofigre038] am Jadbelepitt dopiptaing savepithfenbeltémante of a

vari abl e at [ according ta.the present.invention. [0039] Figure 15
depicts an lie(ﬁlghqrhl(‘%rela lgaﬁ%%fjorb C%r%\l}'é{;’rtloélgff Fea URGEEYY,  according to the

pr esen{oaseyent i oRiguk@0ADYepFitgpliae %@tiﬂ@@é@hﬁtsﬂw@Tﬂlbgﬁﬁ)@@ﬂn?ﬁnt of a
vari able attenuator, according to the present 'invention. [0041] Figure 17
depi ct 0034l al t er KErrs el Juslerisrs & viaHl #mbedinendnohtovariae ontéiinbgtor,t o t he

pr esent invg&%m . W &R Ehegr aphi ¢ apparatus. [0042] One or nore
0 tﬁ% preg [ '

enbodi nment s ent invention will now be described with reference
to t he[HG8pnpanyFigrdriawiggss d setdhth dmbdoilingst Jdfi Kevariebkestenagonunbers can
indicate identigcal or functionally simlar elenments. Additionally, the

| ef t - most d??ﬁ’f"ﬁ%@ t00‘15“38IE?S‘é‘fté’rl\é"%‘i‘é‘é“-nurrber can identify the draw ng in which

the refgsence nuphgre fikr §pi@pPRGAL; hth%ﬁ‘!)éﬁﬁ)@np%gﬁlv@m% 420431, Thi s
speci fication di scl oses one or nore enbodi nents that i1 ncorporaté the
f eat ur es of adachidéng tevibapicsent ifatidiscl osed enbodi ment (s) nmerely exenplify
[0040] Figure 16 depicts a ninth embodiment of a variable attenuator,
according to the present invention.
{0041] Figure 17 depicts an alternative use of a variable attenuator, according
to the present invention within a lithographic apparatus,
[0042] One or more embodiments of the present invention will now be
described with reference to the accompanying drawings. In the drawings, like
reference numbers can indicate identical or functionally similar elements.

Additionally, the left-most digit(s) of a reference number can identify the

drawing in which the reference number first appears.

DETAILED DESCRIPTION

[0043] This specification discloses one or more embodiments that incorporate
the features of this invention. The disclosed embodiment(s) merely exemplify
the invention. The scope of the invention is not limited to the disclosed
embodiment(s). The invention is defined by the claims appended hereto.

[0044] The embodiment(s) described, and references in the specification to
“one cmbodiment”, “an embodiment”, “an example embodiment”, etc.,

indicate that the embodiment(s) described can include a particular feature,

structure, or characteristic, but every embodiment may not necessarily include



t he invention. The scope of the invention is not limted to the disclosed
enbodi nent (s). The invention is defined by the clainms appended hereto.

[ 0044] The enbodi ment (s) described, and references in the specification to
"one enbodi nent"”, "an enbodi ment”, "anjexanple enbodinment”, etc., indicate
that the enbodi ment(s) described can include a particular feature,
structure, Qfic GRBEAGE Babiit] Gruchlt, GVE@hYAcRIROdI MBRLvER%uNPbhAREessari |y
include 11 the particular feature, structure, or characteristic. Moreover,
such phr aseswotnecessuolly nefeegmatoi thy sareé embbdignend Hurthes amieenenbadicnient .

Further, when a particular feature,. strycture .or characteristic is

descri bed 1 TGRNECPPBIowRt B SiibaRnReroRd s CGMEERSE o8l #he 1t is

W thin the khpoligdge 0fs anraédd taditidwithhemakhotedgblbeehe skigBd hieat ure,
structure, or characteristic in connection with other enbodi nents whet her
or not expl itled aityio dékeet piddicafpassiucint odi sharacseristic tiheconpsegint ivaith can be

i npl enented |;n hardware, firmware, soft e, .or, any conbi nation thereof
Enbodi nent s Ol&}erFW@O%{\PH}/@@HW%%B&IC%N_O&F@ lcgga({orsr%?beeﬁént ed as instructions

st or ed {@5p nachipdghddaagabl 6 e shwmioniaghbe amphenégad ianshréxgeut ed by one
or nore processors. A machine-readabl e nmedi um can include any mechani sm
for storingfemware spidwires Py iBEmEonsherpef. Bmbedimensaelabt 81v6)tied machi ne

(e.g., a co tz{fébg bed%}{bféﬁ‘%e A eﬁ%?tgl%'n‘éns A JpRg L e rﬁ%&a&%ﬂj& umcan

i nclude read only nenory ; randomaccess nenory ;. magnetic disk
storage nediaiumptvhadl cat oeaged medi &ecdtbddly ommoE ymoevpoessor] ectri cal ,
optical, acoustical, or other fornms of propagated signals (e.g., carrier
waves, inf ra"raéame-gf:ﬁwa{es,mﬂilwt &F1 singhEF s anetReshanisny ©OF n&PENE FRfF t her

firmware, sqbhualichy MPMLARH in d RS LIRSy E%Hac%md&ifré e&qgm{ in as
| d be app dt

perform ng certain actions. However, it shou eci at at such
descri pti ongedr®. rrer edxyunipde, © omebimicenakbiEnchedivumatcas uphludetieahsnin f act

reull 11 om sompuLOR fevces, BISESRROLS RILIRULEHE o LAY oo oo

Figure 1 schenntigailchy dgpictsSedihienkid haanaphisvieRpadalidgal) opficane

enbodi nent of the invention. The apparatus conprises an illum nation system

L, a patter¢niusgealovioteerFbrmea of phepagatiee steablsde\&E, caamer wayssojndierddon syst em

PS. signals, digital signals, etc.), and others. Further, firmware, software, routines,
instructions can be described herein as performing certain actions. However, it
should be appreciated that such descriptions are merely for convenience and
that such actions in fact result from computing devices, processors,
controllers, or other devices executing the firmware, software, routines,
instructions, etc.

[0046] Figure 1 schematically depicts the lithographic apparatus 1 of one
embodiment of the invention. The apparatus comprises an tllumination system
IL, a patterning device PD, a substrate table WT, and a projection system PS.
The illumination system (illuminator) IL is configured to condition a radiation
beam B (e.g., UV radiation).

[6047] It is to be appreciated that, although the description is directed fo
lithography, the patterned device PD can be formed in a display system (e.g.,
in a LCD television or projector), without departing from the scope of the

present invention. Thus, the projected patterned beam can be projected onto

many different types of objects, e.g., substrates, display devices, etc.



The illum nation system (illumnator) IL is configured to condition a
radiation beamB (e.g., W radiation). [0047] It is to be appreciated
that, although the description is directed to |Iithography, the patterned
device PD can be formed in a display system(e.g., in a LCD television or
projector), w thout departing fromthe scope of the present invention.

j - j di ff
Thus, thgsdr o) ect-pg pakheen etwqmsc%l %ﬁé@@eﬁégg,géﬁ%w{g{y&f i fferent

types of objects, e.g., substrates, ’0?)48] The

substrat e t ablig-ddktedssubematy Wetaad doansuuipeyr b fssiohet PR RofRmGed t@
connected to a positioner PWconfigured to

resi st-coated substrate and : ]

accurately ﬁﬁ%?rﬁﬁei‘hpqsﬁlé}ns%\éé&sgﬁ@ 1P ACREcR b el PasaREtaiSn par amet errs’ri e
100491 pr oj ecity t .V 0j. i syste
oo e & o e e B R LB i) PR 27 ey

i ndi vi dual | yoshgtred| tbabicgect| thaemas eifit mdatibargedulpedt borth€ dreygof

conprising .one. ,or.,.nore di of the substrate W The term "projection
syrsr}tj ent uge Cﬂﬁig%li% Cglﬁtﬁ‘ﬂ’agf%geﬁlﬁﬁtéoqlw Pifeh PETEE g_s(e&wcfﬁ’r‘ﬁb%%%‘i%g any type
of projecti@fc o¥nhbRMicd)Net #di NGsttRE WRACT THE terhC S CLENE syGahadkapt ri c,
magnetic, elect rorra&:;netl c and el ectrostatic opt’ cal sys¥ems, or any

conbi nat i on hereér slsfuld badregshy operprtel foencohpasppsuy &ypeadim@ojeotiorbei ng use](ctl,
or for other tor C as .t he use o n imersion.liquid or. the use o
a vacuum Arslkjlsft%fsi’e 0 wﬁ“rlf]hgrb‘:’t er M aRtlyCy ecf?fifl%ﬁv?’enfsc'ata}#é‘?pgﬁﬁ can®¥€onsi der ed
as synonynogkcwbinbgidie #0retect:gQREE aptidaBEBcni, O @5Y bONLENESE Mereck00501 The
i1lum nation system can include various types of optical conponents, such
as refracti 922PHePIe fpn/de ciragpvet fadiation demeomagrut Pt?theﬁf@mr]f éml?t ic or

ot her types i : n i pn . thereof or

directi %8 gﬁglgiq%%fﬁ%lrl H@%ﬁ%?@ﬁ“%‘ﬁ% O?ghtf?d%txiog%%?g%&il@mﬁ' © %fgtﬁ ¥ ng device
PD (e.g., a“prefdctbe lars”nmskinotanabe avnsyered asisydovngolal wthcont meted abl e

el enents) modul ates the beam |n general, the position of the array of

i ndi vi dual | §EGH{78T IRABICEIY 8ffHts will be fixed relative to the
Pr of ecioan) SYSt MBS IHAMRKE 1syibnCanl RRASAT RGONRE! e Ly POSILi oner
configured to accurately position the array of i1 ndivirdually “controll able
el enent s i nccaspoeditncauchi tdy cefractive, paflestetermagnetic, electromagnetic,

clectrostatic or other types of optical components, or any combination thereof,

for directing, shaping, or controlling radiation.

[0051]} The patterning device PD (e.g., a rcticle or mask or an array of

individually controllable elements) modulates the beam. In general, the

position of the array of individually controllable clements will be fixed

relative to the projection system PS. However, it can instead be connected to a

positioner configured to accurately position the array of individually

controllable elements in accordance with certain parameters.

[0052] The term “patterning device” or “contrast device” used herein should

be broadly interpreted as referring to any device that can be used to modulate

the cross-section of a radiation beam, such as to create a pattern in a target

portion of the substrate. The devices can be either static patterning devices

{e.g., masks or reticles) or dynamic (e.g., arrays of programmable elements)

patterning devices. For brevity, most of the description will be in terms of a

dynamic patterning device, however it is to be appreciated that a static pattern

device can also be used without departing from the scope of the present

invention.



[ 00521 The term "patterning device" or "contrast device" used herein should
be broadly interpreted as referring to any device that can be used to

nodul ate the cross-section of a radiation beam such as to create a
pattern in a target portion of the substrate. The devices can be either
static patterning devices (e.g., masks or reticles) or dynamc (e.qg.,

arrays [@fs3pr ogr amn@pLRl § fERALS) thedgdtleRr Mhfded ey ksediatioh s \hdyy, nost of
the description will be in terns of a dynam c patterning device, however

it is to benapprastyatastesphiad te the alesicedppities rin WHeviargst parioal ebthse used

h d h
Shoul d be ot g0 Priis: FaPR rRlhr RaloRS fhies-h IR e &g el iy ot

exactly cor ggiddonshid OfehhigesdeSinfiReypalid hilerhNeddheualigr geterted tdnotheof the
substrate, for exanple if the pattern includes phase-shifting features or
so called sdsirgte maanaf eerrcssprﬁ foathepatterRfopred at #nieOhtng@nt O §¥ner at ed on

the SUDSL gle, Y AOLA RN ESAONTL OGO LRINLONIEA, Afss@ly gne i nStant

on the array o I Vi y con enen s¢an be the case
in an arraage&nenient in whichhhd benevepdieal fopatd enredef:lopmadf ihn selstdtepart of the

substrate is huilt up over a given period of t| fr g{ven nunber of
exposur es difr PR UPVIYEE R 8158 REEOE & ISP ienE vVl PUR? btfo FAPHTERSINE

control | abl 8«5?1119[% Eat%erﬁ%q/ RE atrttfofrn@l\@ttdartg ce%atab@@cretncmemércrpeter at e

changes. erally, the pattern created on the target portion of the
subst rate vmdlehtweqmmmespmimb :tubstaatpahatngcs,rl ar functional layer in a devi ce

bei ng ed in_the 0 as an.int rate urt or

flat pgﬂ’g? di spl gﬂ?n?réné th ‘ST‘ Fea?({‘}r nttﬁ? ta‘lr%?é’rm’tilcﬁ1 ?é‘t‘b gﬁ%e‘f‘ di spl ay or
a thin fil mixapsieton ;tauanaﬂ AmdtibdadtiaRangla ddiisPbany - créa@m s of such
patterni ng devices include reticles, progranmable mrror arrays, |aser

di ode ar r ay&yedtipgtitonesicht dsry idfeguiedsrircaii o1 adtaapiig dispiht (c.oual , and LCD
arrays. [00 Pattern devi.ces. whose tternrs ble with the
aid of el egﬁ%l oA ¥ s %g‘(aélel displgy 8orr1§)}ﬁlfler AR agyeprg %rpﬁﬁeldevr ces
conpri si ng aisplRl urtdripeobf ﬂl’cﬁQfaﬁBﬂﬂ'&@ @v@e@ﬁﬁﬂkﬁe re€eles, prédrhmiriBledevi ces
mentioned in théeé previous sentence except for the retrcle) are

col | ecti vel §itresf aird¥se lasst ods arays, lishopmitiag deds esays: eri@gphighier ni ng
devi ce corrprléﬁgssalag Lbﬁaﬁ{'ay@ at | east 100,

[6055} Patterning devices whose pattern is programmable with the aid of
electronic means (e.g., a computer), such as patterning devices comprising a
plurality of programmable elements (e.g., all the devices mentioned in the
previous sentence except for the reticle), are collectively referred to herein as
“contrast devices.” The patterning device comprises at least 10, at least 100,
at least 1,000, at least 10,000, at least 100,000, at least 1,000,000, or at least
10,000,000 programmable elements.

[0056] A programmable mirror array can comprise a matrix-addressable
surface having a viscoelastic control layer and a reflective surface. The basic
principle behind such an apparatus is that addressed areas of the reflective
surface reflect incident light as diffracted light, whereas unaddressed areas
reflect incident light as undiffracted light. Using an appropriate spatial filter,
the undiffracted light can be fiitered out of the reflected beam, leaving only the
diffracted light to reach the substrate. In this manner, the beam becomes
patterned according to the addressing pattern of the matrix-addressable

surface.



at least 1,000, at |east 10,000, at |east 100,000, at |east 1,000,000, or
at least 10,000,000 programmable el enments. [00561 A progranmable mrror
array can conprise a matrix-addressable surface having a viscoelastic
control layer and a reflective surfacet The basic principle behind such an
apparatus is that addressed areas of the reflective surface reflect

i nci dequoshj ght ag vﬁillftfer%ﬁ)?&‘ijatéd @Rt .as WhaleasiwNaddn keGSR Alepdst meef | ect
i nci dent | |ght as undi ffracted | |f%ht. Usi ng an appropriate spatial filter,

t he undi f f r @freaded lightit leadng e wndiffreeted lighitto agach tee yubkiretet ed beam | eavi ng

I iff |.i.ght . h th . hi , the b
pecomolS8ht 1 or nal ARcbr A ng T ReORAH oSBTy BELiERY ip o R e oA

mat ri x- addr eesahbla@l sgwh aeeicesidan [aB85eluskll il doresporapicemibated thhat, as an
alternative, the filter can filter out the diffracted |ight, |eaving the
undi f fr act e?N9 $gAP!% ¢ diEEcHve ARl MEIYI8device sommapospd af # ety diff fract i ve

opti cal - NEMBdaxicCRendil GLO:8] B dsmBolaRleal aysLemdey fes) joan al so be
used in a correspondi ng manner. I n one exanple, a ditriactive optical MEMS
devi ce is cgnpostdt eflcas phadak ligyt soidiffinetkd dghi. ve ri bbons that can be

def or el ative to one angther tqQ forma grating that reflects incident
i ght n@@% ffra écaﬂhlﬁf@ﬁfma&%@gﬁinpie pE? PHSFIBNRRF REFTOU BTTe% 8RPlo8s of a

progr ammebl @i QfarbhaY: SRlOMarors 8L bF ¥hfdhr ' hifpggm rrors,
Bach of whi ol A T Tarrors o aboutﬁgg’%g@@“@@%é‘gﬁi ng a

sui t abl e | otbabi zedxielbyatppling a ehidgblotochlzedngdtatnié figld, pi- bz eetpdating c act uati on
means. Once .az%ai n, . thg mrrors aée mat r i g-.adq_re‘ssabl e,. ﬁ-ﬁHCh &)B}at addr essed
mrrors refl &R SHGAEEHPRGPRY QPG Be D THOE GF fabisRfdre§iaPet i on t han
unaddr essedwubh tHa@h8drekdRd trhir®rdRAREN an fHd8miRf la8%tied veeaM cadirlfent pat t er ned
according to the addressing pattern of the matrix-addressable mrrors. The

requi red metiieriomtan awsidigssedmiperspér thor mennaisihngeRentedabiam cail bet roni c
T e ot Sun Ao DEC AP TR e ideBfh D DAUATTANE hitth AdRbapl0O01E TN

| i t hogr aphi‘c appar at'us or nore contr ViC For
exanpl e, i tmicars. halte qpired akdttiy adfiressing@yean dfe pardinnedudlihgy seieie ol | abl e
el enent s, %ecc?rogi%%éagl&l ed i ndependently of each other. In such an
106060} Another example PD is a programmable LCD array.
[0661] The lithographic apparatus can comprise one or more contrast devices.
For example, it can have a plurality of arrays of individually controllable
elements, each controlled independently of each other. In such an
arrangement, some or all of the arrays of individually controllable elements
can have at least one of a common illumination system (or part of an
ilumination system), a common support structure for the arrays of
individually controflable elements, and/or a common projection system (or
part of the projection system).
[0062] In one example, such as the embodiment depicted in Figure 1, the
substrate W has a substantially circular shape, optionally with a notch and/or a
flattened edge along part of its perimeter. In another example, the substrate
has a polygonal shape, e.g., a rectangular shape.
|0063] Examples where the substrate has a substantially circular shape include
examples where the substrate has a diameter of at least 25mm, at least 50mm,

at least 75mm, at least 100mm, at least 125mm, at least 150mm, at least

1'75mm, at least 200mm, at least 250mm, or at least 300mm. Alternatively,



arrangenment, sone or all of the arrays of individually controllable

el ements can have at | east one of a common illum nation system (or part of
an illumnation system, a comon support structure for the arrays of
individually controll abl e el enents, ah$i/ or a conmon projection system (or
part of the projection system. [00621 I n one exanple, such as the
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substantl al circular shape include exanples where the substrate has a

di amet groeaf at | EasiplErmberathd edstratedmpolygahall east reéanpulagtindledst 100nm
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250cm [0065] At |'edst one sidé of the substrate has a |ength of at nost
1000cm at on#stosiS0cam at nost 500cm at nost 350cm at rmst 250cm at

nmost 1 or at nost 75c 00661 | e .exa t bstrate Wis a
waf er, F(ﬁ)gg] i nst arte®® eéié’f?ipg]on e ttd Str\ﬂgﬁfq& ls’l'hzén&ﬁfe r %t’& ¢ dan be

sel ected fr U cHEIRERURafeE ONBS v ftg dterBll, call K2 selebte® Grondithe g GaAs, | nP,
and I nAs. The wafer can be: a 111/V conpound sem conductor wafer, a

si|icon waf eensissinger S HGes Biseadh 846, Ca GadsdnRunshndse Thervafepragst i c
substrate, T0e, i hhad SR baRRPRen (LSRR o0,
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substrate dinensions. The thjckness can
transparent (for the naked human eye}, colored, or absent a color.
[0067] The thickness of the substrate can vary and, to an extent, can depend
on the substrate material and/or the substrate dimensions. The thickness can
be at least 50um, at least 100um, at least 200pm, at least 300um, at least
400pm, at least S00um, or at least 600um. Alternatively, the thickness of the
substrate can be at most 5000um, at most 3500um, at most 2500um, at most
1750um, at most 1250pm, at most 1000um, at most 800um, at most 600um, at
most 5001m, at most 400pm, or at most 300pm.
[0068] The substrate referred to herein can 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), a metrology tool, and/or an
inspection tool. In one example, a resist layer is provided on the substrate.
[0069] The projection system can image the pattern on the array of
individually controllable elements, such that the pattern is coherently formed
on the substrate. Alternatively, the projection system can image secondary
sources for which the elements of the array of individually conirollable

elements act as shutters. In this respect, the projection system can comprise an

array of focusing elements such as a micro lens array (known as an MLA) or a



be at [east 50m at |east 100m at |east 200m at |east 300m at |east
400m at |east 500m or at |least 600m Alternatively, the thickness of the
substrate can be at npbst 5000m at nost 3500m at nost 2500m at nost
1750m at nost 1250m at nost 1000m atg nost 800m at nost 600m at nost
500m at nost 400m or at nost 300m [0068) The substrate referred to

herein can bErepidG@8SRehy BEHAR hdlecBhd®) soRERON & irriage [sphis BXAMRLE @ track

(a tool that typically applies a |layer of resist to substrate and
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more, 5 or e, 10 or nore, 20 or nore, 25 or nobre, 35 or nore, or 50 or
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i ndi vi gty conTheMiakloan behesvableSe.gf, @il Theo Myt SaARREIRYARD! € (€. 9.,
with the use of gne or nore actuatorsép at least in the direction to and

awnay from t Ael€atiB’ theatisecting; thgnd ey tiepmmshesubstrate. Being able to move
the MLA to and away from the substrate allows, e.g., for focus adjustment

without having to move the substrate.

[0072] As herein depicted in Figures 1 and 2, the apparatus is of a reflective
type (e.g., employing a reflective array of individually controllable elements).
Alternatively, the apparatus can be of a transmission type (e.g., employing a
transmission array of individually controllable elements).

10073] The lithographic apparatus can be of a type having two (dual stage) or
more substrate tables. In such “multiple stage” machines, the additional tables
can be used in paralle], or preparatory steps can be carried out on one or more
tables while one or more other tables are being used for exposure.

[0074] The lithographic apparatus can also be of a type wherein at least a
portion of the substrate can be covered by an “immersion liquid” having a
relatively high refractive index, e.g., water, so as to fill a space between the
projection system and the substrate. An immersion liquid can also be applied
to other spaces in the lithographic apparatus, for example, between the

patterning device and the projection system. Immersion techniques are well

known in the art for increasing the numerical aperture of projection systems.



the MLA to and away fromthe substrate allows, e.g., for focus adjustnent
w t hout having to nove the substrate. [00721 As herein depicted in Figures
1 and 2, the apparatus is of a reflective type (e.g., enploying a
reflective array of individually conti®dllable elenments). Alternatively,

t he apparatus can be of a transm ssion type (e.g., enploying a
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and/or 126 cbi¥ldered 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 comprising, for example, suitable directing mirrors and/or
a beam expander. In other cases the source can be an integral part of the
lithographic apparatus, for example when the source is a mercury lamp. The
source SO and the illuminator 1L, together with the beam delivery system BD
if required, can be referred to as a radiation system.

[0077] The illuminator IL, can comprise an adjuster AD for adjusting the
angular intensity distribution of the radiation beam. Generally, at least the
outer and/or inner radial extent (commonly referred to as c-outer and o-inner,
respectively) of the intensity distribution in a pupil plane of the illuminator can
be adjusted. In addition, the illuminator Il can comprise various other
components, such as an integrator IN and a condenser CO. The illuminator can
be used to condition the radiation beam to have a desired uniformity and
intensity distribution in its cross-section. The illuminator IL, or an additional
component associated with it, can also be arranged to divide the radiation

beam into a plurality of sub-beams that can, for example, each be associated



[0076] The source and the lithographic apparatus can be separate entities,
for exanple when the source is an excimer laser. In such cases, the source
is not considered to formpart of the |ithographic apparatus and the
radiation beamis passed fromthe sougce SOto the illumnator IL with the
aid of a beam delivery system BD conpri sing, foL exanple,tﬁU|tabIe can be
directing m ! : A= r gr_cases .the source

an' i ntegral e e REe R AR ot I A S B ST e TR ne
source is a imdividiallylcanipollabheclciments.cA tSO-dndnsibealidiffiuoiifag@ting kan, t 0get her

requjred, can be referred to as a

\ . D if .
\rMaI:Iihat ihgnbgsfé]f %%&ﬁgg%f&/%Sg}dll?‘f‘él‘ﬁ;ﬂﬁafa&ﬂat’loﬁ, b"é‘&h 1%@@P1®@n&n}adﬁast er AD
for adjustingedeRe deddtlod! k@RS tdeafl SErLEULL nlaﬂcf.l ‘trg(ﬁ?tri(ﬁidlbgh}i%ﬁryb eam

Generally, at least the outer and/or inner radial extent (co )
referred to @soppassuthet aponqt3linidedrtp, thespeatidnéh ywhioh thbebdant gnsity

. : : N i illum nato be adjusted. In
addi tion, ¢ RerReERPLbPIRYRE Son (bt L ARadis "ot her - conponent s, | such
as an i[A6ZRIr at or THY radidtian GeNEEEaRIERt ohNBe bhﬂtéfﬁfn?,%@fce@@%edgealpsed to

condition the radiation beamto have a desired uniformty a ’_| ntensity
di st ri buti o of inglividualby eqmgroflehie etpmenis) Iamiﬁsna@dlﬂatb&bs(;gﬂre_ Iganteazﬁx@g ti gna![.
conmponent asgeel ' ' so.be.arrangeg.t i yi de the radiation
beam I nto a el or al sy brdehenCely MRy Bult 0GR ferati et
associ at ed BBpassed thromgh tre Broftisakistom &S, tigch msinbduR! deuncombrol | abl e
el ements of the array of individually controllable elenments. A o
t wo- di mensi GREF Rﬂff“'f”i/ggf’fg}? Yibaratpgy c dfith ﬂTeo?Idé)féhmp@?ltib{eerbﬁ‘é’dambhdl vi de
the radiati i i : b i S cription. the terms
"peam of r ag?%?is&gﬁ%ﬂsg%\gﬁ?&g%l’i Eg?%ﬁgeﬁfet@g%% dgﬁ{:cg’rr%g%g ,gg?snotﬁjte r’éﬁa@acﬁ%‘fe limited
to, the sit&asponr e i).che shtetrblearhlé 3T conps nseel efcumt@l @l idy of such
[ iation beam B i s, incident on the

. i ati.on. Th s
22? t te)re(ﬁimrslgog)eé??sgeé&i’:g?f?eé?‘bﬂgr?% potiersy- o | dudieipdigtien Perm bl e
el enent s) aMChe'téumdm@f)@ﬂim:l%ﬁﬁ:a&aﬁ;rQE@iaﬂgy ()Q%Y%Glgg%@gg&rpﬁﬂﬁgl%n reflected

by the patterning device PD, the radiation beam . rogg_h t he
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16079) In one example, movement of the substrate table WT is realized with
the aid of a long-stroke module (course positioning) and a short-stroke module
(fine positioning), which are not explicitly depicted in Figure 1. In another
example, a short stroke stage may not be present. A similar system can also
be used to position the array of individually controllable elements. It will be
appreciated that the beam B can alternatively/additionally be moveable, while
the object table and/or the array of individually controllable elements can have
a fixed position to provide the required relative movement. Such an
arrangement can assist in limiting the size of the apparatus. As a further
alternative, which can, e.g., be applicable in the manufacture of flat panel
displays, the position of the substrate table WT and the projection system PS
can be fixed and the substrate W can be arranged to be moved relative fo the
substrate table WT. For example, the substrate table WT can be provided with
a system for scanning the substratc W across it at a substantially constant

velocity.



sensor, or the like), the substrate table WI' can be noved accurately, e.g.,
so as to position different target portions Cin the path of the radiation
beam B. Were used, the positioning nmeans for the array of individually
controllable elenments can be used tojigorrect accurately the position of
the patterning device PD with respect to the path of the beamB, e.g.,

during gogigan. [ O0Q4HovhiDiiPRRUEXANBL SeallRMGIBRG0B L& SHR]idabant able W is
realized with the aid of along-stroke nodule (course positioning) and a

short - st r okeaftochingedevide Ne byoséans ohiabghn sphitehBacenmpireésyphitbattthy depi ct ed
in Figure 1. Ln.anather,. .exanple short stroke stage.nmay not be present.
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control | abl §aab@RNESicd PDW It khdi®d baReHIRed Aaddhd Badin b eadPRRM 1B ca@n
alternati velﬁ// additionally be noveable, while the object table and/or the
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provi de the frequired.rel.ativ vement . ch arrangenment can assist in
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limting the size o e appara

e.g., be appetveahl Raldwihercmmetf RatdiRse, obtwWdeatl Spaaelse, sdtapeRYSs and he
position of the substrate table W and the projection systemPS can be
fixed and t K sUberase 3 headm Sodther yabridacatoshswnmpviagurce] at plve 990 t he

substrate t ?gk}@?.vwfhelzg{tteﬁﬁ%%’cet}ﬂ? Iﬁmﬁtwiﬁ B@al?rll of M({liﬁﬁl&l t%arm ovi ded

with a sys or scannin e substr across it at a substantially
constant vetfbwid iy badSto thO08M splstes BRmrhich thnguitetht, méhaatbedearwto r adi ati on

B can be directed to the patterni niﬁ devi ce PD bg nmeans of a beamsplitter
BS confi gur & BIUHTCRY SR r adi 4l b PRrerigicti aprgdefhaboti@daBye t he beam
splitter and.gdifeedfdcdOnd B&d Balilel Mongadeyf G8iabh H to Eﬂq}élttgmlﬁ?g realized

e
that the beamof radiation B can also be directed at the ‘patterning device
wi t hout t hedesiee ¢D andearegpintiyt tor the prhjectimarysodm rPtdi &t iperiicokn, e direct ed

at the patternigegnd vi ce at .an angle }petmegn 0 an 0, between 5 and 85,
between 15 AHA"SECMhetiiBed 35 SHAYT B FE¥enlt Wa¥n%s ‘én’dﬁq%gﬁt‘ ¢ enbodi nent
shown in Fi gdh@nibsibs paterRin@UevRBY @&kd, The patterning device PD nodul ates
the beam of radiation B an reflects it back to the beamsplitter BS which

t ransnml@981t he nodibikderidtedapmraws cembe piedjinsevosd vydssem PS. It will be
appr ecio%ts'ifi’ hovv?yer 1 Q%EJ :%l()(tiee, rf1g taim)a/i?f of individually controllable elements
and the substrate are kept essentially stationary, while an entire pattem
imparted to the radiation beam is projected onto a target portion C at one go
(i.e., a single static exposure). The substrate table WT is then shifted in the X
and/or Y direction so that a different target portion C can be exposed. In step
mode, the maximum size of the exposure field limits the size of the target
portion C imaged in a single static exposure.

[0083] 2. In scan mode, the array of individually controllable elements
and the substrate 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 relative to the array of
individually controllable elements can be determined by the (de-)
magnification and image reversal characteristics of the projection system PS.
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.



arrangenents can be used to direct the beamof radiation B to the
patterning device PD and subsequently to the projection systemPS. In
particular, an arrangenent such as is shown in Figure | may not be
required if a transm ssion patterningedevice is used. [0081] The depicted
apparatus can be used in several nodes: [0082] 1. In step node, the array
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substrate Wusing a pul sed ation source
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scanaline I.0SS W The ttern on the array of
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Consequent | §ubstraie WhartheRrasan lfscénswzeﬂaois@lyc bensswbsadiatie Wirce expose t he

conpl ete paLtern, f@hi source, synchronized to the updating of the pattern on the
array of individually controllable elements, can be used.

[0086] 5. In pixel grid imaging mode, which can be performed using the
lithographic apparatus of Figure 2, the pattern formed on substrate W is
realized by subsequent exposure of spots formed by a spot generator that are
directed onto patterning device PD. The exposed spots have substantially the
same shape. On substrate W the spots are printed in substantially a grid. In
one example, the spot size is larger than a pitch of a printed pixel grid, but
much smaller than the exposure spot grid. By varying intensity of the spots
printed, a pattern is realized. In between the exposure flashes the intensity
distribution over the spots is varied.

[0087] Combinations and/or variations on the above described modes of use
or entirely different modes of use can also be employed.

[0088] In lithography, a pattern is exposed on a layer of resist on the substrate.
The resist is then developed. Subsequently, additional processing steps are
performed on the substrate. The effect of these subsequent processing steps

on each portion of the substrate depends on the exposure of the resist. In



strip of the substrate. The process is repeated until the conplete
substrate W has been exposed line by line. [0085] 4. Continuous scan nbde
is essentially the same as pul se node except that the substrate Wis
scanned relative to the nodul ated beanmiof radiation B at a substantially
constant speed and the pattern on the array of individually controllable

el enents is updatLdiuRSpldiessbears Ringsansh ardtOssubie of SMbstbsbe Waand exposes
it. A substantially constant radiation source or a pulsed radiation

source, synetieors z edliation deseadbdae iargjvar dessdhisahalé raspond tdidereatly &y of

i ndi vidual l'y contral,l ab I nts. can,be used. ] I i.xel grid
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Figure 2, ther Q&hﬁx?[djl ihodTethiiy SriRsds! at@s Wi the Jubalritz etlabyecsivbsequent
exposur e of ;ﬁots ormed by a spot generator that are directed onto
patterni ng dediftian ppe ahpae dhpdyatobhatespipgedsiipat deftingbyya {aYer °5ame shape.
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printed, a pattern is realized. In between the exposure Ilas es the
intensity distiorpliopoareayere pHereiseied i ningd. APGOSTEEIMT Rt i ons
andior vari 8 NS RbeldithoBD Y DaHRREE] BEhAIDAERLOLotiRfab clGRLI & ¥

di fferent es of use can also be enployed. [0088] In Iithography, a

pﬁt tern is é¢hppaatniop devicayes safsuckshs tthomdidimnsthbs tsr atrsmittdthe aresi st i s

t hen devel oped. Subsequently.. additional processifg steps.ar performed on
the substraf&? ¢ SPperte B’%lth’t“haeg%ﬁ%gesagﬁgé%?t %?‘653@2{1%51%&18§§51Pyon each
portion of the (sUBSH &l dARERESTAMNiLDR HEROIW SosefthidIBoili@Rkiak thd N 21
particul ar, the processes are tuned such that portions of the substrate

that recei eep@ureadllaticonindes ercabov thegubitiagnredoze aritatitodase bebpond
differently to ortiaqgn f t substrate that regeive,a radiation dose
giea Ry Bkt Veon Cod il 6ol e PERTIAELT bRk

bel ow the d t rocess, areas of the

substrate t BRinchBGBIpYEVide a badiobigaiTicdageloakeyatidtha ihtineighol d are protected
frometching by a | ayer of developed resist. However, in the post-exposure

devel o881, t he Iporactiemdheradiafine deasatdhe edags of apeltos faatvErddost neh dose
bel ow the tQBI%;%h? lcﬂmﬁég S0y eg?ve?lnﬂiaximum dose to zero dose even if the

individually controllable elements are set to provide the maximum radiation
intensity on one side of the feature boundary and the minimum radiation
intensity on the other side. Instead, due to diffractive effects, the level of the
radiation dose drops off across a transition zone. The position of the boundary
of the pattern feature ultimately formed by the developed resist is determined
by the position at which the received dose drops below the radiation dosc
threshold. The profile of the drop-off of radiation dose across the transition
zone, and hence the precise position of the pattern feature boundary, can be
controlled more precisely by setting the individually controllable elements that
provide radiation to points on the substrate that are on or near the pattern
feature boundary. These can be not only to maximum or minimum infensity
levels, but also to intensity levels between the maximum and minimum
intensity levels. This is commonly referred to as “grayscaling.”

[0099] Grayscaling provides greater control of the position of the pattern
feature boundaries than is possible in a lithography system in which the

radiation intensity provided to the substrate by a given individually



therefore those areas are not protected frometching. Accordingly, a
desired pattern can be etched. In particular, the individually
controllable elenents in the patterning device are set such that the
radiation that is transmtted to an aea on the substrate within a pattern
feature is at a sufficiently high intensity that the area receives a dose

f di ati : [ th .. Th i ni
o eae on e euRLr e aR Bl AE SR a e Abet e o AR S4B oy esol

by setting thel coiniespondieg AtldisyBduatdsy 4eanandl hahkie, val@rentksstt o provide
a zero or significantly Jower radiation intensity. [0089] In practice, the
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across the t it zgne, and hence the precis osition of the pattern
feature bourtary B hrel MTspithe; Mo eiundl sRechadho Rl waidpfatine
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substrate that are on or near the pattern feature boundary. These can be

not only to d9akieElm I Bemipimicriened thy subsined weeiling atadaitivo dost ensi ty

roferred to g0 TR FOHT Qs B borEene gt control
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| i t hography syst in ich the radiation intensity provided to the
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3, at least 4 radiation intensity values, at radiation intensity
val ues, at Isaser. 16.ceerdirady, amaysatlons bdry by alseresg patvideeastdidon dagh at i on
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val ues radiation dose profile can have at least 2 desired dose levels, at least 3 desired

radiation dose levels, at least 4 desired radiation dose levels, at least 6 desired

radiation dose levels or at least 8 desired radiation dose levels.

[0092] It should further be appreciated that the radiation dose profile can be
controlled by methods other than by merely controlling the intensity of the
radiation received at each point on the substrate, as described above. For
example, the radiation dose reccived by each point on the substrate can
alternatively or additionally be controlled by controlling the duration of the
exposure of the point. As a further example, each point on the substrate can
potentially receive radiation in a plurality of successive exposures. The
radiation dose received by each point can, therefore, be alternatively or
additionally controlled by exposing the point using a sclected subset of the
plurality of successive exposures.

[0093] Figure 2 depicts an arrangement of the apparatus according to the
present invention that can be used, e.g, in the manufacture of flat panel

displays. Components corresponding to those shown in Figure 1 are depicted



can be projected onto the substrate. [0091] It should be appreciated that
grayscaling can be used for additional or alternative purposes to that
descri bed above. For exanple, the processing of the substrate after the
exposure can he tuned, such that ther@are nore than two potential
responses of regions of the substrate, dependent on received radiation
dose | evel . vhdr thexamplreferedcpoumnbais. oflss, e shibstdeatptions ef en@riaug adi at i on
dose below a first threshold responds in a first manner; a portion of the

substrate CBOSFURHE £ #adict fes gaBgoes Phéhe prstratcn s ROMtErsbut bel ow a
second t hr ashiel dné RADRNAS bLdh Br RRGARA, (BRI, BfididpRortion of the

substrate receiving a radiation dose above t cond t hreshol d responds

in a tipwidd] manneks shoeondilighrg, 2,gthaysoaicting sgstambBS uiselddéo apseawi de a
radi ation dose profile across the substrate_ havi re than two desired
dose | evel s SXRHIEES ?l‘_a‘f‘i@?flsﬁﬁé‘_@o gﬁﬂé‘ﬁblr]e @aﬁ“ﬁgféﬁgﬁgﬁééﬁsa&”@g Yred dose
level s, at Lgagl Be ARALLEM ralRHLRLESR FIAREOLEYVE S oudt al %?e?{urélindﬁls' red

radi ati on dose levels, at |least 6 desired radiation dose |evels or at
| east 8 desipatire athiratiSonAdbsthet danel AL qa0082]ochted shabit apénurehefhde

appreciated that the radiati,on dose profile capn be controlled by nethods
ot her than b%%@?e?@?’%g%?lbfj1\’ic%3taﬁg i ﬁ‘lcélﬁegji ?%Hﬁf&‘efcﬁgpgpﬁg’?af?igor?y recei ved
at each poi Atjdognd)he substrate, as described above. For exanple, the

radi ati on dose received by each point on the substrate can alternatively
or add{®9hal | y B&eqopestin sgtayy Péotirthel pomprisehanduraat ¢folenss Mhd  exposure
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potential ly ' recerve ra ) plarality of successive exposures. The

radi ati on dogentodatiade dadiyriceadbapoBnteot@shontivgr ef @ne, obenakbter aati vel y or
additionally cantroll ed by exposing. the point using a_selected subset of

the plural idviggalyyedodaile eé@(%gg Hptc paeunps dpyae £ naepiheeughan
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be used, e.g., Int 6ane onents
cor r espondi thg respettiasgorshowfithiermé&didateé rddiaion bepi B ted patht whii¢hhlidshe same

et erence nuTH AL S0, i 00y descr Bl ns ol U various
contrast  d@uiseBstrdid®v MeAvilt Biealipanied bl onSt&ght 1ERBRLPRPPI | cabl e.
illustrated array of lenses 14 are shown, the array of lenses can comprise many
thousands of lenses (the same is true of the array of individually controllable
elements used as the patterning device PD).

[6096] Figure 3 illustrates schematically how a pattern on a substrate W is
generated using the system of Figure 2, according to one embodiment of the
present invention. The filled in circles represent the array of spots S projected
onto the substrate W by the array of lenses MLA in the projection system PS.
The substrate W is moved relative to the projection system PS in the Y
direction as a series of exposures are exposed on the substrate W. The open
circles represent spot exposures SE that have previously been exposed on the
substrate W. As shown, each spot projected onto the substrate by the array of
lenses within the projection system PS exposes a row R of spot exposures on
the substrate W. The complete pattern for the substrate is generated by the
sum of all the rows R of spot exposures SE exposed by each of the spots S.
Such an arrangement is commonly referred to as “pixel grid imaging,”

discussed above.



[0094] As shown in Figure 2, the projection systemPS includes a beam
expander, which conprises two lenses LI, L2. The first lens LI is arranged
to receive the nodul ated radi ati on beam B and focus it through an aperture
in an aperture stop AS. A further leng AL can be |ocated in the aperture.
The radiation beam B then diverges and is focused by the second |lens L2

(e.g., jeld | o), L fyrther conprises an
array o@oﬁzrnses l\/ﬁ%ﬁa g? fg%ﬁggé tgggﬁr@ég{l\%g;a!{nﬁ}e?Sé@?%éﬁ%@%ﬁ%lﬁ&3 é‘%&é’ adi ati on
B. Diff er ent0 pdathican sheofubsttdie Wititle bddes d f tiadiubitiannli paald, to gay Xespondi ng to

one or nore gf .the indiyidually contirol|able elenments in the patterning
device PD, pas¥rg PBﬂgthYl}Se§pg G ¥ tgts WBeefie pewlae NLMoNed He Beray of

| enses MLA. ﬁgﬁhn% Qﬂ@cg‘i&_pl@%sYréi%@?(?@ZQg% ir%’cﬁat%r L AN 0f p%ékeo%}d | at ed

radi ati on beam B to a point whic e substrate I'n"this way an
array of raddiffeiconagpoeStis fubseatpodedebynsltowinhehs whtte attetite tof bwi | | be

appreci ated that, ,although only eight |lenses of the illustr d array of
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lenses (the adrel 0P Sattihtl@ Hf at MOssT Ay nffst | Ndk i dbaldey .capte @hsahy e

el ements used as the patterning device PD). [0096] Figure 3 illustrates
schemat i cal IToHdW 0, platiostr h0%h oa as uist PAe Wiiesnatiyehye Hat sla8iingt t he system
of Figure 2,16&?;5%94 ng to one enbodi ment of the present invention. The
filled in circles represent the array of spots S projected onto the

substr 0@98)V by t Mégarrayoat stieRsesal ko Bn bi@eMT0bacd Ei%gla§f}é§b§fﬂté°5- The
substrate Wis noved relative to the projection systemPS in the Y
direction as”at®ePf e¥Pefcdelpdsines sate Uskigos advrehin A otibdt eregieesWW The open

circles repr, - LT e .previ ous e xposed on
the substr é!tg %ﬁ%&zggg%g%\/\ln%?&lggcgﬁOf?gggpp%%%?gg&éﬁhb\rf\}fgﬂat%%m E gsho(r%‘ﬁfe by the
array of | engesrrawst$h of thidatipnopests an psythicahbPE saxpasasempin@ynk of spot

exposures on, the substrate W The conplete pattern for the substrate is
gener at ed b)?h?‘ﬁ‘g" aggnEegrin e rPH’érhlo&gn% %%S@%PO%QpS%Qﬁ%’éatSE’ &4Posed by
each of theyspatscde of%H@Bn-gﬁoﬁfardgd}{%[&gg% _}!}3.@.,(§MQE3€FII%[§£%5%§§F} as "pixel

grid imging," discussed above. 't" can een’t the array

of radi ati oRvepPs inghescamizndiecctan Whwihghe edge of the adjacent array of
radiation spots. In one example, the optical engines are arranged in at least 3
rows, for instance 4 rows or 5 rows. In this way, a band of radiation extends
across the width of the substrate W, allowing exposure of the entire substrate
to be performed in a single scan. It will be appreciated that any suitable
number of optical engines can be used. In one example, the number of optical
engines is at least 1, at least 2, at least 4, at least 8, at least 10, at least 12, at
least 14, or at least 17. Alternatively, the number of optical engines is less
than 40, less than 30 or less than 20.

[0099] Each optical engine can comprise a separate illumination system 1L,
patterning device PD and projection system PS as described above. It is to be
appreciated, however, that two or more optical engines can share at least a part
of one or more of the illumination system, patterning device and projection
systemn.

[001090] Figure 5 depicts an arrangement in which a variable attenuator can be
uscd as part of a radiation dose control system within a lithographic apparatus.
As shown, a beam of radiation 10, is provided by, for example, an illumination

system 11. The beam of radiation passes through a partial reflector 12, which



O relative to the substrate W(the edges of the substrate lie parallel to
the X and Y directions). This is done so that when the substrate is noved
in the scanning direction (the Y-direction), each radiation spot will pass
over a different area of the substrate, thereby allowi ng the entire
substrate to be covered by the array of radiation spots 15. The angle O
can be at nggtmiiheahajofiBsf thdbeadt ofRFliathn t8lpasiastthSvarddbld®&dudtor at  nost
0.5, at nost 0.25, at nost 0.10, at nost 0.05, or at nost 0.01.
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| east 4, at |least, 8 at l.east .10, at | t at . ,least 14, or at |east
177N er nat o §he PREN R RGPIEY e Tang e gie FERL LD, | cos
than 30 or hegfatddany ¥ al@RBAte FaEOBSAEASISADHBR 163 ACSOMMH6r & separat e
illumnation systemlIL, patterning device PD and projection systemPS as
descri bed abéveubspquengytpgsise to dppresiatdedol Hewkiegraphigaappawdisoindror e

opti cal engines.ca e_at part f one,.or f

Pl nat ok e ket eed ndEha, BoAL ! of B PN, Sefist o010

Fi gure 5 depleieatsally. arrangenent in which a variable attenuator can he used

as part_of a radiatjon daose control_ systemw thin a |ithographic apparatus.
As shollf10H peamdsrditcagicdtataye, 1ioe radiptign Sorgernty sYFign ek drprangesn
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reflector 12,
unattenuated and provides the large majority of the radiation dose required.

The radiation detector 14 determines the energy within that first pulse and the
dose controller 15 determines the energy required in the subsequent correction
pulse. The controller 15 sets the variable attenuator 13 such that its level of
transmission is at the requisite level to aftenuate the subsequent pulse of
radiation to the required level. If required, this process can be repeated for
additional correction pulses.

[¢0102] It should be appreciated that variations of the arrangement depicted in
Figure 5 can be used. For example, the dose control system can be provided
prior to the illumination system, e.g., between the radiation source and the
illumination system that conditions the beam of radiation. In addition, the
radiation detector 14 and the partial reflector 12 can be arranged to determine
the energy within a pulse of radiation after it has been attenuated by the
variable attenuator 13 {e.g., the partial reflector can be arranged to divert a
portion of the beam of radiation 16 that is output from the variable attenuator

to the radiation detector 14). Such an arrangement may be better able to



25 pernits the mpjority of the beamof radiation to pass to the variable
attenuator 13, but which diverts a portion of the beam of radiation to a
radi ation detector 14. As discussed above, the illum nation system
provides a pul sed beam of radiation 1}y and the detector 14 is configured
to determine the energy within each pulse of radiation. It wll be

appreci at ed 4. || al i brate such .t hat .fromthe
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transmtted to the varjable attenuator 13. A dose controller IS provide
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above, the radiation dose control system can be ar angedn such that a first
pul se of radhapiohluptsated anSigintet’ed t hrough the systemlargely unattenuated
and provides the large najority of the radiation dose required. The

radi ati on d ctor determ nes the energy within that first pul se and the
dose contro%@?oﬁ@e‘é‘g& ernmnes the energy required in the subsequent
correction_pulse. The controller 15 sets the variable attenuator 13 such
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shoul d be appiigina? ed Thhatrivkieiaathons @tlutifiea palk dTgRRNcRRIERed in
Figure 5 ca used, . For exa t he dose control system can be provi ded
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addition, the radiation detector 14 an artia f e .
arranged t ootietteataisi g thathee amﬁroglydhytahhntr«ailqulgs(e of ra;jlhatl ont af}ter H h:{agr
been a tedlf the variabl e.attenuator e.g., the partial reflec
can b et[{;lfl:agﬁg ed %elé?r\(?é(r;et ogthe radiation teflacied between the partial reflectors

22,23 affects the level of transmission T of the variable attenuator. If:

{00105] the spacing between the surfaces of the partial reflectors 22, 23 is L
[060106] the reflection coefficient of the partial reflectors 22, 23 is R
[00107] the wavelength of the radiation is A
[60108] and the angle of incidence of the light on the mirror is 0
[100109] then

(1-R)?

21
pod ' th 6 = — 2L. G
1+ R? ~ 2R cos(8) " ( A J cos(t)

[00110} Accordingly, by relative movement of the two partial reflectors 22, 23
of an order of magnitude of the wavelength of the radiation, the level of
transmission of the variable attenuator can be switched between a maximum
and a minimum and to any value in between. Therefore, the actuator system
can be comprised of, for example, one or more piezoelectric actuators that are

capable of adjusting the relative position of the first and second partial



portion of the beamof radiation 16 that is output fromthe variable
attenuator to the radiation detector 14). Such an arrangenent may be
better able to 26 conpensate for any errors in the control of the variable
attenuator 13. It will further be appreciated that the radiati on detector
14 can be a sinple photodiode and the calibration functions and an

i ntegration J,w&%ﬂs 99 DEELS ﬁ{@ﬁyaccﬁrﬁcﬁﬁértﬂé R&ulBE rdn@t BF nRREREN: Wit hin a

pul se of radiation (rather an sinply the ‘intensity of the radiation at a
given tinme wuidkiy the pul se) can be provided by the dose controller 15. It
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attenuator Z0 according to the first enbodi ment of the present invention

for control lofile padial retleniors I dfor diglesmies of RadicatanemiBion-seheration i abl e
attenuator incluydes a pair,of partial reflectors.2 The tial
Fefeotors $3versiards IR shie SpRpuf ek RS ofle Rl BR 2

di stance apdr forfa 9mIRAcHaDIROvenldi oFeRapatibtoRilesioSoIl, 26| beidedaylla system

of actuators 24 that are controlled by a controller 25. [00104

| nt er f er encéngseasinigethe sensittvior it leveltd drapenission Tt weopitiep icars eithect or s
22,23 affec e tr .S S n) t he_ vard ahl enuator. |f.
[00105] ¢ ho SRR nbT it (Rl RIRELORERar of e Bt R AReB B oR e O ' 23
is L [00106hrittie attefikaert thancapeddin dowat mofintune lpatst ofadransefibeet ars 22, 23
is R[00107] the wavel ength of the radiation is 2c¢ [q(ﬂo 08]{1 and .t he angl e of
i nci dence oflhihés imgRttagnbemrsenitier pvarsths mugego) ey ganspussion R) with 6
= 27u 2 L C‘aﬁ%]igﬁble]o'fﬁgé R4 Blentihvol, thQ%Ma@c]r RS GRLIdIRGhLYy oPMeltBlapt i Ve
novenent of the two partral reflectors 22, 23 of an order of magnitude of
t he wavel engbte afratdiagon adivatedon, the | evel of transm ssion of the variable

SR T TR ST N BT R SR
this case, the partial reflectors are arranged such that the beam of radiation is
incident on the partial reflectors at a small angle 8. An advantage of directing
the beam of radiation onto the partial reflectors at a small angle 1s that
radiation reflected by the partiai reflectors is not returned to the radiation
source. The angle of incidence 0 is selected to be sufficient to prevent such
back reflections or reduce them to an allowable level. However, as the angle
of incidence 8 increases, the sensitivity of the level of transmission of the
variable attenuator to variations in the relative angle of the two partial
reflectors (which should ideally be perfectly parallel) increases. In addition,
the attainable contrast of the variable attenuator can be reduced because the
beam of radiation does not precisely interfere with itself but with a slightly
shifted copy. Both of these effects can be reduced by minimizing the angle of
incidence 6 and by minimizing the separation L.

[00113] Accurate control of the relative position of the two partial reflectors 1s
essential to provide accurate control of the level of transmission of the variable
attenuator. Accordingly, the controller 25 can include a memory 26 that stores
calibration data, for example relating to the achieved level of transmission of
the variable attenuator to the control signals provided to the actuator system

24,



can be conprised of, for exanple, one or nore piezoelectric actuators that
are capable of adjusting the relative position of the first and second
partial 27 reflectors 22, 23 to a high accuracy over the required range of
novenent very quickly. [00111] In genggal, the range of val ues of the

| evel of transm ssion that can be generated by the variable attenuator is
determ ned by the reflection coefficient of the partial reflectors R For
hi gh val ues &fbBdiridag 2t ransm ssi on-separation curve becones very sharp
enabling | arger changes in the |evel of transnission T for a smaller

rel ativeygrpyenent t refl ect 3, but eq aIIy i ncreasi ng
t he seng ti v]?ty OF%UH; Q%C@Q{S aln% “5%2?}}% Og Val” ?}&’I‘Jﬁﬁ%ﬁ 2P¢OPd of the

mrrors. H gerebodiaenest thé ptd@&t@@@‘n’hb@l EAE s@bnd @%bﬁhﬂ%ﬁéﬂ'{ %oxf%sﬁ!n ggesul ts in
a variable ?ﬁﬁ%nuat or,.that can attain |lower mninmmleve transm ssi on

T. Thisis shemiodiaent ps slepigted) ig iagurené amil i humdllff’smeh thé camtmibsni ssi on

attai nabl e byr theecMatdr-ablef 0 ter t | accuracy of

the total dose of radi tlgnﬁiﬁg#%e@llt%g&%ﬁ%ﬁcwg %fn@ﬁé’aﬁlﬁarl ation

of the arrang8psnts Wepict hdthmczﬁb,gpldiﬁicﬁl sdmBorst 30 GreCds to th@s@ardé al

reflectors arg.arranged gﬁ’lﬁ t hat aiehe beam of radiation is incident on the
I

partial refl e%%lg? 8OUHOR, 0% 151170 DAk iag rpleclags %@éntﬂ@@%ﬂlodlscma g, the beam
of radiati orfopBianpibebdasdaive rs%Mo‘?sCt ?Fé g@gltlgn sERb! 33“@%{13} :1%{?%{@% t he

radi ati on refl ected bythe parti al tors i's not
radi ati on S8uPlydo m’%ed%tﬁgﬁn@smfeimnmﬂéasepzﬁatlcm Eekeedeadhd oulbeesuyfficient to
prevent such;, reduce themto an all owable |evel.

flect
However, as Th ﬁ%al jedlectgs ?%@d%%%ﬁ%?@é&%@ of feo @éﬁ@m Pesitign of t he

| evel of tr aM§S: @1!0 Qfecdzh@s ¥BIIAR] &l € MMAL DSt VeOa i n the
relative ang}Ilr of the two parltl al reflectors V\:hi gh %’e.&g?]

perfectly pardfqeel YSeepgingdsdbe comiradldud $ inoy, nottolnly aatjualthtaiﬂpera&omuj ast of t he
vari abl e at d radi ation does not
precisely i Tﬁ)tF EeHr‘E faﬁea?[réa \(/\r\/|é‘{tcil?1°1?§rfs 321 ?u?b ?r% ?hcogtrgr?’ﬁﬁﬁnﬁmlsé‘rﬂ“fl?\éﬁ‘él ot8y. Both of

t hese effecwgldﬁma%@wm,umaab)a}smda:lnfrblzthfagactda&n@aglheorﬁér to'a’&ﬁls@'ﬁ{%ce 0 and by
mnimzing thﬁ se% gl on L. [00113] Accurate control of the relative

posi tion of "THEC WEpRFIesE theopatial wilscipes 3?es3s3enmpa1vmg; for exdngge,accur at e

control of fReudifyelityobt MeARSHsRS IO adilfor aL1LEPLE, output beam of
radiation 37,

[060115] The controller 35 can be provided with a feedback system such that,

for example, it determines a desired relative position of the partial reflectors

32, 33 in order to provide a given level of transmission of the variable

attenuator, determines a difference between the desired relative position and a

measured relative position provided by the position sensors 36, and provides

the control signals to the actuator system 34 necessary to reduce the

difference. Such an arrangement can require less calibration in order to

provide accurate transmission control despite mechanical and thermal drifts of

the components and hysteresis and creep of the piezoelectric actuator systerm.

Embodiment 3

[00116] Figure 9a depicts a third embodiment of the present invention. Again,
the variable attenuator 40 of the third embodiment operates on the same
principle as the first and second embodiments, but differs in the control of the

relative position of the two partial reflectors 42, 43. In this case, a second



attenuator. Accordingly, the controller 25 can include a nenory 26 that
stores calibration data, for exanple relating to the achieved | evel of
transm ssion of the variable attenuator to the control signals provided to
t he actuator system 24. 28 Enbodine?b 2 [001141 Figure 8 depicts an
arrangenment of the variable attenuatof”of a second enbodinent of the

present inv ntlon e.second enb d orrespon to he, first

P hodiment  SemoRt LB IS e dgEn FL R TRt 420 ARt r ol of
the actuat ordlﬁafréﬁteéﬂ@élop%ﬁ%eh@e@@maﬁ @k tﬁ&gearn%mdfﬁnﬁ%t tHa@s &f bd he parti al
reflectors 32, 33. I'n this case pOS|t|on sensors 36 are used to neasure

the relati v:eni;n@islﬁdt i Bre ssbondee jpdiatipmttoiedlbeetionsted by tB@varfaide posi ti on
sensors can, ., for exa be aci.tive sensors ition sensor 36
oo e ar raagetihor AATBiSa s ARBSE BT e SRR aeud ol AP S e R

bet ween t he el @GRS 200n 46 b Beplovaled t5Td @RS 88 $ds pddratddoNBYR of DY
provision of two or nore position sensors, it also becones possible to

measur e t he radifiian e dadifascrb evaedengthdrons (he axaslonadc of dhadiopm phe
control | er 3%15@%1 ?l(r)] b dA%tr%Hé(ysﬂ[k%\gf&e,t 1‘?\8@?{&&&%%*@ f?x %nlﬂg 11ﬁgﬁs§t'yt he

reflectors er to co ransm ssi on [ eve

vari abl e at agauat erdctfwl r€RtnsAbsbablgntvbold hie acdcualingly3bedansonkier to
adj ust the relative angle between the partial ref|ectors 32, 33
i nprovi ng, FHNISREH @r & HELAHAN PBYISE ¢ f@f thenwopiet Bepar 0§ rasHatine®d adi at i on

across the t%ﬁ:t F}E’l;atlp , iff %q}l aEc': grﬁ ?r%tg(% }QQ?:%&thJ%rﬁQl%t LA 8035 can be

provi ded wi system su exanple, it determnes a
desired rel a\ﬂtemmnprehyl, thea'radmfiom beurpass icah be efdvectomsernd2p tB3varmbde der to
provi de a glven | ev of transm ssion of the yariable attenuator,

det er mi nes AUEHUFBr Eh@dpevBEH PHhEeXGEE fod HEOgEPHE BRSOl BHY a

measur ed rekakiv@eRAshLIE AR i d QIO RS RQSHid AMiaAEN a8kS:347 iand
provides the control signals to the actuator system 34 necessary to reduce

the differemtfegurgled @rﬁcartineamg@mtmofcéw raéqmoneOﬂ é‘@sse@and theami on i n or der
ri fEs of - ERETEEoRAeE My Retray & g b dsiEiotHe B 88 ectric
actuat or sysh@ible afefR@h: Mteolingly, the controller 45 can directly determine the

level of transmission of the variable attenuator to the second beam of radiation

46.

[00117] It should be appreciated that if the accuracy of the control of the

intensity of the second beam of radiation is not sufficiently high, a second

radiation detector can be provided in association with a partial reflector prior

to the second beam of radiation 46 paésing through the partial reflectors 42,

43, This can be done so that a comparison can be made of measured intensity

values before and after the second beam of radiation is attenuated by the

variable attenuator. The controller 45 can subsequently determine, from the

level of transmission of the variable attenuator to the second beam of radiation

46, the level of transmission of the variable attenuator to the beam of radiation

41 to be controlled. This determination can be based on a calculation using

the known wavelengths of the two beams of radiation and the angles of

incidence of each on the partial reflectors 42, 43 or can be based on calibration

data.

[00118] As shown in Figure 9b, the detector unit can comprise a partial
reflector 49 that divides the second beam of radiation 46 to a first path that



[ 001161 Figure 9a depicts a third enbodi nent of the present invention.
Again, the variable attenuator 40 of the third enbodi mnent operates on the
same principle as the first and second enbodi nents, but differs in the
control of the relative position of the two partial reflectors 42, 43. In
this case, a second 29 beam of radiatfon 46 is passed t hrough the parti al
reflectors 42, 43 at a different angle of incidence to that of the beam of

radi ati on 41#45at0 ?SP}IO&)%‘@C eonkor grpdle, the Beewrs ieameoity adfiithei on 46 is
al so att enue}%@i‘étipﬁl, éﬁﬂe%W%ql For @)@& jHahof 1?1693%9 sZﬁﬂqu%grﬁgﬁ}t{é%f'tﬂg pected by

a radiation detector 4 e secon gam of radiati on can be” provi ded
by a sour ce iA8nsihatf the neliaiceacasberncaind beath dtridintiat 4@ Mdiedok@nghi

wavel ength fromth .\gav | engt h of the beaw of radiation 41 tqo be
control I ed. tfl? Eb%og@, eisﬁ FRSGRSY dpfeaingd t rensdlireo i the ealdatiop, froand f or
practical reagenshdtahafley 4%5%%&11@%}%\?%1% Itr)ﬂnsn?i@ﬁ%'ljsfgveﬁ e the

requirements for the radiation source 48 fo e second beam of radiation

46 are rel arfieliatieovton ande ascopdinglyuntedend ¢dmitm! tipealsas itabheauabt enuat or .
Al ternativel t he radiatjon source can be_nounted external to the
vari abl e a_tsht_‘ﬁlﬁa%otlp_a &PS% %‘ﬁ&e%aé_ Ioé‘\féfﬁg%ﬁaré‘ﬁ ‘@ﬂﬁ%ﬁ’mt‘@’ éil FREGTHPNI ¢

appar at us Wii# Bider t&\lgt&vffdébﬁeq\dﬁ{éd BREE. PLARMHAM G, InSaddiRfh, uld'cepyscase, the
radi ati on detector 47 is configured to detect the intensity of the

radi ati on offad.h@oxeslondy. pearide measadingnisorf e wiifoenity tofths rivbietiorat t enuat ed
by the parti . , f.th vari abl.e attenuator,. Accordingly,
the control Iagrlr%él@gécgtr%ctog:é?beecﬁl ?/f@éﬁaeqoﬁi %% fiay Wity dhe 8?151{(?? hsi €% on of the
variabl e at tleruaierconectihi hacandldigamaot ¢ agiuat theRelathbe ad@9dtdle It shoul d
be appreci at ed. ih%f if the accuracy of the control of the intensity of the
second beamP&fiat Feliestqro2i 43 Moerdsnfte ingifatn reringformiy sddbndrdiztingi at i on

det ect or cap;: ! i hat:l L ialk refl prior to
t he second glesgﬁj%i;ogrgg?r%t P%ﬁﬁ%@%@?ﬁg%%@%&OB?EQ&%&P%iﬁ& ‘?a(r%}eag[eectors 42,
43. Thi s canttgmatteone so that a conpari son can be nmade of neasured intensity
val ues before and after the second beamof radiation is attenuated by the
vari abl e attenugtor. The controller 45 can subsequently determ ne, fromthe
| evel of tr ﬁ?ﬁg%‘?%ﬁ of the variable attenuator to the second beam of

radiation 46, the level of transmi ssion of the variable attenuator to the
beam of 00 3% at i ofigure 10 depicts a variable aftenuator 60 according to a fourth

embodiment of the present invention. In this embodiment, the beam of
radiation 61 to be controlled is divided into first and second beam paths 62, 63
by a partial reflector 64. The first and second beam paths 62, 63 arc
recombined by a second partial reflector 65 to provide the output beam of
radiation 66. The first and second beam paths 62, 63 are recombined at the
second partial reflector 65 in such a way that they interfere. A reflector 67,
mounted on an actuator system 68 is provided which, by suitable movements
of the reflector 67, adjusts the length of the first radiation beam path 62. By
adjusting the Iength of the first path length 62, the radiation from the first and
second radiation beam paths 62, 63 either constructively or destructively
interferes, or somewhere between the two. Accordingly, the intensity of the
output beam of radiation 66 can be controlled. A radiation beam dump 69 can
be provided to absorb the radiation rejected by the variable attenuator 60.
[00120] This arrangement allows for adjusting the mirror to provide a

difference in the path lengths of the first and second radiation beam paths 62,

03 to be an integer multiple of the wavelength of the radiation plus one half of



41 to be controlled. This determ nation can be based on a cal cul ati on using
t he known wavel engths of the two beans of radiation and the angl es of

i nci dence of each on the partial reflectors 42, 43 or can be based on
calibration data. [00118] As shown inR;Figure 9b, the detector unit can
conprise a partial reflector 49 that divides the second beam of radiation

measur os. bt Reeneth ot mafRpR i Ref JPSTeRib R Bt Wy TR o "hat

nmeasur es t hefunhéoistivhbfehe Vdrtibld ate@ifbt ¥ @E rdidigidmdTiat iOhecageqrs t he
second beam of radiation 46. Accordingly, the photodi ode 50 can quickly

determine t Hedipterefigm Yedpormdiationibean saths OLofd dasirushvelbidnisdptcs of 'er 45 can
determ ne the, Qéégﬁ@h%rtitaf ?é?l%ﬂo? 8507 lisei\éeifesi?z&ﬂé E'gq[au e?%% %Pslcﬁss?& LgQuator and,

accordingly, can se control signalsto e actua system 44’ t o adj ust
t he separ at it mofhirhing paet iodl tramsfdigtinoasaiddsle 43; ths VaeeEisSatenuatot N order to

provide a required qu\%l of transmission.  In addition, the CCD 51 can,
more sl ow y defsFBincaéhaind icawsnt ¢f Bre dore thikiis Biordey hyra radiatioadioss i on
across the r.adi.aftl 16, f - Whiy .45 can
det erm ne c%?%@?ﬁygﬁg{qnﬁg?wg%oﬁ%lg%&%&ééﬂﬁ&gﬁﬁﬁg%aﬁggg gf g% !n\%c angl e of
the parti alcoreftiomgtubses. 42, 43 in order to nmaintain the uniformty of the

radi ati istribution of the heam of radjati on 41 being controlled by the
var i anl@V2f cnaRE R S HE A S BEIBTISR GPa® ToTREpEr S Nr | abl &

attenuat or GQUAGEOT FhdhladtPatérsi 4 Eﬁﬁhbl@é@&@bﬁ?@% 288 8 PIBRERE thavention.
In this enmbodi nent, the beamof radiation 61 to be controlled is divided

into first andtisecdtie ts8apopaf hyeGthe re@uirddyranggpaf moatmesf bgctodith®4. The

first and secpnd.beam paths.62, 63 ar copbi ned by a second parti al

ef Tector o8 B5Rberanrnar O whveSlelhe bR PR 5F SR TR RS ang
second beamygrbhtheGath BagR By heGaRbivaceeddth tdfehe SN R@kkiddle g ef | ector 65
in such a way that they interfere. Areflector 67, nounted on an actuator

syst em 68 i §Opr BvERED WheRmY OSPEBPe. AbRaREHes copespondingdd et or 67,
adj usts the,l _ iL.St disat | { jAusting the
| ength of t t%sqt% %brsa fl &tﬁ)ealit ﬁ?ﬁcééﬁsé@ ﬁb(g‘%,’ Iﬂfehéé)%lﬂggglgﬂ g%‘ ’P’F lglﬁqe taﬁéel??&sﬁ and

that stores calibration data relating the control signals provided to the actuator

system 68 to the [evel of transmission of the variable attenuator 60 to the beam

of radiation 61.

Embodiment 5

[00122] Figure 11 depicts a variable aftenuator 80 according to a fifth
embodiment of the present invention. The fifth embodiment corresponds to
the fourth embodiment discussed above, e.g., in which the input beam of
radiation 81, is divided by a first partial reflector 84 into first and second
radiation beam paths 82, 83 before being recombined by a second partial
reflector 85 to provide an output beam of radiation 86. As with the fourth
embodiment, the path length of the first radiation beam path 82 is adjusted, for
example, by means of a reflector 87, which is actuated by an actuator system
88. The difference between the fourth and the fifth embodiments lies in the
arrangement for controlling the variable attenuator.

[00123] In a similar arrangement to the third embodiment, a second beam of
radiation 91 is directed through the variable attenuator 80 and inspected by a

radiation detector 92. Accordingly, a direct measurement can be made of the



second radi ati on beam paths 62, 63 either constructively or destructively
interferes, or sonmewhere between the two. Accordingly, the intensity of the
out put beam of radiation 66 can be controlled. A radiation beam dunp 69 can
be provided to absorb the radiation rejected by the variable attenuator 60.
[00120] This arrangenent allows for ad#usti ng the mrror to provide a
difference ip the path |lengths of the first and second radi ati on beam pat hs
62, 63 to b&VErPlitrnagissiopal theprasiable attaeuaeiv edsenigh theghird kmbpdidicat,i on pl us

one half of 3l...L,hg I - radiation, Thus, it is.possible to
attain a very_?cgw I gy/‘%ié? 0%?9{3 E éoﬁé(irr%dggi 13%68%?@800\}1 :]30 ﬁ%ftréfhtagﬁ’ﬂéﬁor to the
radi ation. This tbst irégadisetddtiroughdieatarablefsemdhiautnat adiiapiiandbeam pat hs
62, 63 destructiv.elé.i glterferes at the second partial reflector 65. This
i's desirabl OHBUANCHIILAEVHF SAURSAGURRY €OMPUES i ni num | evel of

transm aipy attappabb@nbynd B&o¥ard o r..determmnes the final
accurac[? o?ﬂt he dose thgt 'S proovi cfggJ ggqg&g@ﬂfgﬁi%aﬁl ?(%Is%gv ﬂg% P8I system
in which a nailiatipulbsengfatl adiletriadiatios bbah| Aweddyoradedr HBKE ca§Qr rection
pul ses. [001211 The .agtuator system 68 can be conprised of one or nore

pi ezoel ectr irgﬁ_e’%{%l‘tsf?gt g% §re gﬁ&ﬁ}éié‘f Htodree gﬁeéeﬁ%ﬂahﬁ’la@ dffragietion 4l dpy and

rapi di'y adj usé kitBaridiebe 0Bl AMnObokileo AlLAGE 81 B hOUR: iR hEqyi T ed T ange
of novenent, e.g., of the order of one quarter of the wavelength of the

beam of r adi%&feenitifforrtbepathoo! tiej wgputt branpaf hadiaitgt 86.byAhaistudshe
wavel engt h radiatjon, e.g.,. fro 1 nj mum to maxi num
t r ansni gsi o%ﬁooﬁaga@%gﬁ%nggr Fgggerggfb%ﬁd&r%eg&radx@&@ 5% rf?}rsf{ﬁe %‘??BB%P%‘F]P di scussed

above, the caditti@! Ear/Be paRidenclitde it PRIMIYathuatbhat e:8bALES €8} 1 bration
data rel ati ng?the control. signals provided to the actuator system®68 to

the |evel of "t} SHEMASK dHITGEIPRE appatams withintwridatior vabtecttensatbeam  of
radi ation 61, d&pbodi ment 5 [001221 Figure Il depicts a variable attenuator
80 according to a fifth enbodiment of the present invention. The fifth
enbodi MH25Eor r edpomgiscasg ift heiffount vaectbodh nEntddiiseUssedd abovgs €.9., in
ot oct or BaTHor G redloa dicnhat il S ok HSearm agheoB 1 Baber or e
bei ng reconbbmedicayhd re8&ead 9Basd Lald to insert and extract the second beam of

radiation 91 can be selected such that they reflect radiation of the wavelength

of the second beam of radiation 91 but transmit radiation of the wavelength of

the beam of radiation to be controlled 81. Accordingly, the second beam of

radiation can be introduced into and extracted from the beam path of the beam

of radiation to be controlled 81 without interfering with it.

{00126] In an alternative arrangement, the reflectors 93, 94 used to introduce

and extract the second beam of radiation 91 from the beam path of the beam of

radiation 81 to be controlied can be polarizing beam splitters. The beam of

radiation to be controlled 81 and the second beam of radiation 91 can be

orthogonally polarized at the appropriate orientations.

[00127] As a further alternative, the second beam of radiation 91 may not

precisely follow the beam path of the beam of radiation to be controlled 81,

but follow a paralle] path (for example displaced into or out of the plane of

Figure 11). The changes of the path length for the second beam of radiation

by actuating the reflector 87 are the same as the changes in the path length for

the beam of radiation to be controlled &1.



reflector 85 to provide an out put beamof radiation 86. As with the fourth
enbodi nent, the path length of the first radiation beampath 82 is

adj usted, for exanple, by neans of a reflector 87, which is actuated by an
actuator system 88. The difference bggmeen the fourth and the fifth

enbodi nents lies in the arrangenent r controlling the variable
attenuator [0012§é In a . simlar arrangenent to the third enbodjnent, a

second ¥ SioNen PO & enfigereddior RYstigR GOREOY &1gPals| 18T 4kt enuat or 80
and i nspect %gtuQﬁ() ) stéxgceig 0 | QReOg) &)%1‘31 t}\%Zpofsf%ﬁ)%chfdt'hQ%lymr &7 Hal

nmeasur enent can the 32 [|eve transm ssi on of tét?e vari abl e
att enuat or. tifss dwetﬂ&dtlhEn’slm of therivesbindermiam of radetvnd Sdedetsta@lr bedine be

provi ded to ,inspe the cond beam of radi tlon 91 or to it being

B Pectod t nOGHIRT Che Tomid SEvarsea e adht Sinrincastd Snkaite "out put
intensity | %Xrﬁ&sc&ﬁ%u%loﬂcﬁyr@é ‘%‘dté’d %”P%ru?éj 9b[ Oﬁ’ll%lhtt&% @hawnmithe second
beam of radiation 91 can follow the sane radiation beampath as the

radi ati on besppdinand, Hshctbait ﬁl@ldee@101|¢alltdﬂt@3tm$@;lly tlef ingarsidy T 913 94 are
provi ded to introduce the sec be radi ati on
beam pat h of“PhE PRSP d6T 8RS BE PiroBat Jherorrbs LRt S race i
from the pak&toh dffite QibREbedg M Ahatioadi1at1haRat8Bsc, ABe BhiieUsSed carabove in
relation to Figure 3, the source of radiation 95 for the second beam of

radi ati on 9becomiguedrddiiiorailyip phovide pratiphsiganls do Hie amarcysien &xt ernal to
it or even. external {8%%]%% Qqr aphic. %pgg 2 &ée enté,ggv%%gﬁ the variable

attenuator 1S use nany case, engt h of
radi ation i st uh(fﬁ@@y%f&e@emd ofeanath. radl atl on fromthat used for the
beam of radiation 81 to be <controlled, the reflectors 93, 94 used to
insert and extract the second beam of radiation 91 can be sel ected such
that they ré&fbedimenddi ati on of the wavel ength of the second beam of
radiation 91 but transmt radiation of the wavelength of the beam of

radi at {290 be Ehatvaﬂdiﬁledtt&matoé\@cfdmﬁimleynbotdheexﬁésomﬂph&dmf@fpairr adi ation

can be intropﬁc into .and extract E‘romthe beam pat h of tg am of
radi ation tB8f H& RIGH BGIPEY BT APPSR PhRss: EAHRSS; Y fpfoiapl uagy In an

al ternative,Qnd 8PYefRNind E&%nﬂ%l%@%xoéﬁan%e h%xn'gsaﬁglﬁréhtyﬂifre‘?(q{g% and
extract the second beamof radiation 91 fromthe beam path of the beam of

striations, and in which a phase shift induced in radiation incident on areas of
the first type is a quarter of a wavelength greater or less than the phase shift
induced in radiation incident on the areas of the second type. As shown in
Figure 124, in a first phase grating 100 this can be provided by having first
area 102 having a thickness t1 and second areas 103 having a smaller
thickness t2. The second grating 101 has a similar structure.

[60130] The two phase gratings are arranged parallel to one another, but at least
one is movably mounted such that the second phase grating can be moved
relative to the first phase grating between a first position, depicted in Figure
12a. In the first position the areas of the first type 102, 104 of the first and
second phase gratings 100, 101 are aligned and the areas of the second type
103, 105 of the first and second phase gratings 100, 101 are aligned, and can
be shifted to a second position, depicted in Figure 12b. In the second posttion,
the areas of the first type 102 of the first phase grating 100 are aligned with the
areas of the second type 105 of the second phase grating 101 and the areas of
the second type 103 of the first phase grating 100 are aligned with the areas of
the first type 104 of the second phase grating 101. Consequently, in the first



radi ation 81 to he controlled can be polarizing beamsplitters. The beam of
radiation to be controlled 81 and the second beam of radiation 91 can be
orthogonal |y polarized at the appropriate orientations. [00127] As a
further alternative, the second beam qf, radiation 91 may not precisely
foll ow the beam path of the beam of radi ation to be controlled 81, but
follow a parall.el r exanpl e displaced into or out of the plane of

h,(fo ( '
Figure 11). H#EQ &Qﬁgé’ég%‘fgﬁ%@ is&fiRctrehgemated and inthe second pbsition 0b r adi at i on
by act uat i ngpie of @bk 8E R nges in.the, path
| ength for g%r?e %eam%of dr?glgléé% ?lgﬁe%ag&b%@g%ﬁtg ?)8%%%2%%%&%%@6{366‘15%1 The
control | er 9Ff the rediafiomyuredotdngienertae dirstopdsitivn $iegraksiskn dtheract uat or

system 88 in der,. t.0 ontgol the posjtion of the mrror 87 based on the
det ect ed int%ﬁéri ‘i%é‘a@%f’nt 8“%}%&%%?”{)@%‘?4 RSt HtRes shmeimdraderndda thy t he

det ect or 92.sebdndnpdshtidverraRMifedAs s Bafer trgﬂﬂat'fogmbdt'hﬂ?drgﬂ P“E g%;ﬁg%ﬁ{mg 2 can have

the sane confjguration as depicted in Figure o the third
embodi ment , dihrhaseeratings geradmiedcan detect not only the intensity of the

d f it t al. h i f 11 ft i nt it f th
oo QRO oAbl R GBARAL Padla i o e dRen Beclne The

control l er atomn 100g0teni bgusRehtadey hidoaalch Y41 9o BIR¥hA6, ?&'ﬂt({f%e signals to
the actuator system 88 in order to adjust the position of the mrror 87 in

order to opPPATENES 100n0d digstiy thiniFadbak 1 ¢2 of “bH& Thibath bF! plagk af i on.
Enbodi nment [ ( tor of the sixth.enbodi nent is
conpri sed o?hda(gtqp;)%iiz?H1 ggp&fxﬁfﬁl%ﬁggag%g%lgﬁéﬁag e PRSI Ht & ‘%H%Sesgr atings

di vi ded i nt ofa phirar ahiitdic ofructarcasigyf ara fhinidal whaihe 86ABE:d/YREng fOr exanpl e

having a pluralit f elongate,  striations, and in which a phase shift
i nduced in ?“L‘Hﬁ"&?ﬁ%&%ﬁ’% ﬁ&ﬂgg’ﬁﬁte%ﬁegp stagratiop.h Hylf-Tatbot phwes srathpuarter of a

el endt St oy b, LA, Dhgs Sl HOMERE Rt o0
first phasetyfalblhgt uB0inehiasd daH-Trbgrspudidgd Bl bepar@uf bdtdten Beea 102
The second Brar iy e0 1 MasT F6 M T SrPUEL es Foneaoanate ehdephase.
gratings arevqifseggeglparallel to one another, but at |east
[00132] Figures 12a-12c show phase gratings 100,101 arranged with the
parallel rear sides of the gratings. This can represent the substrate sides of the
grating (i.e., the non-patterned sides), facing each other and/or in contact with
cach other. However, the phase gratings 100,101 could equally be arranged so
that their faces (patierned sides) face each other or are in contact, or the face of
one grating can be arranged to face the rear or substrate side of the other
grating. In each case, the gratings can be in contact or separated by Talbot or
half-Talbot spacings.
[00133] In one example, the phase grating 100,101 is periodic and areas 102-
105 all have the same width. To facilitate manufacture, the grating period can
be greater than or much greater than the wavelength of the incident radiation.
Also, the illumination can be collimated with a divergence that is less than or
much less than the grating diffraction angle, which is wavelength/period of
grating. It can therefore be convenient to place the attenuator before the
adjuster AD (Figure 1), which increases the illumination divergence.
[60134] In an exemplary embodiment, the positions, s, of the Talbot and half-

Talbot planes are given approximately by the expression s = m p*/A, where s is



one is novably nmounted such that the second phase grating can be noved

relative to the first phase grating between a first position, depicted in
Figure 12a. In the first position the areas of the first type 102, 104 of
the first and second phase gratings §90, 101 are aligned and the areas of
t he second type 103, 105 of the first and second phase gratings 100, 101

are aligned, and ca be shifted to a secopnd position, depicted, in Figure
125, 1t he RECHRE BOBI £/ OEnEUpaaR 1510t HBAHng SETOYED. 1635 oFC (he fir st

phase grati RghtRO A 6 Akicenetankibh ilem Aream@b: he, secopd )t ypg 105 of the
second phase 1gr atrng 101 and the areas of the second type 103 of the first
phase grat i wglueg®@fanercatesgridtl il athott lenes'ssasratibns avk efér galuesypEnl04 of the

d ph ] : tly,.in the first 34 it 1,/2
phase orat KB PR bIPLLEPOLPRS: ddt o Lot A fie LUBBrt BoBTBBoho phase
grating is fi gR@d @herdlthe Rennipsard Repsa8® bPhas gir hbf tTé achibld gestced to all

of the radiation. Accordingly, in the first position the transm ssion of
zero order ey 819 4rhtingigHiouidebe poiivned phlzisebgpaZimgs the Tatbat ni zed and
in the sec st-hi an NS, $Si zer, rder sadi ation through the
conbi nat i on%gfﬁmgl%ﬁa@éﬁ% %ﬂh?ls;g)?%%qu%faxl?r%&z%ap ’T (%lfgﬂl Wt%?tﬁ'}f—ti vely or

addi tional | yubstisitd inhiestl; atichthsi gask fgtietaniple, the kg aphiass wilgbatich@sedl 00, 101 can
be separated by a distance 143 so _that one or both of the phase gratings
100, 101 | i ed pipperiwnty dheysiractveindgx ofiihe fillympistial. 141 plane of  the ot her.

In gen%(ﬂ'%] Tal b%ccglld‘ﬁi“l%g/ %;(g?)%éd ﬂlegig?t% tlﬂetllgl\ﬁiﬂﬁﬁleia@te%i\@t&hl f es of a

pl anar "periodi c struct Ing are Torned when the structure/grating is
i Il um nat edttey s&xtlc aiiodathed bedm pfeseradinatntiom chiapfisckatvaoti/plphaes are the

pl anes hal fway. i n between. The spacin between the pl anes can be referred
to as Tal bog"%‘ﬁﬁﬁilggsy\@ndq%wq 158t gilpalcliznadg.a“?ﬂ%eds@ﬁ%‘lagi’i%ﬁ”ﬁ]et ween t he

phase orat i Bgs ot 0kt S3RLPE1 A A% hPUthst BbFSRHNL pBEAMB AY | ON Of the
two, for exanple. [00132] Figures 12a-12c show phase gPatl ngs 100, 101

arranged wi phasehgatigaralorédr to ertcls tioes bafveth éheghimt mgsecolihipgsitiams r epr esent
Lne SUDeL e 08 02 9 el % PR BB DI ) ol POLTS
100, 101 coulig Radadf yamgniddisadgest sQiatlbatethedisf @aasnérstiwrened sides)
face each other or are in contact, or the face of
minimum level of transmission and a maximum level of transmission. The
actuator system 113 can, for example, be comprised of a plurality of
piezoelectric actuators which are capable of rapidly and accurately controlling
the relative position of the two phase gratings 111, 112. Alternatively, the
actuators can be electromagnetic.
[00136] In order to maintain the attainable levels of contrast, a barrier 116 with
an aperture 117 can be provided that only permits zero order radiation to pass
as the output beam of radiation 118 from the variable attenuator,
[00137] A lens system can be added to help separate the desired zero-order
beam from the other-order beams. Although such an arrangement can add
complexity, it can shorten the distance between grating 112 and stops 116.
[00138] A controller 114 1s provided that generates the control signals
necessary for the actuator system 113. The controller 114 can include a
memory 115 that contains calibration data, relating the control signals to be

provided to the actuator system 113 to the level of transmission of the variable

attenuator 110 to the input beam of radiation 115.



one grating can be arranged to face the rear or substrate side of the other
grating. In each case, the gratings can be in contact or separated by

Tal bot or hal f-Tal bot spacings. [00133] In one exanple, the phase grating
100,101 is periodic and areas 102- 105 all have the sane width. To
facilitate manufacture, the grating p&iod can be greater than or nuch
greater than the wavel ength of the incident radiation. Also, the

i |1 uni nati oFmbgdimetdol |imated with a divergence that is |ess than or nuch
| ess than the grating diffraction angle, which is wavel ength/ period of

grati n§0018#] can Fherefldrdephes eonsiahle entniatorpl He gcchhBingtd einusdventhbef ore t he
adj uster AD &}El %ure 1% whi ch increases the illum nation divergence.

[00134] In &H0eEEBE &t {heaipisal Hugption hihe yaiahioatenuator of haaeveatinot and

hal f - Tal boty,Bh&RRS! @Jr?es?é%@@o ARPL P TBLE b bBYiniche e.iil).(,% %ﬁﬁbﬂgedsof: m p2/ X,
where s is 35 neasured froma reference grating, pis the grating

peri odi ci t ya pxirio§ mutenll ywpmvadleé plosh goftingnd e anddinatctvaror sastdmnb2ids an

i nt eger (1’t2' 3 514 etc é Qdd,. val 1Ldes of te represent hal f-Tal bot

ol anes/ sepal &t PEHES, s r&lplike Prtien offiq pair p glﬁaégéﬁfltmﬂﬁlnll RPRB °pl anes. For
2, = 193nm adihoP signd9Broveded B Dddmoller 124 he case where the gratings are
separated by an air gap. To achieve good efficiency, the gratings should
be posl@ildtied wi Hawaverbthet sezpntbfenttodimet pbtthe sarthbirahtterTatoponclydeanes in thi s
exanple. 1f .t n s .filled w ratin substrate material, such as
gl ass, for %txlg%ﬁl%gg ptoalgogesﬁﬁsroé\tq?%Eggvhg?qsu’beé%%8&8@5‘3%”?rPob i9Bd¥tion to the

refractive ihadex @ sebend pHakepramageri nli22] QL3RInA¢.CRE dbiwdlver 128 depi ct ed
in Figure 13, the variable attenuator 110 of the sixth enbodi nent of the

present i nveth {SFTERMArdesEed et Inostesef ther Bliispgsatines, 1211322 The two
gratings 11&dex']-t%gpr§°{éi.@e %He@iﬁ&?ﬁ:v%ﬂ?gnls%isgﬁ%%fl tfed %/zn?%ﬁje S‘H?%n%%%tz@ rsystem
a at 0 e “pha

113 configured t just the re ive position Se gratings in
order to switibh inpenbdet wéendinhen flR6st Sebndgs@cond poedidéd €irscordictcussed
above in rel.ation tg Fi %ur es 12a gg 12b. This can be done so that the
level of tri &itdh GRARSTEM dBP e UPEBRUAR SR oer Sificsdcpet veen a
m ni mum | evighw&in the 8RS $SLQE SR Jﬁ%&hé‘h&@béu‘?é’oeﬂeg?iﬁzf%ﬁﬂ fi ssion. The

0

actuator system 113 can, for exanple, be conprise a plurality of
pi ezod0BE4Hi ¢ ackhsapesiBomtscnder axyeteonpaib | @ngfise apiedby naod epacitiat el y

control i N%ensors and be configured simply to measure the relative position of the phase
gratings 121, 122 in the direction of relative movement of the phase gratings
necessary to switch between the first position and the second position depicted
in Figures 12a and 12b.  Additionally, however, the position sensors can
monitor the separation of the phase gratings 121, 122 and/or the relative angle
of the phase gratings 121, 122. Accordingly, the controller 124 can provide
control signals to the actuator system 123 in order to adjust the separation of
the phase gratings 121, 122 and/or the relative angle of the phase gratings 121,
122. This is beneficial because in order for the maximum and minimum levels
of transmission to be provided for any of the variable attenuators of the
invention that comprise two phase gratings, the phase gratings 121, 122 should
be maintained as close to parallel as possible and should be very closely
spaced or separated by specific distances, approximated by so-called Talbot
planes or by half Talbot planes. In the latter case, the relative positions of the
phase gratings 121, 122 required for maximum and minimum levels of

transmission are exchanged.



the relative position of the two phase gratings 111, 112. Alternatively,
the actuators can be el ectronagnetic. [00136] In order to naintain the
attainable levels of contrast, a barrier 116 with an aperture 117 can be
provided that only permts zero order ,radiation to pass as the output beam
of radiation 118 fron1the vari abl e attenuator. [00137] A lens system can be
added to hel e the desired zero-order beamfromthe other-order
beans. AIthgﬁaﬁ Wﬁ% an arrangenent can add conplexity, it can shorten the
di stance between grating 112 and_stops_116. E00138 A controller 114 is
provi dée0kR4t ged‘ggtg@elsﬁ dopicte gnetgth §F’&ﬁﬁ’lﬂ3§n Réaegsigble Ftepuatae 13t uat or

system 113. g&% a8 Bl ﬁges%?]télmggrﬂidnnclAJsdﬁﬁgﬁFtcHE%H%rbézgﬂ{ﬂqSCﬁllﬂg& ;PlPt ai ns

calibration data, “rel ati e control r ovi o the

act uat or sysbampbhds to thehdxthemel sovbnthr anisndimsnwofahe pheemaimivedios,

attenuator 110 to. the |n ut beam of ggiation 115. 36._E ogjnent 7 100139]
Fi gure 14 dépiiefising tygmh. éiﬂ gapgsehifatl ailz@t%%%yaﬁeﬁlgl? O RAIUSBY&nt h

embodi ment  gfc LhgiAnESARL dIMEBhiRILraRlIR 1421 | 3Bl Baal LBRWALOTs Phat e seventh

enbodi ment correspo to that o e si xth enBodi ment, e.g., I's conprised
of a pai r gioviddsuahiryl panad toghe pitager grsam hys 121, 122 and an act uat or

system that .contr.o elative i tion.of, the i.r of ase

o ot T 02 GO LB Sediels htEr R Gtislios 188 ABPeBT 354,
1001401 HoweN@ligh %Haqahéeé/@ﬁhﬂgsemoqlwﬁm ipedifiBvy AkdBhlR @idenuatror incl udes
at | east one poSition sensor hat neasures the actual relative position

of the firgYs witl ﬂyﬂem@m@upﬁm@edigmm myslviza sappd bavg o drdiglign, thhe

1 d i~ t he.ph
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t he vari abl eaddtt@nizg tfbrbé—B&trdlkdtﬂ’}ethleﬁ&ﬁhbl@%&@l@imﬂ ah. aumla&@m
Subsequently it provides the control signals to the actuator system 123

necessary t 0%l AP F&r hiescenid kyeahebradidtonelld ¢anebasineed withiath&e position
and the measyrad. relaki oY%ﬁ’%? bid O0ex b QM A e T bﬁ’@ét &l 2, 88 Qﬁgrrn]afsySt em can

COITDI’I Se one Or nobre capacitive sSensors and be COI’] | gure S| np
nmeasure thets ellﬂmogt@m@sp;ﬁalans ofithiihe/hpthathe vagnbiei angsudd@lis (k22 Thm t he
direction of Lot ¥S somoe T30 ind hettdier PSR 1T S N3e

[60144] The second beam of radiation 136 passes through the phase gratings
131, 132 at a separate location away from the beam of radiation 138 to be
controlled. Accordingly, the second beam of radiation does not interfere with
the beam of radiation to be controlled 138. The inspection of the second beam
of radiation that is passed through the phase gratings 131, 132 provides a
direct measurement of the fevel of transmission of the variable attenuator for
that beam of radiation. As with previous embodiments, a second detector can
be provided to inspect the radiation before it passes through the phase gratings
131, 132 to provide an accurate comparison of the intensity of the radiation
before and after passing through the variable attenuator.

[00145] The controller 135 can use the data from the radiation detector 137 in
order to control the actuator system 133 in order to provide the required level
of transmission of the variable attenuator 130 to be beam of radiation 138 to
be controlled. If the radiation of the second beam of radiation 136 is different
from that of the beam of radiation to be controlled 138, then the level of
transmission of the variable attenuator 130 to the second beam of radiation

136 may not directly reflect the level of transmission of the variable attenuator



necessary to switch between the first position and the second position
depicted in Figures 12a and 12b. Additionally, however, the position
sensors can nonitor the separation of the phase gratings 121, 122 and/or
the relative angle of the phase gratings 121, 122. Accordingly, the
controller 124 can provide control si gnal s to the actuator system 123 in

order to adj @tt tf’ue se aég‘ti on of the phase gratings 121, 122 and/or the
rel ative angle 8" ‘P@“gﬂ diafjpnd 3§ fpsbagntrolled 2Howpyes, the cheinelfarddal because

| n order foredhiie: BRXiGBMARC RhiBLHER LEYRAS iedfcal (ARSI S3hO . P pe Provi ded

for any of the variable attenuators o I'nvention Fise two
phase grat i riggsmissenpifabe varate agsuidi 13022 tiehwahoof Beiatei nBaikned as cl ose
closely spaced or separated by

t aral l el as ssibl e, and shoul d he ver ,

SSeE ific di s“t"&tr{g@%d,sh&ﬁp%}‘?"ﬁgf)gﬁawl%fﬁba{ {herariaplp sttenysiiedd torthey hal f

Tal bot pl anegcorldnbédhe dratdigfio a3, AREmAGI AL M d?ﬂﬁ"i:»fhj:rop'ﬁl ﬂ{cl&a{%ea phase
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gratings 121, 122 required for maxi mum and m ni num ['evel's ransm ssi on
are exchangéem@y thereotiinresalibsitioo GhtthaFietpesethd Bevde pf atssnaigsien ght h

enbodi ment I abl e, at ator 13Q, accordi.ng t he present

i nventi on. X}ge %‘er};;a?’!:ét %%,ng?tﬁreli %‘?E‘n‘ﬁ‘ﬁs Wg&eﬁ@ﬁ’t 13%6999%2%%%‘%1%"33 AE sixth and
sevent h enbodhsreistisn of tidearRbRSRRhuBY €56 iPMe be&RBIhELNG | WO Phase
gratings 131, 132, an actuator system 133 for adjusting the relative

posi tion of “PHE!Hase gratings 131, 132, and a controller 135 that

provi degoggnt r ol ssi 0 . actyat or. .system 133, [00143] | n the eighth
enbodi ?fent ,@pa se?%n%;ﬁgéégdnéno?%gp %d?gtt#gtﬁgﬁﬁgidgcwa}oécpgdca“t ?ﬂ’%ﬂ]{fﬁ % he phase
gratings 13pjurdBg cfnatcoms peahedf bydiatigndiatdcanodiseahRiugh3he phde Wi th the

previ ous enmbodi msgéi [ ggql V‘;Linfg'i a iqeco,nd beam of radiation, the second beam
of radiati off 188 ¢dh Bé< Gt dllgient de@Hensavelcengnondwet peetiersm &y radi ati on

138 to be ceshp@ipehebiardshissdH 1R8BS ALLEMNAL ra&e%glatoytgetw;afsﬁ?#dpﬁe source

139 for the second beam of radiation 1%1% can be arrange
vari abl e at beamisapbradigdront differtre lexatemnalhet corthdicy akn altematd epuat or or
external to.a li paratus wthin which the variable attenuator

a_lithographic apparat /
i s used. Thejg%%lg%“tsi ’g(ﬁ%g? tf)h@e.sbelﬁ’f‘@éoﬁ?@l Hddatvec pgic 1997 theaphase exchanged.
[001441 Thegageands hemn, ohd ragiiat iR rd3GiRARHES! LLANAD hbeRhase gratings
systern 133,
100147] To achieve increased dynamic range and/or resolution any one or more
of the above described attenuators can be arranged in series (so that the

radiation to be attenuated passes through the attenuators one after another),

either in the context of a lithographic apparatus or in a more general context.

Embodiment 9

{00148] Figure 16 depicts a variable attenuator 140 according to a ninth
embodiment of the present invention. The ninth embodiment corresponds to
the fourth embodiment discussed above, in that a beam of radiation 141 is
divided into first and sccond radiation beams paths 142, 143 using a partial
reflector 144 and recombines the first and second beams parts 142, 143 at a
sccond partial reflector 145 such that they interfere. As with the fourth
embodiment, a radiation beam dump 146 may be provided to absorb the

radiation rejected by the variable attenuator 140.



131, 132 at a separate |ocation away fromthe beam of radiation 138 to be
control |l ed. Accordingly, the second beam of radiation does not interfere
with the beamof radiation to be controlled 138. The inspection of the
second beam of radiation that is passgd through the phase gratings 131,
132 provides a direct neasurenent of the |evel of transm ssion of the

vari abl enuat 9r f.qr ., that ,beam of radjati.on. i th previ oys

enbodi r@{r}lfésgt] a se’g%rmﬁhé]i*ee?‘%“éw 815’?08185311&%\%188@ ?lﬁg?‘wgﬁ&tadluﬁ{é t:ﬂgidi ation
before it passasitt bf Qughdibive phpseranahé ReSabld dtenudd2 140 r&ws@tﬁ%an
accurate cog‘garlson of the intensity of the radiation before and after

passi ng t hr dugkelathe Radk {capiheolzthe dintlamd secquddras) patliirel Bon#d ehthethall 35 can use
the data fr he r adi at i o tor, 137.in.  order. to contr t.he actuat or
AR st PRS0, SEORRLRY o P ceqrl Bt P s ol

system 133 in or e requi on of the

vari abl e at trediuadorirch3Qhé dirkieahbasemild fadditiahi aml $8thk 0l 420€14g08itHep! | ed. | f
the radiation of the second beam of radiation 136 is different fromthat
of the beamPstrusdivalyiddestgichrclyonferieict ed 138, then the |evel of

Lransmgeisph of UAR et ablSaMb AR rdR0ukoclig aetandepegn gL radiation

136 may not "directly reflect the |eve ransm ssion o e’ variabl e
at t enuat or 38cani pootided toeadpesanhopath detigal oo rhel@8t tadidendeahy pdthed: However,

the controller,135 .can be ovided with a_calcul ati gn nmodul e that can
cal cul at e t RAIERAL th&fmn&‘r %fﬁéﬁ‘?ﬁ%@%i’? granggd syeh i%l%lr%‘?létt‘?rbﬁugieo 118430 to the

beam of 1 adirgdib@éh d8fh bpDe2 SERLd SelwebO M d lseXSly RNeLbANSA ssion of
the variable attenuator 130 to the seconcf eam ofS radi at1on 136.
Al t er nat i velly? a pleratitntf thleer (xancquesilydbe pathntengthyoftthatfirgondiatios

calibration,data_ th rel ates, the,l.eve| of itransm ssion of the variable
et enuat or  P3BN e A2 SReoG Chbed o8 TheaPihO R o HE drersby

transm ssi oan@kcdoh@ raofdfctcadl 1, atbenuator 130 to the beam of radiation 138 to
be controll ed. [[00146] As depicted in Figure 15, the variable attenuator

130 caldéhbri se la theppriangpineyt depicted onldicbesalts fof oraadilatthoposiieanfied t o pass
t hrough t he aarat i ngs, 4351, Al ff nt | qcations .and
g t}%h%éflégggtr%}s'llg %i}'s‘ f%XCC(:(I)j rfaf)l:cll%ge gé%ﬁgon feﬁ.‘g gBCOng r?)flﬁlecl?(g\}éﬁsnlﬁ t he

cor respondi ng arin e transm ssi

vari abl e at berdaisel Boniches sea0nRdtuateeaysef 133aditadhoan Bé agpdetiateant
| ocations, the controller can _determ ne the_ adjustnents needed to the
separ ati on SAUFH: 1al & othe nfperageny kehgrglector may be actuated or both

reflectors may be actuated in order to control the separation of the reflectors.
Furthermore, the actuator system may be configured to adjust the relative
orientation of the first and second reflectors 151, 152.

[00152] In the same manner as described above in relation to the fourth
embodiment, the actuator system may be controlled by a controller 154 which
may include a memory 155 that stores calibration data relating the control
signals provided to the actuator system 153 to the level of transmission of the
variable attenuator 140 to the beam of radiation [41.

[00153] By reflecting the radiation multiple times between the two reflectors
151, 152, the total change of the path length of the first radiation beam path
142 for a given movement of a reflector is greater than the change in the path
length achieved by the fourth embodiment for a corresponding reflector
movement. Accordingly, the system for adjusting the path length in the ninth
embodiment is more responsive than that provided in the fourth embodiment.

It will be appreciated that the greater the number of reflections between the



gratings 131, 132, and provide the requisite control signals to the
actuator system 133. [00147] To achi eve increased dynam c range and/ or
resolution any one or nore of the above described attenuators can be
arranged in series (so that the radigéion to be attenuated passes through
the attenuators one after another), ther in the context of a

| it hographi c apparatus or in a nore general context. Enbodinent 9 [00148]

Figure 16 déBPJe8edorialilagré wilua fhadest redptian dseminagh t142athei more

enmbodi nent A)ARY! i i i carresponds to
the fourth orbon neme arat SMaReLE 1o IR A} Pl et Sl SRRLBR O 101 T
di vi ded00k$db fi r 3t gammlals deondiicaticaticunt bemusernait Requidd of 143flegdng a
partial ref] gct?r ]1?14 and reicongi nes the first and second beans parts 142,
143 at a setORE PrF H1OT ¥ RPOMoraguiskia! eamae sftvelpdi Aeepramrle. As with
the fourth gerhedisrgicmiseadi a;elf@&m&mhqwh%&l%o@%&%ggm% d to absorb

the radiation rejected by the variable attenuator 49 As with
the fourth énbedinmenpiczpdlectnic mcuatmpodi peniculadjthstrafldche dndtansitdry of t he

radi ation o fromthe variable attenuator 140 by adjustin t he
relative pa?%£#ér%%¥hln8¥uqF He 4P g’{ pﬁﬁ%d"é%%ﬁlﬁt%%?rﬁédh%‘{ Tf?‘!’“%i@ such that,
when the ragbihicOr i Sequae@EiifRedladtcst R &aENdiPa A Rlive 8ldgetps: 145, the
radiation fromthe first and second radiati on beam paths 142, 143 eit her

const ruct i vEIrpsotheqesdieptant i Blactiodest mayebe pro0dab o diter niide ofeteodi ment

differs frog rth di t he,, nmeans, provi ded to ,adjust the
path | engt hmg%&'?%cféﬂfjiﬁgs?%&?ggi%?fg rg%O ggoghéjepg}eh?orﬁtrﬂl S}%Pf[ ?OcﬁPlétf?l %e ni nt h
enbodi ment piszaccangmdtesial HoRater | thdiBiet SMrefBcthRendtbdifteoateadnaieon beam
path 142 is .ref hgct ed between first and second reflectors 151, 152 a
plurality ofid¢Phie pi@%ﬂ?gcé?' Hirepefeyial fnBmgthemas gregeHeder ma bei ysed asadi ati on
beam pat h 142 Jraye becehrnged by altering the separation between the first
and second reflectors 151, 152. [00151] In the arrangenent depicted in

Fi gur el09835]f or elvanplee, tot mexjpose ttherspoéd dfhesfdnsstofr gfel erizosledBd is fixed

and the positio f the second, refl ectaqr 152 may . be adjusted by nmeans of
an act uat or™ E‘?’é‘{ﬁeﬂ}el}%?r qsftplfézﬁ’(%{?f’tﬂlcﬁ@atﬁ’ﬁ?}rr%ﬁté’leéﬁ?de as thil as possible,

for example of the order of 40um to 80um. However, the electrical power
required to actuate the piezoelectric material increases as it becomes thinner.
Increasing the power required to actuate the piezoelectric actuator in a
lithography system is undesirable because it increases the difficulty in
providing the required control signal to the piezoelectric actuator and increases
the amount of heat that must be dissipated from the system without adversely
influencing the performance of the lithographic apparatus. Accordingly, an
arrangement such as that of the ninth embodiment in which the extent of the
path length change of the first radiation beam path 142 for a given actuation of
the piezoelectric actuator, and hence the switching speed, can be maximized,
may be beneficial.

[00156] However, it will be appreciated that, when configuring the system, in
particular determining the number of reflections between the first and second
reflectors 151, 152 in the first radiation beam path 142, it must be considered
that, although the switching speed will be maximized by increasing the
number of reflections of the first radiation beam path 142 between the first and
second reflectors 151, 152, the effect of any errors in the position of the

reflectors will also be increased.



however, that in other configurations, either reflector may be actuated or
both reflectors may be actuated in order to control the separation of the
reflectors. Furthernore, the actuator system nmay be configured to adjust
the relative orientation of the firsy,and second reflectors 151, 152.
[00152] In the same manner as described above in relation to the fourth

enbodi t.., the gactuat.or, system.ne e control l.ed by a control|ler 154 which
my in uéfe”a maitlc)rsgo @Sb?h%ﬁprg?%%sgg%la%r%Iiiagn Oéa??ﬁ r‘%?%fqnﬁgarf e control
si gnal s providleficationd SRthagéet @hbsHstRMed&hetl Abbein reMEbn &f bt @sm ssi on of
the variable attenuator 140 to the beam of radiation 141. [00153] By

reflecting ety sabediment sofl tthp| felth cmbsdimenivéehicbhis @ weriptédn eEtlsrs 151,
152 e oaluca0ar. Bl 05 PPURILETGUN, Shat DBddhly LRPLAtAR oo Pat

142 for a given nove 1'S greater

pat h | engt brde i @vedvdetabaurhoustthe eshadbfertacfatoraygaemE.espondi ng
reflector novenent. Accordingly, the systemfor adjusting the path | ength
in the ninth enbodinent is nore responsive than that provided in the

fourth i men I | e :abpr.eciat e - nunber of
refl ec!@gggpbet V\gr:atnhet 8\/}%31380?1 tlg’?’g{‘al%g!élt% c??tgn&fg‘%g htilggb%nt |S§Ir1?%%12tﬁ?ﬁ rst

radi ati on bemmn qadky 1di2st theeattepugionrefsposi v rddigionapdsainkehatupemuat or 140
is to the npvenent of .a.single reflector. 00154] In general, tge smal | er
the anount &F WHVRAdHIHQLATIeRIEP! SYsieat Pus taér“ati%PéFt%bg’t%%guf% nor e

easily and HPE@chq&‘isggtlaﬁ’l ithr EAMAE §fffr@t%1ﬁ§!} of Qrbeg?fﬁaplrﬁiiatiotnhﬁas%t uat or
systemused in the fourth and the ninth enbodi nents may include one or

mor e pi ezoellseugh he yetiade attenualor Pavtadticubaged buthrepreefst endasuremmant @ct uat or
system may j.ncl ude a_.layer of. piezoelectric material  for n a substrate,
or 1 ahed 1 ol cpted P T Sois MeRER Rl B B ARy SnineF PR T B ve
coating t haftterii@ted®ytthe vhehdleGitehuatdzl BC{UCAARE tHBYotBRcREQY il 1R ei t her
side of the piezoelectric material in order to provide the control signal

to control PHees ppezdescdecpirespendetd alequitsdelpee of rediaticry Branoenrtef | ecti ve
material coated g r\bsgn £ é}e%;n%%nt%naﬁ r}g(fhgii ené %gl:n%g tcrohgélgl%aft(r?bﬁ@ga%l fianct i on as

the refl ector nay as one eCctro norder to
maxi m ze t heqgspebdbselof FRBNMSEA aafndlhpulpi.ezoel ectric material, the |ayer of

g ezoe{l()%(lzggr]i ¢ nBIEIg\Evif:\?ér, trfrllésvtariabgle rar?tgr?ua?osrs Eicr:]slcnbgds a‘tg)oovsesnilz?; gl’so be used in

other radiation dose control systems for use within a lithographic apparatus.

An example of such an alternative radiation dose control system is depicted in

Figure 17. As shown, a beam of radiation 160 is provided by, for example, an

tllumination system 161. The beam of radiation passes through a partial

reflector 162, which permits the majority of the beam of radiation to pass but

which diverts a portion of the beam of radiation to a radiation detector 164.

As with the radiation dose control system depicted in Figure S, the

illumination system 161 provides a pulsed beam of radiation 160 and the

detector 164 is configured to determine the energy within each pulse of
radiation.

[00160] The radiation 165 that passes through the partial reflector 162 is passed

into an optical delay 166 before being passed to the variable attenuator 167.

The vanable attenuator 167 is controlled by a trigger unit 168. The trigger

unit 168 receives a measurement of the total energy in the radiation pulse from

the detector 164 and a control signal representative of the total energy required

in the pulse of radiation from a controller 170. From this, the trigger unit 168



for exanple of the order of 40mto 80m However, the electrical power
required to actuate the piezoelectric material increases as it becones

thinner. Increasing the power required to actuate the piezoelectric
actuator in a |lithography systemis %gdesirable because it increases the
difficulty in providing the required control signal to the piezoelectric

actuator and, i ncreas t he anobunt of heat that nust be dissipated fromthe

syst em wi t holfit® rﬁ’ﬂl’%ﬁértgee?%ﬁn“?ﬁﬁ?‘} [FeHERh Pritheryas ploediaier asd praveddsithtiogr aphi ¢
appar at us. Aeg@kitd B! sifhal & fr@n&?ﬁﬁﬁt at?e&{ﬁélfna%it E@éhhant hl‘ee?lﬂ ntp

enbodi nent in which the extent of e of 'the first

radi ati on beadwpeit is alidpudtet a}mrgvnﬁedyadtenat us@eneafed frdme thp @2@@1 égthyic

act uat or, ari% hence the switching speed, can be maxim zed, nay be

benef i ci al 801561 However, it will be appreciated that, when configuring

the syqoems1]in pawii sl reét@fe@ﬁﬁltﬂhé‘geltag%r&k'&@aeﬁy ek 4 tp%fcglec%li}?% bet ween

the first and second reflectors 151 in the first radi at’ion beam path
142, it nusthysébesHcigar edrovidatimesot Houlghectond 64w tethimige sipeedray | | be

maxi m zed b i t er, .of ons. of th first radiation
beam pat h 1@)' nﬁ?kﬁ@ﬁlﬁé‘% hee &Iatl}%l% ngﬁdng@éc‘ﬂwd?g% SQCBPE’CI rei@?edrt he ef fect
of any erromsciuativhand @i thé 9rigle biteualo®flbees ofimeBith ltheallcaelr@cﬁld\f@lcreased 41
[00157] It should he appreciated that any or all "of the variations and

nmodi fi cat i oRS2UER. f el v isediiyald braprreeiaisod thay &g vibieble atienvadpratd7on to bot h

the T ourth"nbodt nonty Sy *BReL BrRe TR hrde Rk Rl kb T o

particul ar Pt itordewitth betwreo vecdebevapabssafthObediner eidoal Silfchtahe act uat or
systens. [001581 In e above de CI‘I tion, variable attenuators have been
descri bed t Rat®™ ﬁﬁ?fniﬂl ERYVISAR @ ta rHeedaheepnetapigHonin & henpachiotr adi at i on

passi ng t hr glaghidet had @& rbtﬁﬁre'dmoéefﬁgb&mg%& gé’a}epa%ﬂ% o%e REALEFTLFUCH as Lhat

depicted in a Figure 5. such a syste exa pul se of a
beam of r adfuwbsireA Hﬁﬁafs@efglmcmu‘@n@h smpgke pzmeuﬁba\cbata:tntmmﬂat}mra ulidiguwat t enuat ed
ulse is determned and a

but a preci S thth
subsequent f;és%%o re%m eai"f?)‘h“‘f‘ gaé?f%%‘{{géa er({ g“@@rqséiﬁpétegtlt’enuator 13
such that thguteat.al energy in the two pulses nore closely corresponds to a

requir %g dose of radiation than can be
[00162] If the speed of switching the variable attenuator 167 is sufficiently fast

and it is capable of substantially preventing transmission of the beam of
radiation, namely it has a very high contrast ratio, a further variant of the
radiation control system depicted in Figure 17 may be used. In such a variant,
the detector 164 is configured to provide the trigger unit 168 with
measurements of the intensity of the pulse of radiation as it varies across the
time duration of the pulse of radiation. The trigger unit 168 integrates the
measured intensity of the pulse of radiation until the total energy in the pulse
of radiation reaches the required radiation dose. At this point, the trigger unit
168 sends a control signal to the variable attenuator 167 to switch from a state
of maximum transmissivity to a state of minimum transmissivity to the beam
of radiation, such that the pulse of radiation is trimmed to provide an output

pulse of radiation having the required dose.

[00163] Although specific reference can be made in this text to the use of
lithographic apparatus in the manufacture of a specific device (e.g., an

integrated circuit or a flat panel display), it should be understood that the



achi eved using a conventional radiation source configured to provide the
requi red dose of radiation in a single pulse. (00159] However, the variable
attenuat ors descri bed above may al so be used in other radiation dose
control systens for use within a |ithgygraphic apparatus. An exanple of
such an alternative radiation dose control systemis depicted in Figure

17. As showpy@rb@am faﬁﬁﬁg alds@fo O OhdrSin PLRY 1 €86k DYthef OfppE¥@afgRke, an
illum nation system 161. The beam of radi ation passes through a parti al

refl ector 16@plisdiionh ipdrde,t st dre nejlioriiedytopfthe henb&amrofolriaiatidon t o pass

but which dive tsim%g%?{i]l on af the beam,of rad%a&eléon 0 radi.ati on

det ect or 1647T°H e0p|118§i SY'ORS gBLEAES nEY ?f%‘f’én?agEB?Sctﬁérd in Figure

5, the il upghatd Qdnsyst al8hiks PrivvHees _@is?l&'{ﬁ,ediqtaﬁﬁﬂﬂy@tfal rashiagsi on 160 and
the detector 164 is configured to determ ne the energy within each pul se
of radi ati OHCDpROIBGIMTHegcbdihgtdsomiaeSlachamepbadesd dehicuMEMSe parti al
reflector 162 is .pass o ) opf 4 2] ay 166 f or.es. hel passed to

t he vari abl géfétt%rrgﬁﬂlé’t(ggdefégkgéﬁ%te& v‘%a‘llrS ?’ZHBT ](e%%g? eelrjl;'uaa?%%aﬁéfhﬁ)zd}g%ﬁt rol |l ed by

a trigger uptdsentGPparkhe dahit@oeded tonkdistih8hd erelivess a weesuselagat, of the
total energy in the radiation pulse from the detector 164 and a control
si gnal repr 8gentthinifie ansiste lavr and/enepgfgr FdefURY®Ed in the pul se of

radi at j om a ' [ Lk 42

deter @333{ he afj‘t(:l:t gﬁ%ﬁdgﬁﬁ}%%%r?lg%qg]g%alatk %gm%'ﬂfésﬁeleélg gr%gg#ﬁg??%%ﬁgnd provi des
t he requi sbf@ecdorhtion irsthgrahtek ooftdpeicadithapipghvatttvaliuatapprettifedsbath t hat the
pul se of r%gi ation is attenuated appropriately en it is received from
the opti cal TdePaiprtianecan) 6184990 17 WPFn 2pRICAHRRSC %% sdamAt PR del ay

provi ded bylifhragraﬁ%,' GHordelhRY cdfBxt THSks Peng Ul Ik eNhike® B Vphidd time for
the detector 164 to determne the energy fromthe pulse of radiation, the
trigger unilitht@@pby Idemerint idoplphy etnpopedhy at ¢ eattaningnicsivd defmest he

vari abl e atfenuator 167.to chan he reguired | evel f .attenuation.
kewi so. 1 BoR MRSl oa Ueed s Ade PHE oA Phire U araT 87 must be
confi gured pOp2WeckiGhtoREIMBERT _@Eﬁsﬁﬂ}p?tiéd)fb Gt atesrasdivheeupit he reistckl y  that
it can switch between successive pulses of the beam of radi ation. Such a

syst em per mstcgradity appbins tlspirenagnesaraicaliop ebgnt aftessae eitd wlimatighi ch each of
therecof. The patterning device is moved out of the resist leaving a pattern in it

after the resist 1s cured.
Conclusion

[00165}] While various embodiments of the present invention have been
described above, it should be understood that they have been presented by way
of example only, and not limitation. It will be apparent to persons skilled in
the relevant art that various changes in form and detail can be made therein
without departing from the spirit and scope of the invention. Thus, the breadth
and scope of the present invention should not be limited by any of the above-
described exemplary embodiments, but should be defined only in accordance
with the following claims and their equivalents.

[00166] It is to be appreciated that the Detailed Description section, and not the
Summary and Abstract sections, is intended to be used to interpret the claims.
The Summary and Abstract sections can set forth one or more, but not all

exemplary embodiments of the present invention as contemplated by the



t he pul ses has the required dose. Accordingly, each pattern to be formed on
a substrate nmay be forned using a single pulse of radiation rather than
using two pulses as is required when using a radiation dose control system
as depicted in Figure 5. [00162] If hge speed of switching the variable
attenuator 167 is sufficiently fast and it is capable of substantially

preventing t. si.on of the radiation, namely it h a very

hi gh contr as{%ﬁmz én% éI}F (ﬁefi t8f1mtnlf'| © Prﬁﬁﬁ“ét“i“tﬂ’?%%ﬁpii ¢ system
depi ct ed |nzﬁp@ukéckinﬁaym@ew weed. In such a variant, the detector 164 is
configured to provide the trigger unit 168 with neasurenents of the
intensity of the pulse of radiation as it varies across the tinme duration
of the pulse of radiation. The trigger unit 168 integrates the neasured
intensity of the pulse of radiation until the total energy in the pulse of
radi ati on reaches the required radi ati on dose. At this point, the trigger
unit 168 sends a control signal to the variable attenuator 167 to switch
froma state of maxinmumtransmissivity to a state of m ninum

transm ssivity to the beam of radiation, such that the pul se of radiation
is trimed to provide an output pulse of radiation having the required
dose. [00163] Although specific reference can be nade in this text to the

use of lithographic apparatus in the nmanufacture of a specific device
(e.g., an integrated circuit or a flat panel display), it should be
understood that the 43 |ithographic apparatus descri bed herein can have

ot her applications. Applications include, but are not limted to, the
manuf acture of integrated circuits, integrated optical systens, guidance
and detection patterns for magnetic domain nenories, flat-panel displays,
l'i quid-crystal displays (LCDs), thin-filmmagnetic heads,

m cr o- el ectronechani cal devices (MEMS), light emtting diodes (LEDs), etc.
Al so, for instance in a flat panel display, the present apparatus can be
used to assist in the creation of a variety of layers, e.g., athin film
transi stor layer and/or a color filter layer. [00164] Although specific
reference is made above to the use of enbodinments of the invention in the
context of optical lithography, it will be appreciated that the invention
can be used in other applications, for exanple inprint



| i t hography, where the context allows, and is not Ilimted to optical
lithography. In inprint |ithography a topography in a patterning device
defines the pattern created on a substrate. The topography of the
patterning device can be pressed intgsa |layer of resist supplied to the
substrate whereupon the resist is cured by applying el ectromagnetic
radi ati on, heat, pressure or a conbination thereof. The patterning device
is noved outyk d bRihestsSt | eaving a pattern in it after the resist is
cured. Conclusion [00165] Wil e various enbodi nents of the present

| nvention have been  deseiiBRd ABAKE: hiHlould B UROGT shpatphhat they
have been presented by way of exanple only, and not Iimta 8 It will be
appar ent toamnm80ﬂsmsﬁghmﬁdOHMﬂmthelm&leﬂaamummmonMémnmapmduﬁmaﬁanges in

formand detail. can be nmade therej t ho t departing f e spirit and
Scope of ¢ hEHPaRiIOROTTh{sin {HE! HrURUEH e GRUPETIN HE bR tont
invention s Bpﬂt‘ﬂirgnﬁ@iorp@f tk’lb %itzﬁ:ﬁle BYerai¥r Rf tht B8aARPYSHatdeS Eohhegh gxenpl ary
enbodi ments, but shoul d defined only in accordance W th the follow ng

claims and their equi ﬁaﬂtemrsi F@0n&6]scint- fIIaBSHaO?lﬂ)e zfpstesi atgdngddat t he

e ot endea t8eBbY BEBORE T npaPF e e e e TerABo S dia Y aiRa Abst r aci

sections cagucs&@sivePr piksed eu@ligh e efirsotd gt%n@lslsmz%ﬁwk@rt Yefed¥Redi ment s of
the present invention as contenplated by the 44 inventor(s), and thus, are

not intende®%o limt the present invention and the appended clains in any

ey, 45 what | O ai medolBior e YR EOL S ALLENVRL L SHLLARL G hor use i 2

l'i t hographic apparatus confirgure 1S Tevel ransm ssi on of
an input beaimbef first add attanl smmrtmppmz& fefleadrd NPwispoesat toofhe Shgnal t hat
represents a desired level of transm ssion of the variable attenuator to
t he bean1of“W§8?§6F@n conprising: first and second sem -transparent
reflectors, arranged substantially rnutually parallel and such that the
beam of radiation successively passes through the first and second

sem -transpar ent2.r ef | €bo¢ orasipble attenuator of claim 1, wherein the beam of

radiation is incident on the first semi-transparent reflector at an oblique angle.

3. The wvariable attenuator of claim [, further comprising a
controller that is configured to provide control signals to the actuator system in

order to control the actuator system in response to the input control signal.

4, The variable attenuator of claim 3, wherein:
the controller includes a memory configured to store calibration
data corresponding to a relationship between the level of transmission of the
attenuator and the control signals; and
the controller is configured to genecrate the control signals for
the actuator system in response to the input control signal and based on the

calibration data.



and an actuator systemthat is configured to control the separation of the
first and second sem -transparent reflectors in response to the input
control signal. 2. The variable attenuator of claiml1l, wherein the beam of
radiation is incident on the first seg%-transparent reflector at an oblique
angle. 3. The variable attenuator of ¢claim1, further conprising a

controller that i.ss confjgur.egd t rovi de, control signals to the actuator
systemin order *o cglﬁl c%&flaﬁlﬁéjggl@fagoe{togrcmgpgt g"rﬁhicﬁc‘%@@b'%ﬂ%e to the input
control signal. 4. The yadfi@blensat tsoaudt @nfighired! A H?leg'surm% eiifivd he

controller includes a menory configured to store calibration data
cor r espondi ®ESiieN 4f Helfst ad seeqpdisemivsienspateat raflgetorpnd r ansmi ssi on of t he

attenuator and the co - Si .nand the controller is configured to
generate the control gi‘%ﬁ%?:d}?&r%m%% lgc?oﬁlgltgi%’iegs{?s IR PesHBide to the

I nput cont r eignsls ghalthandubasedsten inh@spdad ithrias iyt ddhael §@nalbandThe

vari able attenyator of claim3, further conprising: a position sensor

syst em conf PHiff et t B nsaied rHativye pasitiga ohdke tfirghn and  schend isewi- and second
sem -t ranspaagphrehefdiRelpr s; and wherein the controller is configured to
generate the control signals for the actuator systemin response to the

i nput control signal and based on the neasured relative position of the
first and second.sem ;, transparent ref|ectors. 6. The variable attenuator
of claim5, wher&in: FH%V%%)?W)%‘ ?mfg%@@m P gUR&eENt o det ermine a desired
relative  position of tichgordddliet iaNdnfigGOAdoSERLHHFEANSRAGAN! il ect ors
based on the input control signal and to generate the control signals for
t he act uat oPosslist enthedBeidindorcandesediififagsienae refdonee hatddeodésiingd and

measured relati sition of the first. and.second sem -trapsparent
reflectors. é@?ﬂoyﬁgg@fp |hatg geipe @ﬁ%‘é@gﬁggﬂaﬂf gf%ﬁ%?“ﬂﬁ@’r BYSHm pHed act uat or
systemis far theediffemsnte Gurvedntthe dofifdioindt MBadutddtddRe position of the

first and second semi-transparent reflectors.

7. The variable attenuator of claim 5, wherein:
the actuator system is further configured to control the relative
angular position of the first and second semi-transparent reflectors; and
the controller is configured such that it provides control signals
to the actuator system to control the relative angular position of the first and
second semi-transparent reflectors based on the measured relative position of

the first and second semi-transparent reflectors.

8. The variable attenuator of claim 3, further comprising:

a source of radiation configured to generate a second beam of
radiation that is incident on one of the first and second semi-transparent
reflectors at a different angle from that at which the first beam of radiation is
incident on the first semi-transparent reflector; and

a detector system that is configured to inspect the second beam
of radiation after it has passed through the first and second semi-transparent

reflectors,



angul ar position of the first and second sem -transparent reflectors; and

the controller is configured such that it provides control signals to the
actuator systemto control the relative angul ar position of the first and

second sem -transparent reflectors baged on the neasured relative position
of the first and second sem -transparent reflectors. 8. The variable

attenuat or of claim 3, _.furthgr rising. a source of radiati configured
to generate a second B@gﬁ?gfﬁmrgﬁggligﬁggﬁassf%ﬁﬁ%%?gé%ﬂggﬁgghgﬂbf t he

first and segemgysenitht rapsnamenh of ehdiegé0rHisdhg ahfukhefhentaradgd e from
that at which the first beamof radiation is incident on the first
sem -t r anspatemiateretidect or; and a detector systemthat is configured to

i nspect the second begmn... adi.af f i.l.has the first
and second seni-transgﬂ#gﬁﬁtﬁ?g?ﬁ%%@%rg,&ﬁgﬁh&%ggb@%ﬁﬁﬁgqgépégﬁgf systemis
configured t@gnaRdsuthe actvator Byeasiit yesphnsehe tiseimpnicdnaahsighal bastidadi on passi ng
t hrough the variable attenu éor, ang wherein the controller is configured
to generatetmﬁée%ﬁﬁﬁﬂawnmgﬂﬁﬁ £ §ccppd begip ORFdAMI8r systemin response to the
i nput control signal based on the neasured intensity of the second beam of
radi ation. 9. The variable attenuator of claim8, wherein: the detector
systemis furthe. conflihguagablt ettermasuoéclahe &, wheeorm ty of the radiation

intensity across a cross ction of the.second heam, of radiation; the
Rt uat or system i o fuREhEFREH TITEd T BIRGNT O e FeriERYE Shoul ar
posi tion of yhixgmlity St thaRghi HREONEnSeMcrbisaNSRe &Rtiok 6 IRGE&IR; beard t he
controller is configured such that It provides control signhals to the

act uat or sysfedigtioncontrol the relative angul ar position of the first and

second sem - transpar e, [ eflectors hased on the easured poljigerd ty of the

radiation intensity a ( econ eam of
radi ation. 38suld pRitioallf ehefirseaidale0sndsddiiiabinepdredt refiRtdri} #adl i t hographi ¢
apparatus, configured to adjust its |evel of transm ssion to an_ input beam
of the controller is configured such that it provides control signals

to the actuator system to control the relative angular position of the first and

second semi-transparent reflectors based on the measured uniformity of the

radiation intensity across the cross section of the second beam of radiation.

10. A variable attenuator suitable for use in a lithographic
apparatus, configured to adjust its level of transmission to an input beam of
radiation in response to an input control signal that represents a desired level
of transmission of the variable attenuator to the beam of radiation, comprising:

a radiation beam splitter that divides the beam of radiation onto
first and second radiation beam paths;

a radiation beam combiner that re-combines radiation from the
first and second radiation beam paths, such the re-combined radiation
interferes and produces an output beam of radiation; and

a radiation beam pathlength controller configured to control a
pathlength of the first radiation beam path in response to the input control
signal in order to control the interference of the radiation from the first and

second radiation beam paths.



radi ation in response to an input control signal that represents a desired
| evel of transm ssion of the variable attenuator to the beam of radiation,
conprising: a radiation beamsplitter that divides the beam of radiation

onto first and second radi ati on beam paths; a radi ati on beam conbi ner t hat
re-conbines radiation fromthe first and second radi ati on beam pat hs, such

the re-conbined ragdiati.on interferes and produces an out put beam of
radiation; and a 1r?lfejidi altrﬁ%?‘lar Lﬁﬁ%&f‘ﬁ%ﬂgﬁﬁ%%t"m@ml@Fh(‘cr@ﬁfﬁtl@mb@&ﬁnto control

a pathl engtgutiiibngtheohirsisd coagald @fbff%@i%ﬁnag@rap a.l:t'ﬁa{o?§gs?§'ﬁ Qohif? %}d"g(? | nput

control signal in order to control the interference he radration from
the first an@ cogBeiohd peeitipmof te rbdentorpatdhshatdBe radiatibhéexardaghbmtiat t enuat or

of claim 10, in the radiatio athlength controller conprises a
refl ector anc w@ﬁngrlcétlﬁgpgrr&‘g%&Lﬁ?ﬁ@bﬁﬁﬁgﬁ%&? ! t’é’%c?(?ﬁ‘flrpé?h-t he position of the

reflector, such that the radi ati on beam pathlength controller can alter
the pathlength of the first radiation beampath. 12. The variable
attenuator of clai‘m 115he yerighde asismprtossiofigelaim ddntfudhérecomprating sa conf i gur ed

to provide G@RLER; 5 - O, gt uator systemin order to control the
actuat or syst e rllﬂ?e{etgggdr@é’h ™ tpﬁé&?éhepﬁcfn% E?‘}g’?‘gf mst#’&ﬁ%tfl?wﬁﬁsmﬁhé’ vari abl e
att enuat or - ofdelt@acontid herdversgimsysteien ¢epba th @e inP6l HBS] dodHENOr Y
configured to store calibration data corresponding to a relationship

between the | evel of transm ssion of the attenuator and the control

signals; and the jgont rgl.l&af.ii8 .60 : grate the control signals
for the actuator syster% i r%dregpor%lg{eog;égg@ﬂ%eq?%gg?ml&ntroI si gnal based on

the calibration datathdentrTHer inaluidedd meabteruaie0redad seratdibidion urt her
conpri si ng: source af radiation configured to generate a second beam of
radi ation af atcgnﬁm(@@{ngitf’ atlé?tl tipgshig efé’t"?eﬁr‘?ﬂ%éfé’ﬁ? gbirppsapsions gEfhet hat t he
second beant@fuatoadh@tHeQdnirs S(ﬂfgﬁéils(gggdi nto the first and second beam pat hs
and re- conbined by the radiation beam conbiner; and a detector systemt hat

is configured to inspéttcatellseisomdfipemmto generate the control signals for
the actuator system in response to the input control signal based on the

calibration data.

14, The variable attenuator of claim 12, further comprising:

a source of radiation configured to generate a second beam of
radiation and to direct it to the radiation beam splitter, such that the second
beam of radiation is divided into the first and second beam paths and re-
combined by the radiation beam combiner; and

a detector system that is configured to inspect the second beam
of radiation once it has been re-combined by the radiation beam combiner;

wherein the detector system is configured to measure the
intensity of the second beam of radiation, and

wherein the controller is configured to generate the control
signals for the actuator system in response to the input control signal based on

the measured intensity of the second beam of radiation.



of radiation once it has been re-conbined by the radi ati on beam conbi ner;
wherein the detector systemis configured to neasure the intensity of the
second beam of radiation, and wherein the controller is configured to
generate the control signals for the4@actuator systemin response to the

i nput control signal based on the neasured intensity of the second beam of

radiation. 49 135 Therhéamiiableaitatla@eatRimal, Ghalem: 14, wherein: the
detector systemis further configured to nmeasure the wunifornmity of the

radi ati on intensity adhosietacks srstus seéurthen oinfigheds &roneasutsedin of
r adl atl on, tugﬁb Eéy§¥ %ﬁ%?&&?gt r? fl'l CHSI{% Q%)SS ?l"?n‘faéOg%]ISnglO ucg]thte %%%?I{({ can

control the ang et eam pa ength
controller lb@&rﬁblﬂlg@hdtﬁm a beam of radi ati on propagating through the first
radi ati on beam path whi ch, inturn, controls the relative angl e of

i nci dence of the radi &#§ %Fﬁu¥91o?r¥ﬁtt9ﬁ]e‘3ffhlfﬁlﬁf CO%ﬁﬁJf%&l@ﬁdhCFfaH?aélth&HObeam pat hs

h d f h th
: : Ergvrge'sﬁééa‘%@ ffatfsl%: gcﬁgé}atso’i‘%fthear cﬂa& %gtﬁfeh opitbict r%f%H@@ﬂ;hS“C that

sys o control e angl e of

t he refl ect arbeafn dﬂlﬁdnaadm @topagatnigetammtthé émgtrhdia@astt bednh @athbaked, on t he
measured uniformty he radi ation_.infensi éx across the r%ss section of
the second HbBHH ocfonﬁra Bt rgative gl pbingienshrethsiadiation doobiedia m 10,

wherein the,;adiahi paalat@%%memmgﬁms%%&agﬁaaﬁ 9&4&&0&9&@? l,ngs: first and
second parallel reflectors an actuator system configured to control

t he separation of thethdimgblland cseitgned sehl tbattibpsyvidehepeiral sgmlsf i r st
radi ati on beam path is arranged such tha dlatl is reflected

ot ween 1 het Meciorier” sl capF s atle o et oy Obet o dlang ¢ he

act uat or SY%&#IEFFQMHn@m c%ntt:*&ﬁexsl%@di @h't@@xr@&s&&?uﬁﬂt}ﬁﬁﬁtm@hc seeang reflectors
in response t he input control signal. 17. A variable attenuator suitable

for use in mt¢rstthegapticsrosappaioatot§e ssomfd bpgmed radiatidj.ust its | evel of
transm ssion to an i nput beam of

6. The variable attenuator of claim 10, wherein the radiation beam

pathlength controller comprises:

first and second parallel reflectors; and

an actuator system configured to control the separation of the
first and second reflectors;

wherein the first radiation beam path is arranged such that the
radiation is reflected between the first and second reflectors a plurality of
times; and

the actuator system controls the separation of the first and

second reflectors in response to the input control signal.

17. A wvariable attenuator suitable for use in a lithographic
apparatus, configured to adjust its level of transmission to an input beam of
radiation in response to an input control signal that represents a desired level
of transmission of the variable attenuator to the beam of radiation, comprising:

first and second phase gratings; and
an actuator systerm;
wherein the first and second phase gratings are arranged

substantially mutually parallel and so that the beam of radiation is initially



radi ation in response to an input control signal that represents a desired
| evel of transm ssion of the variable attenuator to the beam of radiation,
conprising: first and second phase gratings; and an actuator system
wherein the first and second phase grafyj ngs are arranged substantially
mutual ly parallel and so that the beamof radiation is initially 50

i nci dent on kgt raf.LE en.ls.incident on the second
phase grat iﬁr}!gggll;%el\g/\t/h(ger?Ee}}eﬁﬁggE'%%S?gtr %tﬂ% %Fq&ejlé%’\gglrs ellrtl(f“ri%% Oggt rsle%oélg Eﬁ? urality of
regi ons of earffimst type and a plurality of regions of a second type,
wherein the phase gratings are constructed such that, for each phase
grating, a phase shi ftW'i‘e%PPo?i’ﬁEélf RIKeS waaimes fcormaselt ranuslitschg  t hr ough

the regions efiohder ﬁfsﬁyp%}éﬁ’ﬁftEﬁlr@ﬁtgl&%rrég%nsqyfae’sem\ﬁqu@gt h of the beam of

radiation input to the varia atténuator greater tfian for the regi ons of
the second type, and wietieithe abiseadratingyst emdtsicedniicly tiedfct @adidj ust t he

relative positions of the fi .and, second_phase gratings in response to
the input cénf Sreolgra%g‘rggﬁaﬂ%aé‘f S?@“faé’?“%déicﬁgéﬂ the rhepay of dadigligh pagsighi ch

radi ation passuEgtHete@uaNor he @B el 2 lhgdiJrstyARL e f the
first phase grating s%bsequentlggasgtgs thrrougﬁl reag“gﬁg%fjt eO irst and
t

second t ype fadigipedpity & jhe wvhiablseattmoatod grptasbay fat thagegiand oé tisecond
position, ipg, thgaer ngc! ation passing through regions of the first and
second type 0O fIrst grating subsequently passes through regions of

the second and first tyleein reaR@EtdyRhY is @bnfififed & ARMsPAS ela@fat i Ng. 18.
The variabl e attenuator of claim 17, wherein: zero order radiation that has

passed t hr oBgHUPROHhe Sist apsesapd pbise wafinas g wspamgs to thedipwepedolas an
out put of tge,yaki ghlie,akLi&Nyatar,a0d, t. ariable attenuator conprises at
| east one r agi ation dunp to %?[c%osﬁ&ghelﬁ%%g? £ \}Eét?oc‘)]r PR giel MeTat i ve
orders, or tgidns of thedtsatidsecbhattyfast tpagseghidr gughy khigsehidigly and second
phase gratings e directed. !'L9. The variabl e attenuator of claim17,
further Con?)%rg%%%hbou& regions of the first and second type, respectively, of the second

phase grating, and a second position, in which radiation passing through

regions of the first and second type of the first grating subsequently passes

through regions of the second and first type, respectively, of the second phase

grating.

18. The variable attenuator of claim 17, wherein:
zero order radiation that has passed through the first and second
phase gratings is directed as an output of the variable attenuator; and
the variable attenuator comprises at least one radiation dump to
which higher positive or higher negative orders, or both, of radiation that has

passed through the first and second phase gratings are directed.
19. The variable attenuator of claim 17, further comprising a
controller that is configured to provide control signals to the actuator system in

order to control the actuator system in response to the input control signal.

20. The variable attenuator of claim 19, wherein:



controller that is configured to provide control signals to the actuator
systemin order to control the actuator systemin response to the input
control signal. 20. The variable attenuator of claim 19, wherein: 51 the
controller includes a nenory configurédl to store calibration data
corresponding to the rel ati onship between the transm ssion | evel of the
attenuator and the conhe odntsilignalcBideanchehvey comiguotd erstdrs calombiigured to

generate the control sjgnalsg for . the actuator system.in respaonse to the
i nput contr gllatas‘foé?’?él?o B)ag“é’dreg?‘ﬂotl?r}ép 8%qul3rt[s\? iigpsaiasign lovel ofjlee vari abl e

attenuat or Qftealatdrhd the dMELNEELQOMREI SiNg: a position sensor system
configured to neasure the relative position of the first and second phase

gratings; and wherei nthheomdonler o terfigusedctonddngrate thet @ngeheigatie fohe contr ol
signals for ;the actuator systemin response to the inpyt control signal and
based on thg’%%geﬁl?reﬁp’s?eéﬁl é'%/ir?ﬁgo’ﬂi%’sﬁot PBADRY ehiol sial azaaﬁdaag ghdiphase
gratings. 22t v@dis abl e attenuator of claim?21, wherein the controller
is configured to determne a desired relative position of the first and
second phase gratings based on the input control signal and to generate

the control sigpals r. _the,actuat or st em,based on the difference

bet ween the desi ?Z‘d aﬁg‘e Vﬁ%g@ﬁ?éﬂl%&rga{]@@gg’sﬁftﬁf)‘n‘“oﬂ)’?plisﬁég'fi rst and second
phase gratings. 23. ThepdsaidnadoRtisedtadodfig@ld Chan@ils tMhesigive the
actuator systemis further configured to control a relative angular

posi ti on of Peséor ofrthe figf{@and second Phrgsisatiieatandlgs; and the controller is
configured such that {hoprovides.cantrolcakanals, tathe deliator system to
control the relative angular position of r'St AR secon phase
gratings basigthloot be aeasur egtérliaticywnposd thommit coheol sigsidl and second
phase gr atiggs. 24. The vari abl e attenuator of claim19, further
conpri si ng: 044 80 theamggsurddickiive ROE bR Pigie Sastpad getead ghaseradagind beam of
radiation that is directed to pass through the first and second phase
gratings at a location different fromthe first beam of radiation; and

22. The variable attenuator of claim 21, wherein the controller is

configured to determine a desired relative position of the first and second
phase gratings based on the input control signal and to generate the control
signals for the actuator system based on the difference between the desired and

measured refative position of the first and second phase gratings.

23. The variable attenuator of claim 21, wherein:
the actuator system is further configured to control a relative
angular position of the first and second phase gratings; and
the controller is configured such that it provides control signals
to the actuator system to control the relative angular position of the first and
second phase gratings based on the measured relative position of the first and

second phase gratings.

24. The variable attenuator of claim 19, further comprising:
a source of radiation configured to generate a second beam of
radiation that is directed to pass through the first and second phase gratings at

a location different from the first beam of radiation; and



52 a radiation detector configured to detect intensity of zero order

radi ati on derived fromthe second beam of radi ation that has passed through
the first and second phase gratings, wherein the controller is configured
to generate the control signals for tshe actuator systemin response to the
i nput control signal based on the intensity nmeasured by the radiation

detector . 25. The var i aleuiah R0Rk Qb Bl.E) & 8:2%in GLE lird B8O CE of

radi ation and the radiation detector forma first ~sensor for providing
i nf or mat i on ediativie doovedrivdihehe sedomtidatatooft dadiatied atdt\has ppesi tivengiof t he

first and s d.phase tings;. the variable attenuator conprises at |east
TEEREs PR EEp bR dr

one further W80 the first sensor generating a

correspondi ng beam of yiRgkA heMeontBat: RASHARULY RUIBLERS AL §h@nd second
phase gratings at_a location different fromthe fi'rst and second beans of

radi ation; ardalsHer demeuslor systen in oesbbuperte thet inpgenetrat sighdidasandr ol si gnal s

for the ac ¥ .emin response to the input control signal based on
the infor é@éﬁéﬂgﬁ%@zﬁ&@a&d&w {%ﬁéa 18%%&%?“%6. The variabl e attenuator of
claim17, wherein the second phase grating is separated fromthe first

phase grating and lies in a Talbot plane of the first grating or a
hal f - Tal bot pl and®of t'he veigtde ageraretargl claim 24, whetkiat i on dose controller,

conprising: a detecto i tern ne.the ener wi thin pul ses of
radi ation received byﬁ%eh%%?(gddlgggﬁ%hc?fo%g t@%ﬁ?&%ﬁ‘q%g?tegoﬁg%qq BId}E\tr; and a

vari abl e at senuatfor paotdingi ingrimitich abomhd, cob@oler datewh@r @id relfth@ control | er
is configured.to d&éern‘i ne, fromthe energy in a first pulse determ ned by

the det ect OP?S”P%O g first agd é?i@fléyllﬁw @atgweond pul se to provide a required
total radiation dose, tl@”%r&'bfé"aﬁ&ﬁ;alf’org@%ﬂrgés S g L9 dbg., vatiable

attenuator in order to set the leve transm ssion of "the Vvariable
attenuat or suehspeivhng iot thatfirgmaatos gendretigec ontspaidieg beart bE rddegishr ed | evel .
53 that passes through the first and second phase gratings at a location different
from the first and second beams of radiation; and

the controller is configured to generate the control signals for
the actuator system in response to the input control signal based on the

information provided by the sensors.

26. The variable attenuator of claim 17, wherein the second phase
grating is separated from the first phase grating and lies in a Talbot plane of
the first grating or a half-Talbot plane of the first grating,

27. A radiation dose controller, comprising:

a detector, configured to determine the energy within pulses of
radiation received by the radiation dose controller;

a controller; and

a variable attenuator according to claim 1, 10 or 17; whetein

the controller is configured to determine, from the energy in a
first pulse determined by the detector, the required energy in a second puise to
provide a required total radiation dose; and provides a control signal to the
variable attenuator in order to set the level of transmission of the variable

attenuator such that it attenuates the second pulse to the required level.



28. A radiation dose controller, conprising: a detector, configured to
nmeasure the energy of radiation wwthin a pulse of radiation received by
the radi ati on dose controller; a variable attenuator according to claiml,
10 or 17; an optical delay configureds5so provide a tine delay before a
pul se of radiation is input to the variable attenuator; and a triggering
unit, configured to send a control signal to the variable attenuator, in
response to the energy of the radiation within a pul se of radiation
nmeasured by the dét ectdbradigigalopheanttoler, ¢ampEBNE att enuator is set to

at tenuate the ener oy ihaksl PRl CASLAL DI, A AESLEEH had] at | on dose

when said pulse of radiatioh is I npu e vari enuator. 29. A
radi ati on dagelsee@fitaditicerrecdoaply $icngliatborndeisecbmirollegonf i gured to nmeasure
the intensity of radiation wthin a pulse of radiation received by the

radi ati on dose cont rol?'@fiablg affgpyas|ascofiingie sta8p 1ad88F 4iing to claim 1, 10

or 17; an optical delay Gonli GuLedoIBREPY] dRviid hTEndSbay iRetore a pul se

of radiation is input to'the variable attenuator; and a triggering unit
confi gured polssefthdativons mplt witheadridbbe 4tteauategrandbl e attenuator, in

response to the intensity of a pulse of radiation neasured by the
detector, such that t ﬂe‘rééﬁ”éf-blug“’a‘??rgg‘rﬁ%i%f‘o §Wd?€ h‘é).éltrf)_Eéfrﬁnél t%tthe& e of

mexi mum t r apgimede hidrudtok OndesodtEioQhe BRETYME NSRS RiMint /pRle & TiME
required to trimthe energy of said pulse of radiation to a desired

radi ati on tholssion30casprddi hshthgrdepisiar, syspehatt ths vadalrfprktsiungor iarsef ol umi nati on
system configured to condition a, pul.sed beam of radiation, a variable

2 tenuator ACdsraiE faREneRl o B AR s P e el el | ¢
attenuates thephlRt ensidiafioafis flpul @aBE van®IPattengatof. t he pul sed beam of

radi ati on; and 54 a control system configured to determ ne a desired

intensity of a pulse of radiation and to provide a control signal to the

variabl e attenuat@r, A radiation dose controller, comprising:

a detector, configured to measure the intensity of radiation
within a pulse of radiation received by the radiation dose controller;

a variable attenuator according to claim 1, 10 or 17;

an optical delay configured to provide a time delay before a
pulse of radiation is input to the variable attenuator; and

a triggering unit configured to send a control signal to the
vatiable attenuator, in response fo the infensity of a pulse of radiation
measured by the detector, such that the variable attenuator switches from a
state of maximum transmissivity to a state of minimum transmissivity at a
time required to trim the energy of said pulse of radiation to a desired radiation

dose.

30. A lithographic apparatus, comprising:
an illumination system configured to condition a pulsed beam
of radiation;
a variable attenuator according to claim 1, 10 or 17, configured
such that it attenuates the intensity of at least one pulse of the pulsed beam of

radiation; and



corresponding to a desired | evel of transm ssion of the variable attenuator
to the beam of radiation, necessary to attenuate the pulse to the desired
intensity. 31. The lithographic apparatus of claim30, conprising a
plurality of the variable attenuatorggaccording to claim1l1, 10 or 17,
arranged in series. 32. A device manufacturing nethod, conprising

nodul ating a pul sed be r.adhbat j .ect | L bstrate;
wherein the intensity %f% Ig{OI Isgggltﬁ’ %ﬁ@gg%ﬁégﬁg%ﬁﬁﬁg%gﬁ%gg%%gﬁ gg

radi ati on i 9 Pysd ofrratiotibeiand torpohiidet @ dontal siznslatoatle byrisble atteahate, at t enuat or
confi gured tcgrrgsgj u§.t itts evel . of tggnsm’.ssi on.to an,'g put beam of
radiation in PSSO S st OF BARTYFSIQ ghthe vamiabls sleppaekit s a
desired | evehe ofam S rafiaihs Se88sQ tb BReAld ROp @A BOUALRK 1hRxGiRke beam of
radi ati on, conprising first and second sem -transparent refPe tors,
arranged substantially nutually parallel and such that the beam of

radi ati on successivel es_through .sai first and.secon .
semi -t ranspar ent 5';’rl‘ef I ?&83‘?@0 ST &p r?tﬁ%oﬁﬁlla%aaf &‘?YPR%%‘“%BrPg?ﬁaE@s
control | i ngof e vagpie atteontat acwadiflg td ¢18in AN GEGORGaHRAIn téRRSpar ent

reflectors in response to said input control signal. 33. A device
manuf acturing nmet hod, conprising nodulating a pulsed beamof radiation and

projecting it onte a suhst g - 2] i nsi t at | east one pul se
of the pul sed beam of rad{egr%iﬁ%wglﬁ&pﬁf%gﬁtég%&@ﬁlgrpr{r% t}?tél}gead, att enuat ed
by a vari abbelsat benuaf rediaticoadd pojedng & oadj usibsirsts; | evel of transmission to

an input beam of Eadia ion in res%gnse to an _input control_ signal which
represents a desiPE§Y B atentty af abieestionspulse of thepalsgd brabIof at t enuat or to

the beam of rauadioatd, PRor GBENI SbBSNated, HRALAL] B, F82NIS Bl - that divides
t he beam of radiati gn into fgl rst daen’cl secondgjﬁ%dl at |1%E&%{eut§§nﬁpat hs; 55 a

radi ati on bedmzusdid aéiust iksdevelef Genbningsn teaai iapitdreafr eivatiagod i st and

second radi ation beam paths such that it interferes and produces an output
Ao B %lnl&Bﬁcé’“HSf ﬂé%alf‘ﬂp‘fl}fé?reé%? ﬁg%@dﬂg\feﬂ,@fa radi ati on beam

beam of radiation;
pat hl engt h traentissainl @thé Qe 4t@hukibLioRad htLngt ﬁd%ftiohh&)nfu;ﬁﬁﬁg radi ation

beam path in response .
first and second semi-transparent reflectors, arranged substantially mutually
parallel and such that the beam of radiation successively passes through said
first and second semi-transparent reflectors;
wherein the method further comprises controlling the separation of
said first and second semi-transparent reflectors in response to said input

control signal.

33. A device manufacturing method, comprising modulating a
puised beam of radiation and projecting it onto a substrate;

wherein the intensity of at least one pulse of the pulsed beam of
radiation is, prior to being modulated, attenuated by a variable attenuator
configured to adjust its level of transmission to an input beam of radiation in
response to an input control signal which represents a desired level of
transmission of the variable attenuator to the beam of radiation, comprising:

a radiation beam splitter that divides the beam of radiation into first

and second radiation beam paths;



to said input control signal in order to control the interference of the
radiation fromthe first and second radi ati on beam paths. 34. A device
manuf act uri ng nmet hod, conprising nodulating a pulsed beam of radiation and
projecting it onto a substrate; whereiss the intensity of at |east one pul se
of the pul sed beamof radiation is, prior to being nodul ated, attenuated

by a variabl e attepdation be&Rbindie that fo-adhbifks latiftibe ¥Rl OF frfransm ssion to
an i nput beam of radiation in response to an input control signal which

represents aidessanddadiaten begm patha seokithafiibintesferestrad waedushd &n eatpetnuat or to

t he beam of i atl .G rising: first and second phase grati ngs,
arranged subgsetgglnﬁrg(ﬁ%onﬁgiﬁgal ly parallel and such that the beam of

radi ation is initthahlephodroitd@nionpristdesifd 4 sldiatiohasemgpagiédpeh and, havi ng
passed through the first phase grating, s incident on the second phase
grating; wherBirpllade royroliheryhigaehgt aq igsradtipn bews rathgn agsapntey of

regi ons of ikt - i f i fca S type; and
t he phase g?gtsizlﬁé@ué%e{ﬁ?oé§ ta %Sﬁrgéqéﬁ%%u ﬁ%{ ,ﬁlg%rﬁe?agggﬁ%pehrgggﬂg? ating, the
phase shift fram tedirseddtsecorrdadilatibvobegragsthng t hr ough the regions of the
first type is a quarter of the wavelength of the beam of radiation input
to the variable attenuator greater than for the regions of the second

type; and the metjgod fA'H&\h@ém%Hﬁ‘fﬁEﬂu?fﬁ?n?e@id&?&&ﬁgﬂéiﬁgﬂoﬁhl%hh%ﬁ posi tions of

the first and second phase gratings Tn response to said I nput control
signal at | eabtd bemn weadiaiohiang projogingiivpmgto iarsubdiiacdy radi ati on passi ng

t hrough regions of, the first . an econd type the first phase grating
subsequent |y pas§Ngls°r(f'?|mﬁ}ﬁ%’“F@g?%ﬁiea%‘f’lqQig&qu(r%é‘? p‘gﬁ‘a{léeélgb?fﬁ_ type, _
respecti vel yadigfortifgriee®péinphasal M@ bitdihatcdns PyarSB8ROMEnPASI tion, in which
radi ati on passing through regions of the first and second type of the

first grati egnisgebigusitst is pasbelsranamingipn tp egilamy bedm phendisisodnd and first
YD) 1 CoPeSLRIA N SRS U IR Bh B oS B L o
i ntegrated eanguissiogerihesarimlubasiuated aearamli dTgadigtid)@ompEtigd of claim
32. first and second phase gratings, arranged substantially mutually
parallel and such that the beam of radiation is initially incident on the first
phase grating and, having passed through the first phase grating, is incident on
the second phase grating;
wherein each of the phase gratings comprises a plurality of regions of a
first type and a plurality of regions of a second type; and the phase gratings are
constructed such that, for each phase grating, the phase shift introduced to
radiation passing through the regions of the first type is a quarter of the
wavelength of the beam of radiation input to the variable attenuator greater
than for the regions of the second type; and
the method further comprises adjusting the relative positions of the
first and second phase gratings in response to said input control signal at least
between a first position, in which radiation passing through regions of the first
and second type of the first phase grating subsequently passes through regions
of the first and second type, respectively, of the second phase grating, and a
second position, in which radiation passing through regions of the first and

second type of the first grating subsequently passes through regions of the

second and first type, respectively, of the second phase grating.



37. A flat panel display nanufactured according to the nethod of claim33.
38. An integrated circuit device manufactured according to the nethod of
claim33. 39. A flat panel display manufactured according to the method of
claim34. 40. An integrated circuit dey ce manufactured according to the

met hod of cl ai m 34.

35.

claim 32,

36.

A flat panel display manufactured according to the method of

An integrated circuit device manufactured according to the

method of claim 32.

37.

claim 33.

38.

A flat panel display manufactured according to the method of

An integrated circuit device manufactured according to the

method of claim 33.

39.

claim 34.

40.

A flat panel display manufactured according to the method of

An integrated circuit device manufactured according to the

method of claim 34.



