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FI LTERI NG | nventors: Patricius Al oysius Jacobus Tinnemans Johannes Jacobus
Mat heus Basel nans Background Field tool] The present invention relates to
a lithographic apparatus and a nmethod for manufacturing a device. Rel ated

Art [002] A lithographi I i,n jes a desired
pattern onto a subsﬁﬁ@mré %ﬁ?@@f@ﬁg&l‘ﬂﬁﬁ%&ﬁof t he substrate.
A 1it hogr aphi MAPRAFACUIITRENG BEETEHAD WEHILEAANGI D ATAFIhEEREING act ur e of
fl at panel displays, integrated circuits (1GCs),

m cro- el ectro-nmechani cal -systens (MEMS), and ot her devices involving fine
structures. g In a conventional apparatus, a contrast device or a

patterni ng devi cenwhioch caRabeiusefleysisdatabua$immcimask or a reticle, can be

used to generate a circuit jeainh&rRAcskat NesRepBasdmhgs an i ndi vi dual | ayer of
a flat panel display or other device. This pattern can be transferred onto
a target portion (e.g., conprisiﬁgapart of one or several dies) on a
substrate (e.g., a glass plate). ckgounpdof the pattern is typically via
i maging onto a layer of radiation-sensitive material (e.g., resist)
provi ded on thgssubstrate. [003] Instead of a circuit pattern, the
patterni ng device can be used to generate other patterns, for exanple a
col or fiﬁ ?r patt%%n or a.matrix of dots, Instead of a mask, the
pat t er nil ég‘ devi ce [PaRTERSIHICRtonyelalas s ithagraphic spparamsgand amstiodder an  array
of individuahbﬁuﬁgﬁhhgghgggg el ements. Conpared to nmask-based system the
pattern can be changed nore quickly and for less cost. [004] In general, a
flat panel display substrate is rectangular in shape. Known |ithographic
appar at us deRichreddAtto expose a substrate of this type typically provide an
exposure region, which covers a full wdth of the rectangular substrate,
or. which covers a portion of the width (e.g., about half of the width). 2
[002] A lithographic apparatus is a machine that applies a desired pattern onto a

substrate, usually onto a target portion of the substrate. A lithographic apparatus

can be used, for example, in the manufacture of flat panel displays, integrated

circuits (ICs), micro-electro-mechanical-systems (MEMS), and other devices

involving fine structures. In a conventional apparatus, a contrast device or 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 layer of a flat panel

display or other device. This pattern can be transferred onto a target portion (e.g.,,
comprising part of one or several dies) on a substrate (e.g., a glass plate).

Transfer of the pattern is typically via imaging onto a layer of radiation-sensitive

material (e.g., resist) provided on the substrate.

[003] Instead of a circuit pattern, the patterning device can be used to generate
other patterns, for example a color filier paitern or a matrix of dots. Instead ofa
mask, the patterning device can comprise a patterning array that comprises an
array of individually controllable elements. Compared to mask-based system, the
pattern can be changed more quickly and for less cost.

[004] In general, a flat panel display suBstrate is rectangular in shape. Known
lithographic apparatus designed to expose a substrate of this type typically
provide an exposure region, which covers a full width of the rectangular

substrate, or which covers a portion of the width (e.g., about half of the width).




|

The substrate is scanned underneath the exposure region, while the mask or
reticle is synchronously scanned through the beam In this way, the pattern
is transferred to the substrate. If the exposure region covers the full

wi dth of the substrate, then exposure,is conpleted with a single scan. If
t he exposure region covers, for exanple, half of the width of the
substrate, theHe dubSrAsRSidaatd hriklchR ﬁmy jrst scan,
and a second scan is perforned to eé%lgtggte% e fée%&%n%g@?l%??e H%gkétbstrate.

[ 005] Anot herreldy isofynehrangusty scamieddbouph stel begmi dnithiagiaggtheipattavhiich a
pattern is realized by successi exposure of spots. [006] Were the
pattern on tﬁl@ngﬁﬁgg Foa%('é S}Lﬁ%s?rﬂéi II%IS\EF?X QU BEYRICQVYE th%‘[é‘HIWlﬂ@oOf tB& posures or
"Spot exposurs@Bstratd, theh®x iEHAAd; ) Qymed at a
particul ar point can depgﬁgﬁﬁke}hﬁfélﬁeelamg{f@%% l#&%‘st{ g%g)?&eo E{eg?%@l{ ve to the
spot  exposurcevess.far gxesipld, balfof thewidtieo ftbe arbstaty,alidnahé wbstiate Paioved N qual ity
can be found, to ex'ist wWth_ respect to the angle of a feature in the
pattern rel af i3 theyfisst firangand e sqsend) scapiis peiforgredys enpese thhese
variations cagmha¥ys g ihegdtiye i nfluence on the quality of a device to be
manuf actured. [007] The 1 mage | og slope of a pattern determ nes the resist
si de- wall00dngl e ofAnofteatvay efinfagingeatliades plxepgritiatgingdinafhidin Rraased
substrate. A shal|low imge |log slope inplies a shallow side wall angle,
whi ch can be 'diged,py suceessvg sxpsere gigpotsachi eving a wi de vi ewi ng angl e for
Fl at Pa Di spl a d t 0 ences of .qverlay errors.

St ceper Noshge | og o oo ARG fe iy BN SR E0 e T hvdiefhne st
The maxi mal  expayerds o spbinxposusestltit Biftindarat e dubRtyREtHpattsRFRRRdRUNCL i Ons  of
the spot exposures in the grid, and on the geonetrical properties of the
grid. In gendParticuenapist eaedepentbon wheie thapomtt iplecated ralativg to freespohe

di J : | finalized. e 1 1 b
Gosi rabl e 1 0 yAry RO BAF an Ll Wil Mg 5 ot The

~appl i cation. td e£i8] witheespetit ot aflpleAS RAIECH tHegiatem fetitivBo Sk&e of the

smal | est printfable feature. Although the CD of the dose pattern can be
defined qui t defiupgthagedy Eitkarpppoth of Gegsoeriaonsican havepmegatiefiifluentet t o

Frequent |y. 7T URRRENIEeRte L BRMEAIAD arter i nepbction of a0
processH@7pubst r aThe infageNéieslop b fAiattBinZRtdrMthel HRGBS KM PR &gl of
features formed af’tgr processing of an exposed substrate. A shallow image log
slope implies a shallow side wall angle, which can be useful, for example, for
achieving a wide viewing angle for Flat Panel Displays or can reduce the
consequences of overlay errors. Steeper image log slopes and side wall angles
provide greater contrast. The maximal image log slope is determined by the point
spread functions of the spot exposures in the grid, and on the geometrical
properties of the grid. In general, therefore, the image log slope is fixed once the
corresponding hardware elements have been finalized. However, it can be
desirable to vary the image log slope according to the nature of the application.
[008] The critical dimension (CD}) refers to the size of the smallest printable
feature. Although the CD of the dose pattern can be defined quite accurately
prior to exposure, it is more difficult to predict the CD properties of the pattern
after post-exposure processing. Frequently, it is desirable to tweak the CD after

inspection of a processed substrate in order to optimize the processed pattern

according to a customer’s requirements. One way this can be achieved is to vary




according to a custoner's requirenents. One way this can be achieved is to
vary 3 the intensity of the radiation source. The nore intense it is, the
nore the resulting pattern is spread out (nornmally | eading to an increased
CD). However, CD biasing in this way gan only be applied uniformy and in
acircularly symetrical fashion over~the surface of the substrate. [009]

variation in homdes) & HrAfaibhe R THE ficfe a&qnggfyz%b;hgbﬁg hErd@he Pl ane of

best focus can cause deterioration I n the qua nage rmed on
t he subst r atpetter@oinpbmsed vat yoranty tadingob Sysiteasdo@n).beiopreow, dasl t o
translate angd/or .tilt the substrate table and/or projection systemin
order to keep#H® 18 dHE Wruew onbrhe apphed wiralyond peasirquézslysymaetical j s

difficult to mehiener B Laste WP Lon. A residual focus error tends to
be remain. [0010] V\hgresan ffrray 0 §tl?&tn%l vidually controllable elenments is

used as [A09]pat t er (Vangtioe i the positoreof e utatraaaMBickRive R0he bRnkort ransl ate
request ed spot xposure doses to voltages suitable for actuating the

cor r espondi nge¥| 8RNt Guse deferieptic ingthe qmalitypyfrtbp imageeformad on thor exanpl e,

where the arr, i-ndi.vi I troll abl e,.el ene co IS a mrror
array, the vo tsgg{e% wg‘}q\fé)géeé?‘léjh%’ggﬁﬁfs}%S”g’gemst%mggﬁrsog“{éhg‘it{ﬂnglgélangﬁa rors or
groups of ni tiltahssubstrite tabld dﬁd&ﬂﬁfbj@tiw@yys&‘ﬁn in@réletd Reh theaalb AR RBF | at e
portion of incident radiation through the projection system The

rel ati onshi p Yisclkieept bert fonus but itiis difBeultitef 4chiave derfadticatripensation tthe

voltage/tilt ex (e.g., non-linear). Factors that affect
the intensi {?/S?dl}%ll %Sﬁﬁ%é‘%%%ﬁﬁée Feggﬁlrhti on incident on the array of
i ndi vi dgedlloy contwiedré all &rsl eMeRtisidaNs YeitAhbRNSehbnt NE L& ical

properties of projection system conponéents (e.g., variations between
di ff erent opPHEENing sicviensspmeaiormiof coneision toof fretoi tranelats teyuasfedrspdi at i on

reachi ng the rate .and,there reduce the quality of the pattern
f or ned. [OOﬁfﬁﬁgr &> ntogP}tﬁ%?SS?l?%’?dﬁﬁfcg%WIg ?%quﬁ_qd&lﬁ%?@?%g‘é%ts is used
as a patter tHengradQyihe @ppBPastk tikde8NFordxaiple, WheithOik4 d¥idiPduiii;pm el enent s

other than those that are supposed to be contributing to a particular
sub- beam of fetiodleblsglementarovwuises agnirwr srray) theholtpgestvatlibe thosereo an t he

Substar e LA0hgle MBREREP I o BPLrolsh SRSEHGH o fuh SURL SR 0% BEH00T TP
an appropriate portion of incident radiation through the projection system. The
relationship between the proportion of deflected radiation and the voltage/tilt
angle can be complex (e.g, non-lincar). Factors that affect the
intensity/uniformity of the radiation incident on the array of individually
controllable elements and variations in the optical properties of projection system
components (e.g., variations between different optical columns) can also affect
the intensity of radiation reaching the substrate and thereby reduce the quality of
the pattern formed.

[0011] Where an array of individually controllable elements is used as a
patterning device, ghost light (i.e., light originating from elements other than
those that are supposed to be contributing to a particular sub-beam of radiation)
can cause errors in the pattern formed on the substrate.

foo12] Therefore, what is needed is a system and method that more efficiently

and effectively performs maskless lithography.




and effectively perforns maskl ess |ithography. 4 SUMVARY [0013] According
to one enbodi nent of the present invention, there is provided a

| i t hographi ¢ apparatus conprising a projection system a patterning device,
a low pass filter, and a data mani pul ati on device. The projection system
project a beam ofradiation onto a substrate as an array of sub-beans

of radi ation. The patterning deviceuynpgdukgt es the sub-beans ofradiation to
substantially produce a requested dose pattern on the substrate. The dose
patter n[983pui | t Apcdrdivgiaeneanttagdiradnt sfibt preexrposantios, there istprastidedta | east

nei ghbori ng ot exposures are imaged incoherentl wi.th respect to each
othgr and ea 0§3®ﬁwéﬂﬁ%§ﬂ?%”W@mﬂﬁgﬁﬁggﬁ“nyﬂﬁ@’%%ﬁ¥ﬂﬁm% 1ceiaWs of

radi ation at pasBidket ktdd @ia ﬁl'arril’i'f?ulaﬁ&?dév‘?é@? @g@%ojéc{ifaﬁgys{eﬁ‘lﬁﬁ ¢ Gyt O Operate

on pattern data derived fro he requeste ose patternin order to forma
f requency- cl bppddtitmege sustetepan aray of hit-bqarmsdémidiation | Thagartpnirges onl y
spatial frequenc opents bel o .selected threshold frequency. The
data mani pu %??eg)rﬁ?‘ﬁ’ggp%t eﬂ’ﬁjol%ﬁ?g’éé’\?l&%@élﬁfl Foiu gﬁ‘@fﬁ&b’?&%ﬁ?i‘?ﬂﬂiﬂ@pot
exposure | | Nigghalifonif BPHOYELHoD ol iRl G HoRfafii¥h G sphiased on a

direct algebraic least-squares fit o e spot exposure intensities to the
f requency- cl exppedes mngleath atdesengigliioeinp spdt @Rothiredaedmipadintohepgiglyembodi ment
of the present.invention, there is provided a |ithography apparatus

conpri si ng aPResBedt iuFrch ptherpqd eack srot e¥naswig 1epftced by oagphthe i pul at i on

device, and g RurBRSSiohil § Sl i, BT QAL RTBROAE S @Ream  of

radi ation onto a substrate as an array o beans The
patterni ng oeypatten ratudatved fide thelbequeass dode pa@haid ofier Ro FoMmeh

substanti al Ii\l(_ to produce a requested dose pattern on the substrate. The
dose pattern F%leﬁiﬁ-¢itppﬁ§tars%ﬁ?%?rpaétﬁmébat perdonyRantly comptsesonlyspalidich at | east

o har o "D ARG RIBHBRME bEIW O Sllecrd " TR ot ARDAE 1 0 c2c

ot her and eac t exposure 1I's produced by one earns - of

radi ati on atmanipeiatiorc deeice tproguced e coetbal §TBiml Paon@iris@iy G%Mi &fpos@eoduces a
control signal conprising spot exposure intensities to _be produced by the
patterni ng d@iFnsiies terhe pradiced by dheypritering ¢nyicsgbangd andi dieset algehyaibr aj ¢ | east -

squares fit l%st-tsli'lf‘ar&%tof%ﬁeoﬁ)%y E)ﬁ)oisﬁﬁteqﬁgﬁstiéie%ﬁo it g&tu%nc(:jy%lilp\ﬁgg ta]}ée? m the
request ed dose
dose pattern.

[0014] According to one émbodiment of the present invention, there is provided a
lithography apparatus comprising a projection system, a patterning device, a data
manipulation device, and a low pass filter. The projection system projects a beam
of radiation onto a substrate as an array of sub-beams of radiation. The patterning
device modulates the sub-beams of radiation in order substantialty to produce a
requested dose pattern on the substrate. The dose pattern is built up from an array
of spot exposures in which at least neighboring spot exposures arc imaged
incoherently with respect to each other and each spot exposure is produced by one
of the sub-beams of radiation at a particular time. The data manipulation device
produces a control signal éomprising spot exposure intensities to be produced by
the patterning device. The control signal is based on a direct algebraic least-
squares fit of the spot exposure intensities to data derived from the requested dose
pattern. The least-squares fit is performed by multiplying a pseudo-inverted form

of'a point-spread function matrix by a column vector representing the pattern data

derived from the requested dose pattern, the poini-spread function matrix




pattern. The |east-squares fit is performed by multiplying a
pseudo-inverted form of a point-spread function matrix by a colum vector
representing the pattern data derived fromthe requested dose pattern, the
poi nt-spread function matrix 5 corrpri;i ng i nformation about the shape and
relative position of the point-spread “function of each spot to be exposed
on the subst cahfrififg RRGAliol Mo R ﬁﬁ%dféﬁativﬁggéi%ﬂ mhs?]goiﬁtﬂiré/a%n time. The
| ow- pass filter renbves spatial frequency conponents of a signhal above a
sel ect ed t hr égtsbbulof saghysEridy be exyoedar it eubsohtt biyoac of the qubh-beams of :
pseudo- i nvert%fli form of .t he .q%gi ntr-sqread-fkgncti on matrix, ready for the

| east - squar eLHHOD Hy2 Eheens BMeowl BY) [oB@RS: [1BH: romepes Ispatiad drequpin- pass
filter (r) [Kh : ' A .t he

pseudo-i nver ll%gp?ngb{rahgéghgﬁéel%gﬁér%%%?ggétfﬁ%igt#gﬁ%%ﬁ?rna({oﬁ%&&%&%ﬁgt ively
before and aifntethefpstiderinvateddmn white poinFipevedpfanctidni thitelk, feady eeRt S a

mat hemat i cal . definitign, of tgf | ow-pass filter in the spatial domain.

[ 0016] Accorlﬁaﬂggq%fe%g%bé lpuge aperatios present invention, there is

provi ded a |ithography apparﬁj;us c_onri Si n@_lﬁ Jprojection system an array
of individually controll abl 8L rsren wmsgier Qd8Eri zer device, a data

mani pul ati on device, and a focus determnation unit. The projection system
projects a_beamof radiation onto a substrate as an array of sub-beans of
radi ati B915lrhe ar Whsre odfK)i riandvitelliou-d yrepressnt thsl psardeinybded farm abthel at es t he

sub- beans of r.adi atai}qgé}?so as substanti request ed dose pattern

||yt f
on the substPYRESPT BHTSREEY TEPeEvs: lgeé'qr% aﬁéghgg 1Herg aRHWEBHEr tine from
an array of gpot ex%ﬁé&érﬁ%nﬁ%ﬂlaﬁeﬁﬁeﬁMErﬁel&f?g%ﬁl%?ﬂl%&?%ﬁy one of

t he 'sub-beans"6¥*14adi ation at a gi ven time. erizer device converts
data defini nghrhdig requested dose pattern to a sequence of data

representing the requested dose at a correspondi ng sequence of points

wi t hi n ¥9&6] pat t eAerordihgtodakcambedinent dfthephestemneation deirv pravicedaequence  of
data and generates a control sjgnal therefromsuitable for controlling the
array of i ndPOFAR] PG OIS RIPISHEM: Systemp an agay, of divddualliat i on uni t

measur es t hegonRefitt a%};lglflts%traét%rr d&i 0% Heit?ﬁgxgbultaﬁ&l GaRaL &%ta?oé’us lative to a

pl ane of best focus ata nmani pulation I'Cé conprises a focus
conpensat i ondeteriminatioa tinad fbe projbetion system projects a beam of radiation onto a

substrate as an array of sub-beams of radiation. The array of individually
controllable elements modulates the sub-beams of radiation so as substantially to
form a requested dose pattern on the substrate, the requested dose pattern being
built up over time from an array of spot exposures, each spot exposure being
produced by one of the sub-beams of radiation at a given time. The rasterizer
device converts data defining the requested dose pattem to a sequence of data
representing the requested dose at a corresponding sequence of points within the
pattern.  The data manipulation device receives the sequence of data and
gencrates a conirol signal therefrom suitable for controlling the array of
individually controllable elements. The focus determination unit measures the
position of at least a portion of the substrate relative to a plane of best focus. The
data manipulation device comprises a focus compensation unit that adapts the
control signal based on measured deviations of the at least a portion of the
substrate relative to the plane of best focus.

10017) According to one embodiment of the present invention, there is provided a

lithography apparatus comprising a patterning device, a projection system, and a




control signal based on neasured deviations of the at |east a portion of
the substrate relative to the plane of best focus. [0017] According to one
enbodi ment of the present invention, there is provided a |ithography
apparatus conprising a patterning devigce, a projection system and a 6
CD-biasing filter. The patterning devi Ce nodul ates a beam of radiation. The

proj ection syshemsPiiRe! The Blgttéﬂ?ﬂgld@{/i%g nRRAmeT Heatl &ty &ﬁﬁtiﬂgt Phé

substrate. The CD-biasing filter Operates on pattern data rived froma
request ed dogeojpadtoneysicm prdjeatiithe sotiolated bead of diatien p@b heubsirag. @eyvi ce, in
ritical dinens cteristics of a radiation

order to cont .the j on, char
dose pattern @f‘b}fﬁ@&ﬁ%ﬁwﬂ%ﬂéew&a&m%de&m é‘ém reested desedrlfig to one

enbodi nent Ofwﬁi&ﬁiso{oeﬁé@éq fonﬂa%“ﬁdtt%ﬁﬂnés hEVige, iR RIGVbI&RnBI td &p&gf aphy
apparatus conprising an illumnation Systemy a projection system a

patterni ng devemsjonashdraatedatia ofamnidiaticatdosnparyt reductd ®yithd putiefiddd on system
conditions a pbeam of radiation. The projection systemprojects the beam of

radi ati on ont%Viffie substrate as an array of sub-beans of radiation. The

on o5 _ ears of Th
b oduce P kquost e B o BRRER Ry pph Rk Rles IR T, 7 &

built up frommrmgr@rhpappa@itwmﬁprismmsumﬁﬁmﬁm@te&p@br@wmuf/@e@ﬁ ng
produced by one of the sub-beans of @ radiation at a‘Rle\}qu_ti cular time. The
radi ati on i nPati@ning deyvics, gdsedalgupaipdalior deviegdi Bhe dlmisatiamniysem ed

according to . ivat ] of correspondin or.ti,0 of the
ooy GBMdsils ¥ Bl D Hdifoct T8 SRIGASP At FrOPEL 1ol of T
conpri sing spafiatuRAGIHEsUb3EAB bt HTRrlDESuttRdainé @dradiatioht TRe ﬁa@l@ﬂﬁﬁ%}ed dose
pattern to a control signal representing activation states of the

pat t er ni ng déevigemoduipss Bissulabeams o rghyhndesubsientiallyeedusd ageswestgsht t ern. The

transfornmati i d ed,in order .to carrect .for dntensit arjations

caused by at HP‘U’eeePzaF e%n%m& > tﬁgatef gﬁ? 89&%’ ae@dﬁ%%lhélﬁtionb?n ?Iﬁ@y%ér/%?{ecti on

system conpeggiiesOéachhpot Ekpﬁ@hﬂ%aﬁéiﬁ%"pmﬂ)d%cﬁm oh@Qif ahd Qub-Buices for the
0

illum nation system and conponents ‘the patterning device. [0019]
Accor di ng tol‘@{ﬁéloérﬁ’é@cnaﬁ@war dfma. hehpradedion intanstytaf gngiverhsubebdag: pf ovi ded a

device manuf aek ioh A oNBL RO het SRS b Sty iort Phtb S AR iBig portion 91 N9 2
of the patterning device. The data manipulation device transforms a signal
comprising spot exposure radiation doses derived from the requested dose pattern
to a control signal representing activation states of the patterning device
substantially to produce the requested dose paftern. The transformation is
adapted in order to correct for intensify variations caused by at least one of the
following: components of the projection system, components of the illumination
system, radiation sources for the illumination system, and components of the
patterning device.

[0019] According to one embodiment of the present invention, there is provided a
device manufacturing method comprising the following steps. Providing a
projection system to project a beam of radiation onto a substrate as an array of
sub-beams of radiation. Providing a patteming device that modulates the sub-
beams of radiation to substantially produce a requested dose pattern on the
substrate. The dose pattern is built up from an array of spot exposures in which at
least neighboring spot exposures are imaged incoherently with respect to each

other and each spot exposure is produced by one of the sub-beams of radiation at




projection systemto project a beamof radiation onto a substrate as an
array of sub-beans of radiation. Providing a patterning device that

nodul ates the sub- beans of radiation to substantially produce a requested
dose pattern on the substrate. The doze pattern is built up froman array
of spot exposures in which at |east néighboring spot exposures are inaged

i ncoherent |y awaftitul:2 §RRC Usin@ aQ&QJfJ_assq!ﬂré? 507@&9&@@1?{3'&&9?&1;??&%& 58] S . p;od uced

by one of the sub-beans of radiation a a particula Ime. Usin
| ow pass fi | tharequesisgdose mttom ipatdeetoforded feqhendywvaippéd target dodepareguest ed dose
a freguency-clipped target dose pattern that

tt i d to.f
Conpr i ses oY SHRPTISE FHLRAAL T REHDOFRHEepelbsive 2 sebeed duethhibshol d
frequency. U%ie&lgexﬁy.daltjﬁng?anhﬁwIﬁ%ﬂi]g@atﬂﬁlvgg\ﬁcé % @g&g@g‘%é ?qgllgr%i]ts[ Ly si gnal

conprising spot exposure-intensiti to be prod e patterning

devi ce, basecdmpnsiag dpatexposagrinaities kehs progiqewlr Bsthkipattahinghieviepot exposure
intensities })o t he freqijech-cI i pped target dose pattern. [0020] According
to one enbodPAEACREAIEHSEsPrRIRrSISNARTRit Ghthe spRicEPesyrgintspsitiedoshe devi ce
manuf act uri ng ﬁr@gng -@1"?&@9&" i ol l owi ng steps. Providing a

proj ection syset em ?ha‘t pr ojggﬂc(?)ge gﬁlgeggm of radiation onto a substrate as an

array o{0028lib- beargcatlingacoed sntbodidRerOui tHe frescat RREARANLAS iseWig& 4 hat
modul ates the sub- beans of radiation_ in order substantially to produce a
request ed doS¥ ffafeargclyHne wmdhad, pernprging thenfllgwding plaps eProvidingwi [t up from

are i mmped | ARDUEH B By irBiect AbEdhn Bhre B3 BB R EP SRl B 4B RO Toxposur e
i's produced ib-nmsalf ridisticuPrbeiding fatterit @vinhamadudaéd thewhgr tine.

Using a data nanipul ation device to produce a control signal conprising
spot exposur &eantid wadiptioasin ogdes substantialbele npgduch @ requgsteé desengttemdnce, based

. di t i - fit t h t i nt iti
7o data deri DeSTRALE TRAMERINERTE pbluid ko dR g sESTOBET] Bact - squar es
fit is perfowhietl abigastubiphtitritigRBotaxpssard areimY@idtiRbhERhE fih RspRi @At - spread

function matri x by a columm vector representing the pattern data derived
fromthe rectiehadider Avdecapha tspelr ¢xposute ippioducaspbie ade ittt subrbaaatsrafx

poi nt - apr ead oo bk B BAL k'l TR 8o Poari G Bion ko stbliePdt e by one

of the sub-bwawsl efgnalacbrapliie 8potaexposure intensitics to be produced by the
patterning device, based on a direct algebraic least-squares fit of the spot
exposure intensities to data derived from the requested dose pattern, wherein the
least-squares fit is performed by multiplying a pseudo-inverted form of a point-
spread function matrix by a column vector representing the pattern data derived
from the requested dose pattern, the point-spread function matrix comprising
information about the shape and relative position of the point-spread function of
each spot to be exposed on the substrate by one of the sub-beams of radiation at a
given time. Using a low-pass filter to remove spatial frequency components of a
signal above a selected threshold frequency, incorporated offline into the pseudo-
inverted form of the point-spread-function matrix, ready for the least-squares fit,

by the following operation: [K]' e = F, ® [K]', where [K]" and

fow-pass filter
[KT fterea represent the pseudo-inverted form of the point-spread function matrix

respectively before and after filtering, and where F

Jow-pass filter TCPTESENES 2

mathematical definition of the low-pass filter in the spatial domain.




given tine. Using a lowpass filter to renove spatial frequency conponents
of a signal above a selected threshold frequency, incorporated offline
into the pseudo- inverted formof the point-spread-function matrix, ready
for the |east-squares fit, by the foléomjng operation: [K]'fii a =
Pow pass filter O [K]', where [K]' and” [K]' filtered represent the
pseudo- ijpymnt ed f ocab@ingth enPGhHiditRACHThd ptochi 1?%%&1," th¥re i§ §3BREL | Vel y
before and after filtering, and where Po, P,,s filter represents a
mat hemat i cal miahiagivging metifodt doeprisingphs & lloiMingesterisn Prinvadimgat prajectanai n. 8

0. one enbodi nent,, of the present invention, there is a

[ 00211 Accordi n‘%ﬂ%

device manufELTBHIRROIfSEREGTE Shdiadion gnicRsuhsTRIcHR AR AT A SED-DREBN i di ng a
proj ection oY h&iMd AprRidhe GhourfyaAMIR0AL Bhi-Ofhbd ERraBURS r al e as an
array of sub-beans of radiation. Pr ovi Ing anh array of 1 ndividually

cont r ol | abl e neldahmathe suthisdamsnab ehdli aioa sb hesubsthnth@lgns fooi Jragiatadddsso as
substantially to form reque%t ed dose pattern on the substrate. The

request ed do®at§ReR tesubsirais,Tihe regqyegeddose patem 1 bl ovar g figm agp ot
exposures, e ' - beams of
radi ation at %gr%;ﬂ\? tr(l)t fg’fi%eglﬁ%’%g%}fé | nSP@%?%g)t%glrg%%@ag%@' (?Eé“t;t(8 ﬁg}%tég%nver ts

dat a defi ni nyedneofiradiatisd sich giosetimal Pesvidihg a aaskeiteeddtecothadaineepr esent i ng

the requested dose at a corre;gondi ng sequence of points within the
pattern. Usi Agfaslelipng thersangsindiopenatirsy foowsaayence ofideia represendigadlifce of dat a

d ' [ - L i h
of 1 matvi dual y SRBHR paPaonhiE o LR b PR B e BB eon ot 10

measur e t he datainfangmidiondtvicetsiecdve hekédueiceddf dutatind WehéraRtacongblat i ve to a

pl ane of best focus. Using a focus conpensation unit to adapt the control

si gnal basedSigpalfagsiiprasuieile s ongolingithearrayt of individually spriraltablst t he

substrate re i - focus. 22] ..Acc ing to one
bRal. DRink Aol SRR InaRSR iyl Bl ARG O 1RG4

enbodi ment o € pres I nvention, ere s

manuf act ur i ngortieh huftthe aibstiatd RPativeetd al Jlavd 8O b&s: ePsus. Pl h B cigs
patterning device that nodul ates a beam of radiation. Providing a

proj ection SSBREStionAnit Sy ¢laptthe conteol pigaal baged an peaswrestdeviatipagdfthe onto a
substrate. ' kasi ilter. t erate.on. pattern data derived
froma r equé?t%%t %Bglgggg*ﬁlersﬁ?sga\tﬂe aﬁngo {ﬁgp e%ﬁcs{ PHPe patterning

devi ce, [(0a2pr der Aecdkdifif fo¥neleh®olinhdnt §@he prelieAB ARSNGB, ChaE AGkSHdSt cs of a

radi ati on dose pattern produced by the patternin
device manufacturing method comprising the following steps. Providing a

patterning device that modulates a beam of radiation. Providing a projection
system that projects the modulated beam of radiation onto a substrate. Using a
CD-biasing filter to operate on pattern data derived from a requested dose pattern,
which is to be fed fo the patterning device, in order to control the critical
dimension characteristics of a radiation dose pattern produced by the patterning
device.

[0023] According to one embodiment of the invention, there is a device
manufacturing method comprising the following steps. Providing an illumination
system that conditions a beam of radiation. Providing a projection system that
projects the beam of radiation onto the substrate as an array of sub-beams of
radiation. Providing a patterning device that modulates the sub-beams of
radiation to substantially produce a requested dose pattern on the substrate, The
dose pattern is built up from an array of spot exposures, each spot exposure being

produced by one of the sub-beams of radiation at a particular time. The radiation




device. [0023] According to one enbodi nent of the invention, there is a
device manufacturing nmethod conprising the follow ng steps. Providing an
illumnation systemthat conditions a beamof radiation. Providing a
projection systemthat projects the am of radiation onto the substrate
as an array of sub-beans of radiation. Providing a patterning device that
modul at es t guéidfy HEATReRub-HedllorHaRflioh B PSRk (PRGSO T equest ed
dose pattern on the substrate. The dose pattern Is ilt up froman array
of spot exposaieesf aeactesppding pposurd thei paternmgpdacied bysioger dhtat he

sub- beans of radi %%.i og at a argcul ar tinme. The radiation 9. intensity of
a given sub- BERRIGHOR 4875 b Fansoriion tigeat campHaias sapt g PPy afrdiftionyat i on
state of a c@ideanNUd Mdh RRL %égﬁ&té?ifdcfsg'ﬁatije"i‘ﬁ &k @bx‘[’cﬂ)l‘!?g‘sﬁhﬁ%pre%’éﬂtﬁg a data
mani pul ati on device to transforma sighal conprising Spot” expostre

radi ati on dasestidestateed! fhe paitérhmgrdedve sitetntdBeopadsduet thd reqeestednt r ol

signal representing activation states of the patterning device

subst anti al | °€PHFFdutdanting the Gaaspweption e copssttfor intensiy yarippnshe
transformati i LLYy ali | east one
of the foll o%ﬁ%“?"’gg{r}%ﬁéﬁ% g%%ﬁ@% 'ofe@‘?“%ﬁéss;@%“’eﬁﬂ% }é %ﬁ%n%%eg%t s of the
i I'I'um nat i oncaysinents ofaklé HiuntifatRalyees, fadlatibhonrkédIfSk Miad ilMinapat em and
conponents of the patterni n% devi ce. [0024] Further enbodi nents, features,
and advant ag®§tcst apdeorgpengapstofithpafembiggdevicass wel | as the structure and

operati f the | j ts.of e present invention, are
descri b@zﬁn det a?ﬁ{%g%%%g%%%ﬁfs’%#}gr%ﬁgg2‘@‘@“{%‘%80é e&%ﬁ%ﬁ@‘i"ﬁ‘fj{?“’é%am ngs.
BRI EF DESCRI 8WéNis@he dthiielDRAW dietatld @2 Hle vhHSuSGEsuuRaMmts BOthe prédigs, which
are incorporated herein and forma part of the specification, illustrate
one or nore @HEBPNNBIe deseibadhia dstakbelew Wwithy miererne @rille acegeaREngwi th t he
descripti on,dr%&H%Qer serve to explain the principles of the one or nore
€ present invention and to enable a person skilled in the

enbodi nents 0O
pertinent art to nmake and use the one or nore enbodi nents of the present

invention. [0026] FIG 1 depicts a |lithographic apparatus, according to one
enbodi ment of BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The accompanying drawings, which are incorporated herein and form a
part of the specification, illustrate one or more embodiments of the present
invention and, together with the description, further serve to explain the
principles of the one or more embodiments of the present invention and to enable
aperson skilled in the pertinent art to make and use the one or more embodiments
of the present invention,

[0026] FIG. 1 depicts a lithographic apparatus, according to one embodiment of
the present invention.

[0027] FIG. 2 depicts a lithographic apparatus that can be used, for example, in
the manufacture of a flat panel display, according to one embodiment of the
present invention.

[0028] FIG. 3 depicts a mode of transferring a pattern to a substrate using a
lithographic apparatus, according to one embodiment of the present invention.

[0029] FIG. 4 depicts an arrangement of optical engines for exposing a pattern on
a substrate, for example, used to manufacture a flat panel display, according to

one embodiment of the present invention.




the present invention. [0027] FIG 2 depicts a |lithographic apparatus that
can be used, for exanple, in the manufacture of a flat panel display,
according to one enbodi nent of the present invention. [0028] FIG 3
depicts a node of transferring a pattgyn to a substrate using a

| i t hographi c apparatus, according to one enbodi nent of the present

i nvent i @w30] [ 0029FighteG depiced#d patB ViR ILARRIRM BfdcPREd, e@lordmngiones for
exposing a pattern on a substrate, for exanple, used to manufacture a fl at
panel di spl agne acshimen@l the preseet wvbdwnnent of the present invention. 10
[ 0030] Fi e 5 depicts . a.data-path with data mani pul at,i on devi ces,
ccor ti MO ome. BB HEHEL arobie L SBAE PRVEWOPDR L0098 Mrtur e 6

depi cts a pogdskopbsitfon?a&BHARE IS RRLenfbORBUHE @f@l@'{pfles@rﬁ%\?cn't'iﬁ\@.r_s'[ case”

posi tion, according to one enbodi ment of the present invention. [0032]

Fi gure [0082pi ct s BEgperideprtod patitrexizdenagonsimzpdt epposeged gnd o vamst a " wor st
case" position,, according to one enhodjnent _of the present invention.

[0033] Fi gur €58 BRI, &CoRTHRS 10 B eBtoodindgy af (8 BFsEntdRyF8aRe grid with

of the [PR3En: [RuY doReR oA B Bl oy RpERL A R S agonal

spot exposur easgt littks und thesmmtsStpositiass hedpeding toonseabstimbet s the@sRéntposi t i ons,
accordi ng to one  enbodi nent of the present invention. [0035] Figure 10
depi cts the WEKHWHnal spot exposure grid geonetry and shows an

"inter hat € casg’ ! | J -Qf pr esent
i nventi n.b [ 0036] ﬁ&%ﬁ%ﬁjﬁ&d%%ﬁgﬁép&a 3%?-%%%? g’%@ﬁ%ﬁgé‘ﬁ?’nd&%m nation
filter, accogadé’hgpsitidns@né “BeEbosbepoditics, deerdieanic cnibodithdmdbf tHe0037]
Figure 12 depicts_an inmage log slope filter, according to one enbodi nent
of the presePfesgnhy¥ari®n. [0038] Figure 13 depicts a CD biasing filter,

accordi ﬁ‘ﬁ."glo one ﬁg&%qiora%ﬂrtctsq{le ﬁ@x%gmparl gpso(% ré;[(poisﬂr\ée I} di g%gmetry and shows

an “intermediate case” position, according to one embodiment of the present
invention.

[0036] Figure 11 depicts a low-pass and sharpening combination filter, according
to one embodiment of the present invention. '

[0037] Figure 12 depicts an image log slope filter, qqcording to one embodiment
of the present invention.

[0038] Figure 13 depicts a CD biasing filter, according to one embodiment of the
present invention.

[0039] Figure 14 depicts an apparatus suitable for on-fhe—ﬂy focus correction via
a data-path, according to one embodiment of the present invention.

{0040] Figure 15 depicts a multiplication stage with a preprocessor for reducing
calculation load, according to one embodiment of the present invention.

[0041] The present invention will now be described with reference to the

- accompanying drawings. In the drawings, like reference numbers can indicate

1dentical or functionally similar elements.




[ 0039] Figure 14 depicts an apparatus suitable for on-the-fly focus
correction via a data-path, according to one enbodi nent of the present
i nvention. [0040] Figure 15 depicts a nultiplication stage with a
preprocessor for reducing calculation,l oad, according to one enbodi nent of
t he present invention. [0041] The present invention will now be described
with reference to the acconpanying drawings. In the draw ngs, |ike
reference nunbers can indicate identical or functionally simlar elenents.
11 DETAI LED DESCRI PTI ON [ 004R2ETAH.HIhDESMBRTHEWt of the present invention
section of .an arra i ndi vi dual I'y

rovi de | azin orti.o
Bont rol Yoo o7 L i S dmpogimety ofipR preset My eui By oV iR ied ikt & T ¢ he
bl 821 ng_por t 00k Akt dekiorl DRI AYBblaSARLLAKhERL £, o ShEAFRL A0S L] oned

at a same angle, whi azing portion. one exanple, this can
be acconpl i sAedtieheleuglts us ehoblaaing ypetierp haed theiFHadiblchmin\gontpﬂfableon is used
to increase Iight i nt ensi y inafirst dif ractlci1 or der ]e:ﬁm nodul at ed
by the arr ayCloHnE H%‘“&E ot ?%"f?efi’]‘g[?y PHR theblazing E’cfﬁ‘?l‘ét negati ve

first diffra o] I rst
diffraction g%%’%ne %geﬁr at eg’ld%(%a%ggpf,a@ur@ (La{?’ P gEtQ ,%E%%gﬁ’t‘ae?]lgglbyet&g{gor nor e
than twice pbeiohrt esad toyinerapartighl ihengtyt inpa diadt diffisiction erder ksieani f f racti on

order nodul ated A beam For exanple, when_ using a )J4 tip_ deflection,
subst ant i al | jrodplategsbyt the aﬂiaﬁcﬂa’éhts 4cp<gﬁphﬁh§d PéfSP%%‘EHHV FHRRALNE As ¢

G i1 ractton BoRve dA08Hlackin 3R R AIRPILIR uen BRLFRIHE fCRL |
defl ecti on. Eﬂfracttmtoadwmodaiatedtbl@anlhagmeﬂfes;t alssun el ok Bdrd thartﬂmaces econd

diffraction order for %2 tip deflection. It is to be appreciated that al
the light istheonteapty eereprrethia pdymcal pogtive disg idificton erder pwdulpted: j nes 2,/ 4

tip deflecti [ @04 r ectlonls
acconpl i shedg%mI %grg%:afr}.A 8’ ?églﬂﬁgl%iWtfhgﬁé%(ﬁﬁﬁaw%ﬁwf@é?fgin order of
i nterest (Whhﬁhiehﬁh efrefledtedinhé Ngt pifR@Ghiogderpart ), where the light can

al so inghmge on a blazing portion of the array, such that the_ projected
l'i ght k the bopnathesterkodinentpinsisad of cufiest diffigczm) orisys highetone

exanpl e, thr g%ggct%%%ré)er ca?nbt%luasécﬁgyghlggerttlp% ﬂecttloil.s Fgrolﬁﬁlilp e,eaiftﬁe light is

concentrated in the second diffraction order for A/2 tip deflection. It is to be
appreciated that all the light is concentrated in the n-th diffraction order upon n
times A/4 tip deflection.

[0044] In another embodiment, perpendicular projection is accomplished by
directing light onto the array at a diffraction order of interest (which is used
within the projection part), where the light can also impinge on a blazing portion
ofthe array,. such that the projected light leaves the contrast device perpendicular.

[0045] Thus, in one example, through use of a blazing portion it is possible to
concentrate substantially all of the diffracted energy in the order of interest (e.g., a
diffraction order) towards a substrate.

[0040] In another embodiment, “partial coherent imaging” mode can be used,
during which the array of individually controllable elements is imaged at the

substrate, however no super-pixels are used.

Overview and Terminology




concentrate substantially all of the diffracted energy in the order of
interest (e.g., a diffraction order) towards a substrate. [0046] In
anot her enbodi nent, "partial coherent imagi ng" node can be used, during
whi ch the array of individually contrqbl able elenents is inmaged at the
substrate, however no super-pixels are used. Overview and Term nol ogy 12

[0047] Tfova7pse of ThOQiseCss “objebbs bbdskate " Wb BleBE® or e UG hicke are
i nterchangeable in this appli cation, and can be, but are not limted to, a
wor k  pi ece, indershangeabdt @ the. applicaioh] atd @artel bai aphayligites so,subskr at e), a
wafer (e.g.,_a sem . condyctor fer for integrated circuit nanufacture), a
print head, W%®d ﬂ‘rbStr‘H%K%gﬁ 2 'inH?“Eﬂe&FR:l@é Slags SHbsRisY, ap‘é(ﬁér.(?ﬁ-’& proj ection
di splay syst e Haubfdf whick Sor ihABARM IRt Bﬁﬁﬂﬁqtufe?,rht yﬁﬁrﬁtheg@}fhiﬁgy or
patterning devi ce, patterning array," or array of I'ndividually
control | abl ensloefimedicsievicee d disptagipand inu pebjdtiob dizplly wystem] @rthe Bked as
referri [hcb&%o any device that can be_used to nodul ate the cross- section of

a radi atJ%8l beam Shicisrmas ogtrast dgvige.a “palterinhdevices IPAHEBINGHFAY 0 of a

substrate ( e"‘ﬂrag (ﬂbijnﬁﬁfﬁ&uallir tcor?t?aﬁké{b% nggﬂg’egseé\hl?%eib %@o@@t be B%a%lg{)ar ted to

the radiation beam may not exactly correspon sire tern in
the target mwrpiced @frefehtngstobsiyrdiRe thacaebanpddeto thodllgteht t@EN | ncl udes
phase-shifting features . or so called assist features. Simlarly, the

pattern eventiGart 9f gaxiationdgamrsuchas tsersale paticmd) angtgct pertiespdad to t he

pattern for N t [ f. Lndivi I
control | abl %F%ﬁ%ﬁ?é Q{Pﬁicp ' Z%?\l{htbutla(?t% er{&gcéig%mfﬁwaﬁaﬂgwglhééeﬁnee%ﬂo ?hﬁ whi ch the
event ual pat tadfatiof DEdR ehaQ ot agddilp abirespond Reths WesitddadtetrSindik idrgdtp over a

given period of tipe or a given nunber of exposures during which the
pattern on RHBomeithgsubstratndpiaxamald ijthe paicroinrludisehajecbifting feaesor t he

on the tar gat! SortEb e el ee LA EOBe Fis PRSI kel BTG 1o 2"

particul ar fubstdtomay nbtayaespond & tHepitten fopRbd'@ a6 ¥ 6 igstahtbnithearfagr get
portion, such as an Integrated circuit. The terns "light valve" and
"Spatial Li gHtindisigupliy eantrollahlsplemgntsailhis chebefbe dasen phpangsnieatin.  Exanpl es

'(I)'Li :uggn pggbgiéi?g g% ae@%b%lﬁ)}%t_t%gl?lglge m[eg&d'ggrt (ﬁ’ tl‘ljer s%ggtlaa £ 1st%)|u?lt lrl?a 5\56(1)'21 array.

' given period of time or a given number of exposures during which the pattern on
the array of individually controllable elements and/or the relative position of the
substrate changes. Generally, the pattern created on the target portion of the
substrate 114/214/314ill correspond to a particular functional layer in a device
being created in the target portion, such as an integrated circuit, The terms “light
valve” and “Spatial Light Modulator” (SLM) can also be used in this context.
Examples of such patterning devices include:

[0049] A programmable mirror array. This can comprise a matrix-addressable
surface having a viscoelastic (e.g., having viscous as well as elastic properties)
control Jayer and a reflective sﬁrface. The basic principle behind such an
apparatus is that, for example, addressed areas of the reflective surface reflect
incident light as diffracted light, whereas unaddressed areas reflect incident light
as undiffracted light. Using an appropriate spatial filter, the undiffracted light can
be filtered 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 addressable surface,




surface having a viscoelastic (e.g., having viscous as well as elastic
properties) control layer and a reflective surface. The basic principle
behi nd such an apparatus is that, for exanple, addressed areas of the
reflective surface reflect incident ljyght as diffracted |ight, whereas
unaddressed areas reflect incident light as undiffracted |ight. Using an

appr opr ijags8] spat i &l wili bé ggpredidied thagiaé br anérpalive] GRLfiieABan BRefdul ey ed out of
the reflected beam |eaving only the diffracted | ight to reach the

substrate. | difimapted Hakinleaying Hee lmésfﬂ’ﬂfki@tbgiﬁéo rrach thersubstatee or di ng t 0 t he

addr essi attern of t dress [t wil

oopr oo ADEIPELac T Andir BE 0 RE SR PR USR5 e i R ierh e
diffracted | Isgtttms)l QA RSB REd Wb&ﬁeﬁf&ﬂﬁ%srhéﬁ@ B @febitd\Gptrubst rat e.
[ 00511 An array of diffractive optica devices (Mcro

El ectro- Mec hMtEM&I devsyzstsecm)prrsadt oflasgutabtyuslectfiertive vobanedpdnuanriy manner.
Each dlffractl tical

d_ of
reflective rioh far]ﬂﬂveé%ﬂn%@m eé F?I’é‘gl g&%ﬂ%t I“ﬁ‘sfge@%t%’?}g%ﬁr#gtaghlﬂsyt o forma

grating that d[fﬁaétgghghtl ncident light as diffracted light. [0052] A further
alternative enbodi nent of a programmable mrror array enploys a matrix
arrangerf@df2] of ti dy fuithar calernagiae rendbodinking of caprdgrammadblei ahiredr] rrayt i I ted

L T e

matri x- addr e ,%iéj{ i ncom ng

radi ati on beglr%@?%t%gt %]r?%{fwb)ur@iyl uﬁ??gahc'?yeg%%g \yggsedﬁj ryrll ﬁﬂoﬂ% inthis

manner, the pekbdadtadadiaationiseanat Oacaagin, &mnnﬂrmgetrmtmhedthekiaiﬂs& ng

pattern of the trix addressabl j nors. The trix addre can be

per f or rredl us?w&@ﬂsﬂ%% étl@Etswﬁr%Heﬁ%aét@%cgngﬁta;c@PP%I?Cﬁzzrfs c rC.T bedt i n,
or exanpl e : et pat en

appl i cations b{%&gg %%@%@ SW&%)@& V\ﬂltch gr etéﬁl%ncorgégr at éid her ei n by

ref erence i natdoeding erthe achiresemgp[u&)ﬁﬁaitha'hﬂuixtddldmgﬁabwmmomoﬁhemtams{ can

conprise one or npre patterning arrays.  For exanple, it can have a
plurality of 24HFSHRe G bepEsf 5Ing SE’&W‘? eJeqtepmicamernse MiFPETAAK cont rol | ed

| ndependent | YoQfip&AGH i Afpid PBUF&al pRIGRANIRIENY and S8 195 &ld Of the

arrays of individ y con enen ave af [ east
PCT patent applications WO 98/38597 and WO 98/33096, which are

incorporated herein by reference in their entireties.

[0053] The lithographic apparatus can comprise one or more patterning arrays.
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 illumination system), a
common support structure for the arrays of individually controllable elements and
a common projection system (or part of the projection system).

[0054] The term “projection system™ used herein should be broadly interpreted as
encompassing any type of projection system, including refractive, reflective,
catadioptric, magnetic, electromagnetic and electrostatic optical systems, or any
combination thereof, as appropriate for the exposure radiation being used, or for
other factors, such as the use of an immersion liquid or the use of a vacuum. Any
use of the term “projection lens” herein can be considered as synonymous with

~ the more general term “projection system”.




one of a comon illum nation system (or part of an illumnation systen), a
common support structure for the arrays of individually controllable
el enents and a common projection system (or part of the projection
systen). [0054] The term "projection gystent used herein should be broadly
interpreted as enconpassing any type of projection systen1 i ncl udi ng
refract jogds) ref | egkd ;;fr%jectIGﬁEﬁﬁynP@ianhﬁ efm Q@érh%ntl?el ﬁ'ﬁag glag and
electrostatlc optical systens, or any |nat|on t reo as appropriate
for the exposut®lipddikticots, @EhﬁgtmsedkmmmCbmﬁmﬂbﬂhﬁnmhaﬂhﬂmﬁ$ﬁﬁuch as the
use of an |ﬂg§%§|on | i Uld or. the use of a vacuum Any use of the term
"proj ection atiyglyel ﬁp%WtﬁBS%%FWeé?og%%?ﬁ}W@W highthehe nore
general ter Noly em can
i mge the pggfﬁ%ﬁ$gﬁ&%ﬁgm§¥§%§0% |néP%?@%§%?§H%g%%$%§§ﬁo Sy e‘%ﬁents, such
that the pat tespast,itie projeeti@ndybtgmfcan oadprise ah heayiffixusiag elemerth tseetnat i vel y, the
proj ection system can i mgge secondary.sources for which the elenents of
the array of 2 FHEP SN GERY o Mbheors Bresipl deng gfrags. ssHadesthe 1 n this
respect, the i r el enent s,
Guch a5 a i So LS S AR SRR PR bl hRRREHA0 P, O
e.g., to foreachbéthesauoing@icynearu ﬁﬁ%naﬁdffomshﬂm%namaﬁbeﬁﬁsacihﬁﬂ substrate.

In such an arrﬁngemant each_of the focusi elenents in the array of
focusi ng el eWithege o thejadiyidugly a@@anliawetqﬁem& wf the paay ﬁﬁllﬂ?‘ﬂ‘ﬂ@i@ﬂlb’y

control | abl e, Je a | | el enents.
Al ternativel y%ltr%[lrm%)r%g]h%gtl o}rxlﬁgsré% ﬁ{ tﬂeﬁg@ektg%ln%}{%umré sﬁoc %?Jhﬁ radi ati on

from a pl ur aduchyhaofadidfien fiodi aploiatity of teeirtiviahdiplberdlablRMngentsin thee array of
individually controllable elenents is directed to one of the focusing
el enent s in ¥HY ofripdiyidyally senteqlishlectlamentis & dirrstedrtorancrndrthe derusinghe

substrate. L0836k GRDEL) Or ASRLA L0, LhesLh g esnoh ot apparatus is

of a reflective ?nd|V|duaIIy

control [0abéle el eneoh&pin deplcteRlrinakd Hglr¥s bdlo®, MBRPHAAUS 1sQﬁ1?1 RfAedvea
transm ssive ty&ﬁé(e g.,. enploying a transm ssive array of individually
control | abl €Ye$ Exgnesp OYIPGWﬂeCFWé amay ﬁégﬁa\smeéiyaqopapléah!@ebmﬁnﬂab of a type

h t I t . bstrat
fabl og. 1 anftna o APy O BOREA 8 Soia Rline e G ar PSS "can- be
used in par atdnhissite aﬂ’éﬁﬂﬂfndiv@dwéllﬁb@fﬂﬁ)lﬁﬁfé cRendny) i ed

[0057] The lithographic apparatus can be of a type having two (e.g., dual stage)
or more (e.g., multiple stage) substrate tables. In such “multiple stage” machines
the additional tables can be used in parallel, or preparatory steps can be carried
out on one or more tables while one or more other tables are being used for
€Xposure.

[0058] 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 contrast device and the
projection system. Immersion techniques are well known in the art for increasing
the numerical aperture of projection systems. The term “immersion” as used

‘herein does not mean that a structure, such as a substrate, must be submerged in-
liquid, but rather only means that liquid is located between the projection system

and the substrate during exposure.




out on one or nore tables while one or nore other tables are being used for
exposure. [0058] The lithographic apparatus can also be of a type wherein
at least a portion of the substrate can be covered by an "inmersion
l'iquid" having a relatively high refractive index, e.g., water, so as to
fill a space between the projection system and the substrate. An inmersion

liqui d qeusopl SO beiappki efbcif AlhehccSPACES nhde liflGhis Ik ROHAPRLC oAPPar at us,
for exanple, between the contrast device and the projection system

| mrer si on t ediftnigeppby apperatve il thk mewnfactoradféCyittshdudd be mudeesassdthat thdhe

nunerical aperture of projectio. stens. The term"inmersion" as used
herei n does HOTCSHARRK %pﬁ?;ﬁa{”é d§§cpgﬁ$ﬁ‘?‘8‘f‘ can bpvepihes appliratipng suchpsdhe pe

submer ged i NmahiBiute olbilrﬁegl: i &&ftic%@ée?ﬁéteﬁﬁ?@ﬁd%@tm& Lo ithnl ﬁaitlglqﬁ Ff%le d_between

the projection system an e su ate rng exposure. 059]

Al t hough speciaghdiodimeememodes) flappaebdisplays) hiusd cepstal iplahe(LIes)of

| it hographic a ratus i.n thcg manuEact_ure of ICs, it should be understood
that the |iflﬂ’g‘3ﬁ@dﬁf‘%ﬂe%6‘a? t 6 dBs skifled ariisan 31l apprecite, dhalim dhe

D s OnScottanad B RIUBAREHER, Oy L AYHALEH: ORIl e o

gui dance and detection pattern omal n nenories, flat-panel

di spl ays, |i bereit cary bt alonsidemed aassw(thiGDee, scophiofi-the | ivFagReEHl Gefigads, etc.
The skilled artisan wi || appreciate that, in the context of such
alternative PYatat 9To HEGCe RATHONS despectivsl - (Tde sebstrigistrelerredio hegimean herei n can

be consi dere £ i - | .t "substrate" or
"target port ?%%?Qggrséedg ng%ﬁgﬁgpﬁﬂ%&%&g%{ gg%ngplggﬂgé;kra%g) 0? @gﬁ@?l&‘iﬁ can be
processed, bafpdice aotayaf bfresBX PO IUSUdstratd shardeeXlapPlie: axgoses esisd), taool t hat

typically applies a |ayer of resist to a substrate and devel ops the
exposed r esi ¥girology tagharidiragynspegsiondend) Whergapplipshlscthi discloswr hervier e

appl i cabl e, LS rej | i.e uch and. ot her
stbstrate proaosapRELs MR b bty BB Gty FiidH e SiPeBlececd more
than once, fombeypaebsedinorethdebndepfopegahsle fi oFéith cleatt@mitiflayes fC L hat the

term substrate us%d herein can also refer to a substrate that already
cont ai ns mul 19 Ppethe tapesbsate ek kerein gas also Mfemiougsnbsisete ithidt elreastyer ence can

have been na&itag,gﬁomﬁllﬁ%%dgg%s#% a)%f{s. enbodi nrents of the invention in the

context of opti will be
[0060} Although specific reference can have been made above to the use of

embodiments of the invention in the context of optiéal lithography, it will be
appreciated that the invention can be used in other applications, for example
imprint lithography, where the context allows, and is not limited to optical
lithography. In imprint lithography a topography in a patterning device defines the
patfern created on a substrate. The topography of the patterning device can be
pressed into a layer of resist supplied to the substrate 114/214/3 14hereupon the
resist is cured by applying eleciromagnetic radiation, heat, pressure or a
combination thereof. The patterning device is moved out of the resist leaving a
pattern in it after the resist is cured.

[0061] In another example, the invention can take the form of a computer
program containing one or more sequences of machine-readable instructions
describing a method as disclosed above, or a data storage medium (e.g.,
semiconductor memory, magnetic or optical disk) having such a computer

program stored therein.




appreci ated that the invention can be used in other applications, for
exanple inprint |ithography, where the context allows, and is not limted
to optical Ilithography. In inprint |ithography a topography in a
patterning device defines the patterngcreated on a substrate. The

t opography of the patterning device can be pressed into a |ayer of resist

supplied to tHxemplabsEfdtoamkad/ 214/ 314her eupon the resist is cured by
appl yi ng el ectronagnetic radi ati on, heat, pressure or a conbination
thereof. The patterning device is noved out of the resist |eaving a

patternjn.ht aft the resi.st.,.is cyred., [0061] In another ex l e, the
Povent | P02k ok EIG RS RbE, Salth flisho b pisfiBBR AR 10he or ror e
sequences of pREdIhAR Ine3ABBHichNSHtiha/srbicAliBventiBS CApfRIrG: FOTRINRL a@S

di scl osed above, or a data storage nedium (e.g., sem conductor mnenory,

magnetic or &t crafliatps kjstdnal9h gnsuehofindondwatle contmilebleahersenty @ t her ei n.
16 Exenpl ary Environnent. [ 006 Fl 1 schemati cal epicts a

It hogr aphi ¢ (o SUTRBReH PO s Vioeh oL anar P ¢ LR aribtafent of t he
present i nvepyiOndARaaidtSsy e “Rabydeg at | east a radiation system 102,
an array of individually controllable’elenents 104 (e.g., a contrast

devi ce @0063ht t er nRadiatiavsyse)n 1@rcanlbp asdd foahipplyit Heangl 10  radiltstor at e
table), and rojectiqn system ("lens”) 10 0063] Radi atign system 102
can be' used {oF: ﬁ’la(prﬁﬁgﬂl% éﬁﬁ%rﬁ%ﬁmdf5)7ﬁ’ga%ﬂ&fhat{0@a 5.5;,%W3r% ation, 248
nm 193 nm ] : i: ol 2 : ich inthis
particul ar cgtgé’ gﬁﬁg%ﬂrl é%gérggﬁeaﬁ?ogﬁofn# Es:%aﬁrrag{e%?ﬁ&.lﬁf%%)% An array of

i ndi vi di@éd4y cont Aalatrapbfinédivetmity sontidflaifleclginenta 1 P4 ot arprafdammabier r or array)

can be used faqr appl ii ng. a pattern to beam 110. In %eneral, the position
of the array Fo5 HEAYW FyLES Psedcloneprlying 3 nattendadram 1184 In gsngral. thexed

relative to J: . i.n ty e rangenent,
an array of B?ﬁ%ﬁ?%g{aél %&%%ﬁ%ﬁ? \e%%étfgeur'fl\giﬁt %IQI%%L c@ﬁ }elt}(?o%}?l{edct ed to a
posi tioni ng rdstivieae pfojadtioazosterh 11087 Hasaetehy alppsdtivie@tafgerhdnt vint h r espect
to projection system. 108. As here depicted, individually controllable

el enents 1042ERedrdigdpghy contrpliable elgments F04pan b gernegted & 3 RRsitiop@gar r ay of

i ndi vidual I'y yga (581! sh%ffo%&ﬁﬁ%lﬂ)osiﬁoning it with respect to projection system

108. As here depicted, individually controllable elements 104 are of a reflective
type (e.g., have a reflective array of individually controllable elements).

[00065] Object table 106 can be provided with a substrate holder (not specifically
shown) for holding a substrate 114 (e.g., a resist coated silicon wafer or glass
substrate) and object table 106 can be connected to a positioning device 116 for
positioning substrate 114 with respect to projection system 108.

[0066] Projection system 108 (e.g., a quartz and/or CaF, lens system or a
catadioptric system comprising lens elements made from such materials or a
mirror system) can be used for projecting the patterned beam received from a
directing device 118 (e.g., a beam splitter).

[0067] Light is directed from directing device 118 onto a target portion 120 (e.g.,
one or more dies) of substrate 114. Projection system 108 can project an image
of the array of individually controllable elements 104 onto substrate 114.

[0068] The illumination 124 can comprise an adjusting device 128 for setting the

' outer and/or inner radial extent (commonly referred to as (c-outer and o-inner,

respectively) of the intensity distribution in beam 122. In addition, illuminator




[ 0065] Object table 106 can be provided with a substrate hol der (not
specifically shown) for holding a substrate 114 (e.g., a resist coated
silicon wafer or glass substrate) and object table 106 can be connected to
a positioning device 116 for positionj,ng substrate 114 with respect to
proj ection system 108. [0066] Projection system 108 (e.g., a quartz and/or

CaP2 | ens sydRemilligeReraltpindlidOPiridus of¥s EAAPHOAR! IS ihiOcafipfe, BlefidRNt S Made
fromsuch nmaterials or a mrror system can be used for projecting the

patterned beddf etk bean integreter 139 rend rclampntié32 cenld 18 { eonglepsea 162am
splitter). [ Lght is directed fromgdirecti device 118 onto a target
portion 120 %g%élueh t(gﬁlg SRS ABC b gbosF- g‘dh‘é%?@eaﬁlzﬂ.o BPYIEEE TN syst em

108 can proj elgd arty ofiREGdudlly dolRoldbledderRéntd 1WH nHs AuRkited GOBILRY dRPI €
. elenments 104 onto substrate 114. [0068] The illum nation 124 ‘can conpri se

an adj ust i ng itfensityelist@utfonrin gecroshggctiore  out er and/or inner radial extent

(comonl ferre 0 a-qut.er an -inner, respectively). of the

ntensi 1405 st r bg‘t*"ﬁ%ﬂgi%ﬁgﬁ‘ég 1 fgﬂﬁwa%f&ﬁh‘h}ﬁ?mﬁ Benttuitinthe 14 w i

general |y i ngbuggs YPhhauspat ?%je&@mﬁgﬁmmd. -gjrﬂg;ﬁlaﬁ%iéantgdim@ﬁ@,ﬁent 130
30 and el ene e a

coul d be an integrator 132 cou condenser 132,
conpared to shacexbipirebdieois fenh lithogrephit projduiion wayarathe add. LIOthistpi ngi ng on
the array of indi ﬁi guaLI ﬁé)i;t rql ILt]aBJ e edniement s 104 has a desired

uni fornity afitf® 1HEER% ?ff}/“ vPRlE 0f Ferrisdintoreparyis d 06 (et 4 Wit thpeiss o] 1 t
shoul d be no taWlelds I -within the
housi ng of | F)t?ﬁgtgaplgﬁ%ieg roﬁa&é%}i @Hﬁgp%eéirp g{%g{gte?gg‘{t%ﬁﬁ%ﬁ%%?ﬁcgp ?Qlag

enbodi nent s, aresouteoplddPwithin thesdopeof the bresent intchtigi.aphi ¢ proj ecti on

apparatT 0. In_this_ _case, raidi,ati on heam 122 woul d be directed into
appar at u@ 0 (e. Geamilp subsgaucytly interpents the apps ofindsddyatly camtraleble) . 1t is to
be appreci at gept-hatidao . nas k:0S..:..ar t fd i thin the
.scope of the present I%ﬁ\;bé2{6}%&?%@%3}?%%%%%?61%%%gégH'g#ﬁqfln? Péfll%nercepts t he
array of i ndreflechedby thecomny oiintiaiivally edntislabls cléfdn@ il D4 behail Dgpabsdsect ed usi ng
directing deyvice 118. Having been reflected bi/ the array of individually

, g .
cont r ol | abl etfEpughgrpisctionsystgad ff. rilichsusss beann il pyte pratgetrertionn 20y st em 108,
whi ch focusegrffeasidd Qato a target portion 120 of the substrate 114.

{0071} With the aid of positioning device 116 (and optionally interferometric
measuring device 134 on a base plate 136 that receives interferometric beams 138
via beam splitter 140), substrate table 6 can be moved, so as to position different
target portions 120 in the path of beam 110. Where used, the positioning device
(not shown) for the array of individually controllable elements 104 can be used to
correct the position of the array of individually controllable elements 104 with
respect to the path of beam 110, e.g., during a scan. In general, movement of
object table 106 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 FIG. 1. A similar system can also be used to position the array of

\individually controllable clements 104. It will be appreciated that beam 110 can

alternatively/additionally be moveable, while object table 106 and/or the array of

- individually controllable elements 104 can have a fixed position to provide the
relative movement.

- [0072] In an alternative configuration of the embodiment, substrate table 106 can

be fixed, with substrate 114 being moveable over substrate table 106. Where this




[0071] Wth the aid of positioning device 116 (and optionally
interferonmetric neasuring device 134 on a base plate 136 that receives
interferonetric beans 138 via beamsplitter 140), substrate table 6 can be
noved, so as to position different target portions 120 in the path of beam

110. Where used, the positioning device (not shown) for the array of

| ndi vi dual | y icautel altsablecaial 0B frodadd 63 DRUMSRR drapeigid G54 thhe posi ti on
of the array of individually controll able el enents 105 with respect to the

pat h of beamupp@most syriaced ges angfed dhmugh the gperangsite proyideregss coshiorobj ect
table 106 is realized wth the.aid of a - St roke nodyl e (course
posi ti oni ng) W&W%‘ 3¢ BY%‘)-%PP%E%“%’&&%‘*EW%%%PWG&HP%LY,W@W@W are not

explicitly deph &k 86arind dlaferdent ASShsihlcal 43YBbEM GRAPsHsAR RS IFRA tO
position the array of “individually controllable elenents 104. It will be

appreci at ed tubag dream maG aauntoral(hetr shawin),ewiichdd tambk oy pdeitionigeabl e,
whi | e object table 6 .and/or the array of _individually contr abl e
el ements 104 SE8 aﬁé\]}g"ﬁ PReat rﬁg}%‘?@ﬂbﬂ%{’e@mp]rlgv' @mcaﬁéelyf%‘g%{fart‘?/ﬂ‘{mvenent.
[0072] 10 ancd berddabd ¥ candiaalianle! (98 fsclbif AIRARhIRAL spphsihat e table

106 can be fixed, with substrate 114 being no e over trate table
106. \Wher e t passageBof gas thotouph, the uppstingat e table 106 is provided with a

mul titu openi.ngs an.a flat uppernmpst surface, gas being fed through

t he opeg'?[wgl to pr‘%tgPEfg‘ 'étﬁaaép righs 1R peqerdiag ioha BVanian i§ igishr t i ng
substrate 114c..fiBifadisi LAngl r to. J ing

T angonent . CSShoy o SRR BlouRRa ek b  ShSERe PwilfE el O one or
mor e act uat oti® iGventios sown)imitad tocthisaseartbapphiagis 000 pasietisedidygojestbst rat e 114

with respect to the path of beam 110. Alternatively, substrate 114 can be
moved over sBarmesibsamdOdon s mpyesistlpesdithegsifiyst arti ng and st oppi ng t he

passage arapas, N RUBLLS LABEIL AR ol 901 £ U0 dribagr aphy appar atus

100 acc erein esc as bei'ng for exposing a

resist {0078] substtate, Sicp wblid: the anpe gniidinedn tthatarradyher iiMdigiabdizn i s not
limted to this use and apparatus 100 can be used to project a patterned

beam 110 f or “Qu¥wliphle clesnonty Hikis|nreiseled pae £¢ 0674 simgle “Heshi L owld 2appar at us
ég?t g?g gﬁ ?Esg&é Fc{j&'ggng?&{ %&s@%tag%ﬂ%w§ iheL(r)n%ng in]the xS gfcﬁorny(ﬂ%cti&%e entire
to a different position for a different target portion 120 to be irradiated by
patterned beam 110.
[0076] 2. Scan mode: similar to step mode, except that a given target portion
120 is not exposed in a single “flash.” Instead, the array of individually
conirollable elements 104 is movable in a given direction (the so-called “scan
direction”, e.g., the y direction) with a speed v, so that patterned beam 110 is
caused to scan over the array of individually controllable elements 104.
Concurrently, substrate table 106 is simultancously moved in the same or
opposite direction at a speed V = Mv, in which M is the magnification of
projection system 108. In this manner, a relatively large target portion 120 can be
exposed, without having to compromise on resolution.
[0077] 3. Pulse mode: the array of individually controllable elements 104 is
kept essentially stationary and the entire pattern is projected onto a target portioh
120 of substrate 114 using pulsed radiation system 102. Substrate table 106 is

moved with an essentially constant speed such that patterned beam 110 is caused

to scan a line across substrate 106. The pattern on the array of individually




controll able el ements 104 is projected in one go (i.e., a single "flash")
onto a target portion 120. Substrate table 106 is then noved in the X
and/or y directions to a different position for a different target portion
120 to be irradiated by patterned beag 110. [0076] 2. Scan node: simlar
to step node, except that a given target portion 120 is not exposed in a
si ngl e "f| asbentrollabl @Rthents©4 a5 18Y%/208atbdsbibétvetiealphdes CRmMiaRIn sshb@ el ement s
104 is novable in a given direction (the so-called "scan direction", e.g.,
the y direct i &hyndthe prlses gprdoredsuck that fvgeespae taegehpertibenlA0higexpssedcaused t o
scan over th rray..of individually-controllable elements 104.

Concur rent | y,gt tgﬁ C’S%P%I%Seoqs Fté"gig%l‘i 9"%%‘“'%?‘16%%3&32139%%9&3Oicﬁ“ 8 same or
opposi te dir ggbdseibatatdl MP8RHpIbeThdbompitte Waitdh (M d rip PEsUBGRE il £at i on of
projection system 108. In this manner, a relatively large target portion
120 can be ¢Ehpprosess inraphaad uhidhdonglete swstrate diit des beenraxposedtlinerby [ 0077] 3.
Pul se node: Ehe array of individually controll able elenents 104 is Kkept
essentially ]Peationary and the entire pattern is projected onto a target
porti Ong)oil_ﬁp of sybstreabginkdts YSinNGoRY! siftlaf ?djk)ﬁfsb AodY %&Eﬂ i, Substrate
table 106 is noved wth an essentially constant speed such that patterned
beam 110 i s stesedallytcongertmadatidnsgstamrld? & wsebmtdrthe pattefiton thherrgadft ern on t he

array of individually 19 ntroll a . el s 104 is ul Q4/204ated as
bet ween pul sHd1y ‘#luaﬁlﬁ&f’%tf‘?lb"%?es‘i}%‘?@ﬁ? Wi‘gﬁ ‘Qﬁ%ﬁ%@e(&ﬁﬁ %@H&F%@Wﬁ@ such t hat
successi ve t@nhgelcr kbR H40nakepsiPgsed at the locations on substrate
114. Consequently, patterned beam 110 can scan across substrate 114 to

expose [BE%conpl elethesat ffiest nfolinrexemplryi modés, Sipbsial abkerddtdimagiiy® grocess i s

repeated untjil, c | ete bstrate 114 has been exposed line by line.
[0078] 4. CoPicAlbbe st Iotearabodireat PENAYeNs @%@%ﬁ@gw& fatht a

substanti al | f s VP{]}(% i : p ern on the
array of in%?@%ﬁ%?ﬁ%né}ﬁﬁ%@% a fﬁe{é&e errllgia]%ltg seie%ﬁﬁ&ﬁgsg%g@l%%a@g as

pat t er ned bearayidfositimad st theolsise panb ahd it eubkirdteansbsitimed asthe image0079] | n
these first four E enpl ary nodes, "partial coherent imaging” is typically
performed fdMaRene g‘(ea‘fl@ém@i Prelsetion gpiaght i arlouss{IHpRaHPs MoHesicAl beeach

applied: annular, conventional, quadrupole, dipole etc. Also, different

configurations for each element in an array of individually controllable elements
can be used to increﬁse the “negative black” values: phase step mirrors, applying
larger tilts, shaping the mirrors (butterfly, H-shape), or the like.

[6080] Combinations and/or variations on the above described modes of use or
entirely different modes of use can also be employed.

[0081] FIG. 2 depicts a lithographic apparatus 200, according to one embodiment
of the present invention. For example, apparatus 200 can be especially useful in
the manufacture of flat panel displays using a pixel grid imaging mode, discussed
below.

[0082] Projection system 208 can project images of secondary sources for which
the elements of the array of individually controllable elements 204 act as shutters.

[0083] In an imaging grid array embodiment, projection system 208 can also
comprise a micro lens array (MLA) to fonm the secondary sources and to project
microspots onto substrate 214.

[0084] Source 212 (e.g., a frequency tripled Nd:YAG laser in pixel grid imaging

mode or an excimer laser in other modes) can produce a beam of radiation 222.




element in an array of individually controll able el enents has a uni que
tilt. The array is positioned at the object plane and the substrate is
positioned at the inmage plane of the imaging projection optics. Various
illum nation nodes can be applied: anpular, conventional, quadrupole,

di pole etc. Also, different configurations for each elenent in an array of

I ndi vi dual | y peabpold rabink & iﬁﬂﬁﬂhﬁog %%FE;/I?%&“, ?]ﬁ.gl}ligﬁe{ob N6 QARG gy negative

bl ack” val ues: phase step mrrors, r'tilts, shapi'ng the
mrrors (but oeaftdrhavibg shegsyd, coaditibhiag ldetiee 276) 03] as Ghehmreaparales fand/ or

vari ations on the above descri bed nodes of use or entirely different nodes
of use can af¥8"B& enpl oyed. [0081] FIG 2 depicts a |ithographic apparatus

200, ac {ng topor i I tjon, . exanpl e,
appar at E@S%O canhgéel{%eeggﬁglggéﬁéﬁ T ga&#%g%@%ﬁ&& rllﬁ%(g{c;(td ed b’lﬁl%hgat panel
di spl ays usi n@da, discusdeddelddv,iile@imagr modean domptisesedadjaingwevict G&2]

Projection system 208 can, proj ect inmages of seconda[i/ sources for which
the el ement sS@fng feoogHeadiusta spathixa fbsam Y22 dmeddstiora Hlumiapter@dt ¥ ilo4 act as

208 can_ al socanmyi Detle VAL RURE'SrPhofhs SR o5 Bl pebiib e Aoy o

sources and teéndefise}.eRdr exiinfleO$POEGeRINSreas bl Blf i8het [Eided bOPRALcRRUN Ce 212
(e.g., a frequency tripled Nd: YAG | aser in pixel grid inmging node or an
exci mer | asef! difffastinegratipgisagmended s arsays. Wavggvides, oatlicdtkcom hiz2. 20 Beam

222 is fed i Il i.nation .syste . i1lum 0 2 ei t her
directly oraéitbgé}n%éb/ﬁﬁ%g 1p§\98;%%a&ragghlglﬁ{v?%%}lxaorﬂ%q}ﬁ@% ,H%ngl?éh as a beam
expander, f Ohas 2deied £oont,3P8Rizd, Bni@RtiSX AMPhRnsiVEBIrBRAGK B tScré@0 i s
operating in a pixel grid inmaging node, discussed below, illum nator 224

can conpri seSe&HOmdj usting device for setting a zoomto adjust a spot size
of bea In agdition, | m nator 224 wi,l.l . genperally include various
ot her gl)oﬁr%(g)kent s,ﬂg S f@féo ’Blé)ﬁeé’ﬁg'f 8¥St%&bgmcgﬂﬁﬁéfp§é¥‘. exﬁﬁl?&ééxanpl e,
spot gener at @hich @3BmPasesPdb [dnSes T30 ahll 053, €llrsk Rns 850 %fahaﬁééd"t@ rec@fvedi ffractive
grating, segnented mrrors arrays, wavegui des, or the Tike. In this way,

beam 210 i npnadilpgd tdiatios baam 3Y0 aid fopeiitthtugh fryapednteimin aisttercsiopnent s 204
254. Inone example, a lens 256 is located in the aperture. Radiation beam 210
then diverges and is focused by second lens 252 (e.g., a field lens). |

[0087] Projection system 208 further.comprises an array of lenses 258 {(e.g., a
microlens array (MLA)) arranged to receive expanded modulated radiation 210.
Different portions of the modulated radiation beam 210, corresponding to one or
more of the individually conirollable elements in a patterning or contrast device
204, pass through respective lenses 260 in MLA 258. Each lens 260 focuses the
respective portion of the modulated radiation beam 210 to a point which lies ona
substrate 214. In this way, an array of radiation spots 262 are exposed onto
substrate 214. Although only eight lenses 260 are shown, MLA 258 can comprise
many thousands of lenses, which is also true of a number of individually
controllable elements in the array of individually controllable elements used as
patterning or contrast device 204.

[0088] The system in FIG. 2 allows for another mode of operation, Pixel Grid
Imaging Mode. In this mode the pattern formed on substrate 214 is realized by
| subsequent exposure of spots formed by spot generator 130 that are directed onto

array 204. The exposed spots have substantially the same shape. On substrate




has a desired zoom spot size, uniformty, and intensity distribution in
its cross section. [0086] As shown in FIG 2, projection system 208

i ncl udes a beam expander, which conprises two | enses 250 and 252. First

| ens 250 is arranged to receive a rmc&gl ated radi ati on beam 210 and focus
it through an aperture in an aperture“stop 254. In one exanple, a |lens 256

focused by sedon PaRariguedREURARAIPERM Shilnc RERAE HERMES/BRC 1S ot em
208 further doparthses pich af & ptyintecii plxehgéd babMutle s@allerahamthe eopadose ar r ay

(MLA)) arranged to receive expanded nodul ated radi ation 210. Different

portions of FRY gkuByvayinmidteasitonl hesnets pointedop PalyBANTSEHZ¢ Bne or nore
of the indivi C I l. At SR & i Qr.. cont r ast
Gevi co | Doa. PEAREN HCAROIRL HARCEHE L AURIL Bid My RoRBILEHALDE SVaf a0 200 260

focuses [0089] respechhaiapPld isng Bils hdiR, whidhisalsicallyadedfor imbeanaf210 to a
point which lies on a supstrate 214. In this way, an array of radiation
spots 262 ar dlabpguekdsplayst wdividusHy pentinelighlg clements strgbe GanpedéitgBtperenses 260

are shown, M.A 258 can _conprise ny thousands of |enses i&h is also
true of a nu#ﬁ(gfs' g%neisﬁa?r\ﬁqgﬂa{m%}ﬂar{%otﬁ?fhgﬁﬁ Aol'E S@PL%tﬁ?gulsga&ﬂeﬁgrray of
i ndi vi dual |'y sggipiedl li2idd 2e® hee BhitPands 6 a? ML A a1 the eRit PApiPbf 6RALpest devi ce
204. [0088] The systemin FIG 2 allows for another node of operation,

Pixel Gid pnragilndghdsndéshapa cahbesnfieaneed byethp Hiuminatof hrowgh uerefspdist rate 214
is realized .subsequent exposure, of spots.formed by spot nerat or 130
that are di rggﬁlélﬁg 8%?%“'?&%’39 DR RCTAPRG, %ﬁﬁb%fé’dazé%&‘ C%%eorstﬁ% @ntially the
sane shagpo; On supgtr @tiﬁuﬁrlates%%ﬂerﬁm%aﬁmf,@ Apgudhioit £dubstaubsf gntial ly a

grid. In one exanple, the spot size is arger than a pitch of a printed
pi xel grid, generated hcamding &r oneclrarbotlimeEnesdsbspresent syyentiay: i kbr eBymplar yi ng
intensity of ,the ﬁ(ﬁgt S {)r [ St ed,f a pattern is.r e&[ ized. In d.bet en the
exposure f| alieEnpeimentcan or por Pripg thegixed gad megingmgiedisisied i o,
[0089] In ongysanpl e, using this node, which is typically used for
formation of flat panel displays, individually controllable el enments can
be group@®1i nt o slpedarkgnedelirsles Brepnepamt spoitscedentip pojeted ontolsebdtiatght of one
spot at the %tr te.. The super-pixel |is i ed at .the entrance of an M.A
in the exit gﬁ by a&}ﬁe@agha PHYE tion system, for example the projection system as
shown in FIG. 2. Substrate 314 is moved relative to the projection systeminaY
direction as a series of exposures are exposed on substrate 314.
[0092] The open circles 364 represent spots that have previously been exposed on
substrate 314. As shown, each spot 362 projected onto substrate 314 using the
array of lenses within the projection system exposes a row 366 of spot exposures
362/364 on substrate 314. The complete pattern for substrate 314 is generated by
the sum of all the rows 366 of spot exposures 364 exposed by each of the spots
362. Such an arrangement is commonly referred to as “pixel grid imaging,”
which was discussed above.
[0093] - Itcan be seen that the array of radiation spots 362 is arranged at an angle 8
relative to substrate 314 (i.e., when the edges of the substrate 314 lie parallel to
the X and Y directions). This is done so that when substrate 314 is moved in a
- scanning direction (e.g., the Y-direction), each radiation spot 362 will pass overa
different area of substrate 314, thereby allowing the entire substrate to be covered
| by the array of radiation spots. It will be appreciated that for ease of illustration

the angle 6 is exaggerated in FIG. 3.




printed. The spot shape can be influenced by the illum nator through use of
spot defining elenent (e.g., spot generators), zoom of blazing functions,
or the like. [0090] FIG 3 illustrates schematically how a pattern on a
substrate 314 is generated, accordi ng,to one enbodi nent of the present

i nvention. For exanple, this enbodinent can be perfornmed using the pixel

grid i mpgngag node [di &EbESHPebciAROUS: althOOh1dx 5 EB6s AR HBRA G BéthvebPive362

‘represent spots recently projected onto substrate 314 by a MAin a

proj ecti on sysigbbgritespoised thsl MLAL & gresjxewpleon te potne D@z 108 kpatacim FI G 2.
Substrate 31 ius noved relative to the projection systemin a Y direction
as a series df ?—Jeﬁgposures are exposed on substrate 314. [0092] The open

circles|@@4) repr e Bhe SRAASIc! RAboNAYE aPLAVLAME % ARENhEXRORGANAR, Substrate
314. As shown, each spot 362 projected onto substrate 314 using the array

of | enses wi lihgwidtthte bepupedi(e.gnfremsibeut Bk misas wp to afevdbicrofis)spinte exposur es
362/ 364 on substrate 314, The conplefe pattern for substrate 314 is

generat ed by? SPRePnitcr MhA lstﬁgré’qlpéﬁé“ﬁ%‘@“ﬁer%%tto adp aufeRshusliede posed by
each of the §ROb&eterf2. Such an arrangenent is commonly referred to as
"pixel grid imaging,” which was di scussed above. [0093] It can be seen
that th¢0M6f ay of Fiadishbweschsmaticall3hdwian catircdlagethebdislay abgkee 014 rel ati ve
to substrate,. 314 (i .e.,. vYnen t he edges of the substrate 314 lie parallel to
the X and Y HisBesef ghayinelypsag througinise of 3 plurdity oitoptcal spgnssatesoning i s noved

in a scanni i i - di ol dj: at | spot 362
w Il pass ovggm% eﬁ.@???@%ééfmg éeasgxgtﬁ n‘éﬁgglﬁ‘r&g@}ép%xs Eﬁ(gfrré%gh%f %pgv%i ng the
entire subst a@tpeoduoedisy cght@pechl eigindsifotahéwy), afangadinttvoeowspro,472 |t wil |l be

appreciated that for ease of illustration the angle O is exaggerated in
FIG 3. 22 [ifoshyssppardscerfigymtignuel that the cdgsaf ong arfey o fredpiian 596t s ar e

shown i n bet Fghbori - Of.: Lh O e e up to
2bout 100 x Ty SRBELEEBhESagRR FisGuioh 1 Hane LEAIMEAMIRE P, %5 &
substrat e i samdyoeftrathiatibn spord. Ninnin exaimpiva Gehd bOrabRitiph eRfefdhs {@o@.a, from

about 0.1 mcrons glg to a fewmcrons), while_ a spot pitch at a MAis
about 100 mi PrEkRiwPsiraied {4 alowing expasalg of dhrchntite substrate to be performed

in a single scan. It will be appreciated that any suitable number of optical engines
can be used.

[6097] In one example, each optical engine can comprise a separate illumination
system, patteming device, and/or projection system, 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
system.

[0098] Each optical engine can comprise a separate illumination system,
patterning device, and projection system, as described above. It is to be
appreciated, however, that two or more optical engines can share at least a part of

~ one ormore of the illumination system, patterning device and projection system.

[0099] In order to manufacture a product using a lithographic process, a resist is
uniformly applied to the surface of a substrate. A pattem of radiation is then
exposed on the resist such that some regions on the resist receive relatively high
doses of radiation, while other regions of the resist receive relative low doses of

radiation. The resist above a given radiation dose threshold reacts and its stability

is changed. After the exposure process, the substrate is subjected to farther




m croneters. [0096] FIG 4 shows schematically how an entire flat panel
di splay substrate 414 is exposed in a single scan through use of a
plurality of optical engines, according to one enbodi ment of the present
invention. Eight arrays 468 of radiatign spots are produced by eight
optical engines (not shown), arranged 9n two rows 470,472 in a "chess

board" confi Q)%c%gé-ix?ggbpg IHS, h bRSvesd ?es%i thgﬂtﬁs %trr%iéte\(la; ﬁ%@tﬁﬂ@gfgo n spots

slightly overl aps n the scanning direction tge of the
adj acent  ar ttlzyresibt eadintanahe syistrste ih thetbgionethanieevedia balbwdioafdosadi at i on
extends across a w dth of substrate 414, allow ng exposure of the entire
substrat e t o *BeVepliEiaysethresnpldg but Kgiemozed from theygepionp dha seedvedas ed t hat

o oot oy rERE IR bRl B2 EORIEAGRE it M, S e examl €.
each optical engine can conprise a Separa 11 U nat i ono s em

patterni ng dessistecma#Andéothe Bulstant ih Gl RYidherscei@thgdeRavélpaikhabdiygon It is to

be appreci ated, however, that two or nore optical engines can share at

| east apart d8fes@pdisgempynddrasm themesions oniheabstenic wpeivmma relativaly vhg devi ce,

1 un et 1 on SRR THHRRE, (FPRRRL S RS Bl BB P ©

descri bed abovaén etposing thesubSirat@ s Bossidleds gelt@MEY Silibstrhidal 4020y 3 O4itHTOr €
optical engines can share at |east a part of one or nore of the
i |1 umi nat i onasyaiesmnof segions: off exposrsl/subsiran @np regienst qayaredybst dmrefig099] | n

order to man uct using a dit r.aphi ¢ cess, a.resist is
unifornly ap%[:?s%é&e{ngp&ﬁggsg%rsfegége&?&gegﬂaw&%ﬁg@ . Wrﬁo(g{ﬂ%e GHICanFléedi ation is
then exposegutiateh&or @garfiple S nbbRlay&aFBppIRAi t0RAe SibstriR Yestk e I ecei ve
relatively high doses of radiation, while other regions of the resist

recei ve rel atesish thowetiddaysr tiat isrmod ipeateatedl byrthe patisined resisdleyencagi been

diation d hql d t its stability is changed. After th
exposur o pr oSouel M AdURRE} It ity Pt Rere o itiesei ng
oper ati ons, m«tetamyé@mm@aa@ofcﬁﬁg'@tthéﬂaﬁgtﬁaa&np&%.hﬁc%aﬁﬁﬁgot gingly, the

resist remains on the substrate in the regions at received a radiation
dose above ¢Hacgdiaiontigrmshol d, but is renpved fromthe regions that

L\gggir \é?ﬂ)é)ﬁg}lﬂlr ? giealttiv%ﬂ Igjeogfprgc?z!ttggv tﬁa?% IEt cggGrgp ?(lz (sj)’fstgmx '?é) ?1!:){I gm&tgg tc? %ﬁ?eSt rate.

examples described above. For example, so-called ‘negative resists’ can be used.
When negative resist is used, radiation exposure of the resist makes it less stable.
Accordingly, it is the resist that receives a radiation dose above a given level that
is removed in the post-exposure processing. Accordingly, the pattern of resist
remaining on the substrate corresponds to the regions on the substrate that
receives aradiation dose below a given threshold. Similarly, the pattern of resist
on the substrate can be used for a variety of purposes. For example, the exposed
regions of the substrate (i.e., those not protected by a layer of resist) can be
subjected to processing steps such as ion implantation.

[00101] The product pattern to be created on the substrate can be defined using a
vector design package, such as GDSII. In a maskless system, the output file from
such a design package is processed in order to derive a control signal suitable for
controlling the patterning device so that it reproduces a requested dose-map of
radiation on the substrate as accurately as possible. Where the patterning device

comprises an array of individually controllable elements, the control signal

contains information to manage switching of each element of the array of




resist remains on the substrate in the regions receiving relatively high
radi ati on doses and is renoved fromthe regions on the substrate receiving
a relatively low radiation dose. Therefore, by applying an appropriate
pattern to the radi ation beam exposing the substrate, it is possible to
generate a substrate 114/214/314ith a pattern of regi ons of exposed
substrat e andndieduadiysoanvidabédelayerth foreesi fish of e bakaivant bppacessi ng st eps
are then per&ormad to formpart of the device on the substrate. For

exanpl e, if &YHECHRY (G dppical sypbe irepencieshsinednheregiornobdidizfor s resi st
the metal |ayg;bh ). 'Isdrtrlﬁ{th@Elcf)tcﬁéﬁn%dcag%etcgﬁieﬁao% EE@Fed ){P%ﬂlr%tof Itl%yer can be
et ched away. Accordi'ngly, once the resist 1S renoved, PHe Stbstrate is |eft
with a net abulisayerbepiat (e N iaReOUHhNYTlife intge hesesding) ahd/Of part 65 J. ,
according to _the pattern of the radiation beam_ [00100) It w |l be

appr eci at ed thedrocessing sasdespricd oylsmalianesusiper duringashort periaskof timeanpl es

descri bed ab . - "negative resists. cap be used.
When negati vgé{g"e%#ég{selg@ g)té g%} ed?%(:}?§{:f:o§eﬁ[h%§06%gmpguﬁexpﬂ%ur? @ﬁ"gﬂls Rakes it

| ess st abl e. knd\eg @s di-ligd Yrocedsingd. e toesib Shodivak VORGSR ¥Ea@, akleat i on dose
above a given level that 1is renoved in the post-exposure processing.

Accor di ngl y, Prasesspigthas to be managddssarefaldiai arilergharihe hentsalistgnabeas teor r esponds
to the regio t tr,ate tha recejves .a radiation . dose bel ow a

gi ven thres hgﬁ%é'?d%giatr:% %;;éfggs/t?bif ﬁ%eesgfl% Eeraﬁo%gier(:@%titgtthe RAORE (%€t r at e can be
used fofomEOYRri et Figafe BUIRRGSS dMAlpaBX 3P With [HE BMARDwEMon! &9iQes of the
substrate (i.e., those not protected by a |layer of resist) can be

subj ect ed t o2¢sprsliegiiongcmbedmesifitheggeseotinventibnnPataimath 5[00®10d4dlyThe product

attern to b reat ed,,on, the substr.ate can be define sing a, vector
gesi gn pac ka‘é’é’?fpgﬁ‘i‘ﬁ aggja@ﬁﬁ?qe.ssnﬁang%ﬁﬁgmsgggC%%‘E“Qﬁﬂsg}aﬁ@gﬁ'g?rﬁé}f’wfi le from
such a desi gmeR8GIBRE doSe-RIaP S a&FhethyOf ARE viLarlBiphY Bedc & 904) B beST gnal

suitable for controlling tﬁ@ patterning device sO that it reproduces a
request ed dottansfrareddé the patiieaingdevice 104204 ub st ppprepume duour Bhedaja-as

Cont ol Fabl oK SHGRRERSeR R BrP 4 BASPBLON TS PR GYHEFEIO o manage
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(e.g., typi cefithetequtstedidoseruependeutpetithgsigmal tolibe pagiming dévieOl (MIO4Af or t hi s

or to devices that will process the data stream further before passing it on to the

patterning device 104/204. For example, an “inverse-optics” data manipulation

device 512 (termed thus because it is concerned primarily with the consequences

of the optical arrangement of the projection system) can be provided that is

configured to calculate, for each pixel of the requested dose-map (which can for

example be defined on a grid of points relative to the substrate 114/214/314), the

intensity from contributing pixels or groups of pixels in the patterning device

104/204 in order to produce spot exposures SE with the appropriate dose. The

inverse-optics device 512 then forwards data towards the patterning device

104/204 in such a way that the requested dose-map can be built up over time as

the array of radiation spots S moves over the surface of the substrate

114/214/314.

[00103] For each grid point on which the requested pattern is defined, the inverse-

optics device 512 has to deal with spot exposure intensity data for a number of

spot 364 in the region of the grid point. This information is in turn derived from




application). Part of the processing can be carried out before exposure of
the substrate begins (e.g., this is known as off-line inage processing)
and/ or part of the processing can be carried out sinultaneously or during
a short period of time (e.g., a few i%conds) i mredi ately before the
correspondi ng exposure (e.g., this is“known as in-line processing). Due to
the enor mous iabymBic@baiah th th fh‘gidn’b?the%ﬁﬁ%ﬁﬁ.' ) eﬂé}a,é%g@ Madaged
carefully in order that the confrol signhal can be provided at an

accept abl e spaebk doivted elamid ambdiecrcg Bl polind ir the reamtdted prtten, déichalefings00102]

Figure 5 depicts .a data-path 510 with data manj pul ati on devices, according
to one enbodiﬂ??é'ﬁ%m’éf’?%ﬁéé)qb‘% . te’l’“ﬁb@l‘i‘ﬁﬁ%g??‘tﬁf regathsn saleplaimgibeial | y
A o R e S B R T Y et
504) to be Thanigtefthedontoxttrhdiupaill dopondien theshge ahd fbésifhal devasticappr opri at e

form The data- pat 10 conprises. one or nore data_ mani pul ati on devi ces,
each confi guk%@?&rgﬁaé?%%d%dp?ﬁ%%ﬁsh@f thapainssnreaduaeipn fosthegpPel (usual Iy

part1y procesgedl Wt Shly B chdien iBLESLE (RS SpdBR Biich ARkl e ST anal

to the patterning devi evi ces process the data
stream f urt heddtbébhidneaxpassi(AWHN) ofithé poinhreddaubh@ioniofgadhexitieespbfd/ 204. For
exanpl e, an "inverse-optics" data manipulation device 512 (termed thus
because it iE“E%&c&ihﬁé'd%ghtn@ﬁeﬁyevﬁxﬁﬂdt%@@@ﬁ@é‘q@éﬁ@é% Qther Kataopt i cal

) ¢ ; . . y o £ d
Co cabeur at eepipRfulh RbAC Qb 1R AleSE Bl REBEOS sl of
exanpl e be dédvicesiowilkbgdesdrindd fadwat s rel ative to the substrate

114/ 214/314), the intensity fromcontributing pixels or groups of pixels
in the PPHr ni nglngayrieal appligation, the mimther of deanissl e despattenesopthsur es SE

with the app |at . inverse;optics device 512 then f.orwards
data t owar dsg@ﬁ{erét%al? #éﬁ%ﬁ%é]%%ﬁﬁéggs Wﬂa%ggpf%erﬂﬁlgﬁﬁ%v%gé rteﬂ?ﬁsmfjhe
request ed dodesepagertianill b6t Belaivhilablit BYSneltitBRo ABrdwhkhEn aferdaeéﬁfh :T[I@di ation

spots S noves over the surface of the substrate 114/214/3 00103] For
each grid pofe¢ingthapsitemingieviced 14204 ApdhowannFigyrafe pirastadizet devidenver se-

nunber of « shst B et Bed AL et PR ke RRRS NpBehe S e ABSRAG on is i

turn deri vedpdtfe@Mnght by a user via device 504 into a sequence of data that substantially

corresponds to a sequence of spot 364 to be formed on the substrate 114/214/314
(not necessarily the same sequence in which the spot 364 will actually be
produced — see below). Data representing the rasterized requested dose pattern is
forwarded progressively over a period of time by the rasterizer 506 over the data-
path 510 (broken line portions in the data-path represent sections which could
comprise other data manipulation devices dealing with other aspects of the
patterning process) until all of the requested pattern has been Writtén onto the
substrate 114/214/314.

[00105] The requested dose-map can be expressed as a column vector comprising
clements that represent the dose at each one of a number of grid positions defined
ot the substrate 114/214/314. The grid positions in the requested dose-map can
be specified relative to their coordinates in the metrology frame coordinate
system: xapr, yur. As mentioned above, this requested dose-map is to be built up
from a collection of spot 364. Each of these spot 364 will have a certain point-

spread function, which describes the cross-sectional spatial dependence of their




the requested pattern in the region of the grid point. In general, a
"context radius" can be defined about any given grid point in the _
requested pattern, which defines the region of the requested pattern that
has to be consi dered when cal culating ffow to achieve the desired pattern
at the grid point in question to a particular accuracy. The size of the
cont ext radi Ysteidityl IfIRIARINL, BBretiif b8 RARRIANH tROSIsitioRD8] cadB¥F @b Ly (from
perfectly defined grid positions) of the point-spread function for the spot
364. 1t will froppthenlekyediel ptsoman it telspotgpvaiualto irfogelarititreingpotigot ch and/ or
full wdth hal f maximm of the paqjnt spread functi of each of the
spots print g%?s WVM%LG%@Q{H%P%%FBOQX%’ thg 7Rt @QU@PQF‘“% rBAS. O her
data mani pulydig-ORrelE€NinESsSh s : = pat; i i.ce" data
mani pul ati onpac_ievl:%ce 514, W%%P&Ebgﬁggg[gﬁlt fodetgyglgié%%gafl%ﬁegﬁg?%%ﬁatcypi cal
appl i cati on, ctlifeatmmdsés stofagé desticr 2.t 0o be witten to the substrate
114/214(@3.]1%6' S enqt nous anc% dat.a representing the ol e requested dose
pattern ot bdNEPHCESINILomIIng AY Ipage 1nithis Wey 1914 i@ as pixeh@idyat a- pat h
510 feeding; i i 13204 i i a
rasterizer dé@?%g%%%@%@gg%%‘%@?%%ﬁ dt8 %a?la}'g%rslgtggpge({‘%é%&%g@ﬁvgﬁ ive
represent ati el phsibleespded64 ed intpadityestreacinppdt Myltiplied @y & painteptegle 504 into
a sequence of, data_that substantially  corresponds to a sequence of spot
364 to be foftRSHORPrEAh P9hsThigcan e writigmasdhe follopdne swatieiari |y t he same
sequence in which the spot 364 will actually be produced - see bel ow).

Data representing the rasterized rgguested dose pattern is forwarded
progressively over a i £ ti by rastier,i ze 06 over the data-
path 510 (broken line po’\“’??‘@%s inzw,:“t3 e ‘cgfg'?gwpat#’e(’?@prjéggnt sections which
could conprise other data manipul ati on devices dealing with other aspects
of the patterning process) until all of the requested pattern has been
wri'ttenl®H08] t he wherodtnepiesentslhe Addiv @idl spptApOmte “Thiensigy daspeitk (@fose- map can
be expressed. as a col vect or .conptisjng ] enents_that represent the
dose at each'S§i{&" loﬁéﬂaﬁ‘?fgrrtoﬁ &F%l%ﬁ% ?ScfﬁI:? IHRTREY Properticnel Wupst r at e
114/ 214/ 314. ey sk AnPOHahicRNS dofhchiltes LEHHESH ROIARSE PP (GAD. e speci fied
relative to thei?yr coord?nat es ?Sno'%}hel ngt%%F%gy roanefcoor&q}ﬁ%t@?’ system
XMF, yMF. As(Owenyi)beprsatioihe poinhipsreadipnetiing thedio secomaibuitntadlobatidaui [t up
froma collection of spot 3f64. ach o t.hg,se spot 364 will have a certain
poi nt - XMF - X, and yur - v, 01 spot ), x, and y, indicate the position of an individual
exposed spot and D(rxmr, ymr) represents the requested dose-map in the
coordinates of the metroframe supporting the lithographic apparatus.
[00108] The inverse-optics device 512 is configured to solve the following: given
- the requested dose-map and the point-spread function information (which is
provided as calibration data), what are the individual spot exposure intensities (or
corresponding desired sub-beam intensities) that need to be provided to image the

requested dose-map as accurately as possible.

[00109] The above eQuation can be re-written in vector/matrix form as follows:
[D]= [K]-[1],
[060110] where the column vector [D] represents the discrete (i.e., specified on

specific substrate grid positions only) requested dose-map, the column vector [/]
represents the individual spot exposure intensities and the matrix [K] represents

the discrete point-spread functions.




spread function, which describes the cross-sectional spatial dependence of
their 26 intensity. In addition, there will be variations in the positions
of each of the spots fromtheir expected positions in the spot grid due to
irregularities in the mcro- lens array MA used to focus the spots. Both
the spot positions and the spot point-spread function shapes can be i nput

to the i[ovENe- opM&Sx GRYtdiRaiRslidfotnatich orfadkh Ridakiden sstrRpstRpaar- devi ce
502. [00106] The process of formng an i'mage in this way is referred to as
pi xel grid ispigad fgctipmitodhpesiten and sheped. TBepafseedeardsg-tonths fresepet t o be

|t | i bl t 364 of int it t . t
't pl e by rotaen e RERY T aletRBin fofed i arop B et BRYEE " ¢t en
as the fol | oyknpa)e b@Das@stroBx PaRRELYS PPhfréAetMarthy dpot pbsitibns; BPFO( (XM= -

x" ), (y. - y")) [00107] where In repréesents the individual spot’ exposure
"intensity" fwerosipasarraypoint spreadcionstmnishape fhe st pahieaprdad fianetion efttensi t y" but

as this is normally. proportjonal .to. I se, the paraneter |s

sonmeti mes ex #@s@é‘cﬁfﬁ%ﬁl’ b%@,l’f?i ’IO"WQ Hﬁ'ﬁ)‘?a“ %l\ﬁﬁg-@mtﬂnqnél)resent s
the poi nt - sphgatod SMAE mARo(dRERIPF AN RAPE %Qﬁl‘)sﬁﬁte@&aﬂcﬁf&@ﬁdrﬂl&a 9F - x* and
yMF - y" of Spot n), xn and yn indicate the position of an 1ndividual
exposed spot ammp D(xM-, YMF) represents the requested dose-nmap in the
coordin f the netrofranme supporting the |ithographi.c apparatus.

[ 00108] ?‘Ei‘ﬁézfnver Q@Hﬁoégﬁ’&éb? Vsafge pyesgRpiigiieirerd 2dorvazeh f ol | owi ng:

given the rqgugs: AREvi 1SR LGy irpf or mat i on
(which is provi dggq}c}iﬂ ca I?E@a%?gsneh&??g@,t&;vsﬁ%te Sggig t%ﬁ]ngmi[@’ug _spot _
exposure i nt efifindizS I Ofder ©AEIESRRMiNREUASSIotBHISHBn RARRAI DEEBShd | €s) that
need to be provided to i nage the reﬂuested dose-map as accurately as

e

possi bl e. [ 0frodpt triseppivestemusbaepied dampibelimeenvirpnment (hasawseaptal) mat ri x
- formas foll gws: ] = I 00110] where the colu vect o D]
represents t Rﬁﬁa isé(?reé{f} %4“%(%8%7 41& §"E)bégf‘tfe BV @ﬁ@%f‘aﬁecng{’}@ﬁﬁléﬁi I[@'C'gr id
posi tions ontia) ofeRUES RS i6l QSR t0DRint MBSy Sk BB (V&ES ﬁ)lran& bifferdneBsgSent s the
i ndi vidual spot exposure intensities and the matrix | represents the
di scret e poi helsespribisdo ismibie iuoryersal normalisation, in which specific knowledge of
the requested pattern cannot be used. Use of such specific knowledge could in
principle be incorporated but would lead to a large increase in the cost of the
apparatus.
[00113] A least squares approach is therefore suitable and the {o be solved by the

inverse-optics device 512 can therefore be expressed as:
min, [ D] [K]-{7],.

[00114] Several approaches have been used for solving least squares s of this
general type. These can be classed as follows: 1) Geometric, using Jacobians
(this is an iterative approach), etc.; 2) Algebraic, using an iterative approach (e.g.
Gauss-Seidel); and 3) Algebraic, using a direct approach (e.g. Gauss-Jordan,
using a matrix inverse).

[00115] In one example, a method of the present embodiment falls into the third of
these classes. It can be fast (once the inverse matrix has been determined)
relative to options that require iteration, and allows the least squares fit to be
carried out effectively in real time. In addition, it displays deterministic behavior,

which allows predictable convergence and speed under a greater variety of




27 [001111 Matrix [K] contains information on each individual spot
exposure point spread function (both position and shape). Therefore,
according to the present enbodinent, the following information is used in
order to generate the matrix [K]: 1) sgcan speed/|aser strobe frequency; 2)
m cro-lens array spot positions; 3) mcro-lens array point spread function

shape (the spoidifieisntWisipit@atyd ddhehém @htrhdgt is Wheh eot@ptdisiako wyditem both
projection/SLM and illum nation); and 4) rotational position of the
nmicro- | ens aMfiygraittasciragpbew lengeit svillelfeaior thecsolntipinrte conveige stthile Y- axi s).
[00112] In or lye..1h ove. the . rse-optics Vi C 12 is
arranged to. “depiebfl GRS RuffRiRs HBg SR B MR Ba A Blch < ha

[D - [K], [ dhtaipath Kerdv4re 2RO0nintMal G60@Ts abProd&s@eSo tHY ayollafidd B -use _
normal i zation is used. Due to the fact that this approach nust be applied
in a pipel i nef ansrmediameresul{sh dimalbyethers arafimplemtntaten bansfitshesasatless on t he

substrate are.witten at th ne i .and. the fac t hat ong..M.A spot is
dsed 1o pr i neiHEHtPSReRionci iRy (el i rPbr G S keBr TG BB s to
use the uni vex $flrgd \QERIB AR .o, b MRALAR pSIREEIhAiS, KiheWhaRBgviRi to the
requested pattern cannot be used. Use of “such specific know edge could in
princi pl e becincorpyiratadel disns doungiht ediekl imagng proegss (wiendzshtapatt he cost  of

the apparatus. L 01131 A Iﬁsast squar ?? agproach is therefore suitable and
the to be sof\VARFNPIREsIng s LBk L828byi ce 512 can therefore be -

expressegh1agf M NonbEcH ofthd fksenk ér%écgmen&%%@ﬁ]a nﬁ%’ﬁ?ﬂ']@j is AbRgRAEhes have

been used for solving | east squares s of this general type. These can be
cl assed as f #lHapwssizeldeteBaoredthryithe nusbergpfipatalxpasuses A bind Sheinsumdar off er ati ve

approach), etc.;. 2). ebrai¢c, using an . iferative apprqach (e.g.

Gauss- Sei del yh,scfﬁr?oéféﬁm ta&bwﬁwé L %"s?ﬁhf&te& dors- B lsaf?ﬁﬁig{ggﬁﬁﬂeéér@ﬂ%f

Gauss- Jordan i t i KoV QI : J nmet hod of
t he present g%%%i%ﬁﬁqﬁgl ?gé?ﬂr?{béﬁth thohé%%fg ﬂct{) Ezélg@%gﬁlg%ggg@e?ita can be

fast (once t He maiue [Kpusimg stindahbinathemntichd teehmijumesd Howestm itiisgossibleopt i ons
that require iteration, and allows the |east squares fit to be  carried out

[

effectively PHPIPessd byicalsulaiing a dpelferIverse” (e 5wy L1pRer AlgRbH A4S pehavi or,
Applications,” Third Edition, Gilbert Strang, pages 449 and 450, which is

incorporated by reference in its entirety). In the description that follows, the
pseudo-inverse is denoted as [K]". The Moore-Penrose definition of the pseudo-
inverse can be used, for example, but other analogous definitions can also be
suitable.

[00117] The Moore-Penrose matrix inverse is a special case of a general type of
pseudo-inverse known as a “matrix 1-inverse”. It is sometimes referred to as the
“generalized inverse”, or simply the “pseudoinverse”. The Moore-Penrose
inverse [K]" of a matrix [K]satisfies the following relations (for real valued

matrices):

KIK]'[K] = [K],
[KI"[K][KI" = [K]",
(KIIKT")" = [K][K]", and
(KT [K])" = [K]'[K].




whi ch al |l ows predictable convergence and speed under a greater variety of
28 conditions. Wth iterative schenmes, in contrast, it is often not
possible to predict wth great accuracy how long it will take for the
solution to converge wthin acceptably error limts. Furthernore, round
offs due to limted word size in the data-path hardware are m ninmal for

this api@®@d8h dueThe shiveestl@istdaquates ablutien us &he @D]ElpKﬁ-r{m}? whicl wasul ts.
Finally, there are inplenentation benefits because the ifficult
preparation espressoats ams, IRt (KX [y e&sitone) @hbe)wratn iRehdRNbemzed of f1ine
in alarge word size domain, e.g., a floating point domain, rather than
having to cadhy [P [Ie]ﬂ[r@].cal cul ations during the actual imaging process
(when the data pat is already processing a |l arge volunme of data). [00116]

One faceioiad] t he pr@semfere idﬁft‘])éxfsts{H%hth@ﬁséiﬁ%-ﬁﬁx)&rs[eﬁ(]%%arb%t squar e.

It has a size determ ned by the nurber of spot exposures n-and the nunber
of discreteegpredeppad:nts at which the requested dose-map is specified (the
| ength of colum vector [D]). Therefore, it may not be possible to
calculate the inverse of the M= GKJKKIu§IY, st andard nat henat i cal

techni ques. However, it is possible to proceed by calculating a
"pseudoll0dP@l se" whews, [Kd! i.the matrimemnspalke sBrisicaurte setsby ppphilGplyingns, " Thi rd
Edition, Glbert Strang, pages 449 and 450, which is incorporated by
reference i nbothssidastofrtbe ehuation (M- [dekbii pt (K] tohateaté @l dqous, mathie
pseudo-inverse is denoted as [K]+. The More-Penrose definition of the
pseudo- i nvefldel B&h , pdiahsead befivterted aompially, givingot her anal ogous defi ni ti ons
can also be suitable. [00117] The Mbore-Penrose nmatrix inverse is a

speci al case of a general;ty pr 107k NYSE.S nown as a "matrix
l-inverse". It is soneti [i rl?@fgilr(l}dfﬁdgghfﬁgﬁ E/l’!g)i‘ner alized inverse", or
sinmply the "pseudoinverse". The More-Penrose inverse [K]' of a matrix [K]
sati sfi W812He f ol Aweiding negatixeimensity santionsan the direedlgehmialeasesquardsK] [ K] ' [ K1=

| { ﬁ - [qK] "~ Hbud-&flot-expdsie-grid fostion iflenalnte and Sitekadnguiar 33enbdack KD T =
[00122] The requested dose map (which can equal to the rasterized Flat Panel

Display pattern, for example) is frequently designed to produce sharply defined
resist features. The corresponding dose patterns are built up from spot 364
(which can be Gaussian shaped, for example) and fitting routines (such as the
least-squares fit discussed above) will generally yield solutions with negative
intensity components (i.¢., spot 364 that would tend to cause a reduction in dose
at points on the substrate 114/214/314 on which they fall). Unfortunately,
negative contributions may not be possible in systems where neighboring spot
364 are formed incoherently (e.g., because they arrive at different times) because
the associated sub-beams of radiation cannot interfere destructively with each
other. The dose at a given point on the substrate 114/214/314 is then built up
from a sum of intensities from different sub-béams rather than a sum of
amplitudes.

[00123] The negative intensity components can be neglected (set to zero, for
example) but this leads to a fit that reproduces the requested dose pattern only to
a limited accuracy.

[00124] A related issue is that of unwanted position dependence in the pattern

formed on the substrate 114/214/314. In particular, there is a tendency for the




29 [001181 The shortest |east squares sol uti

(which was expressed as nun, |I[D - [K] [I]Il2 , see above) can be
witten in the following form [I] =[K"' [D. [00119] If the inverse of
([KIT[K]) exists, then the pseudo-invepse [K]' can be expressed as: [K]4 =
([KIT[K])-"[K T, [001201 where [K]T is the matrix transpose. This can be

seen by pre- m@guediad &'ds@gatté}ﬁttchba_lrﬂﬁespe@ifecﬂ}Mtaﬂﬁu@Ezir%\ ghiPbositibkdintde | by [K] T

tion to the [DO =[K [I]
1]1
[

to create a square matrix ([K T[K]) , which can be inverted normally,
giving: [I] &gy ®spptdop- Ongfepsroyhythisgerurs fsihat efroelinkad imihe debiitynegat i ve
intensity sohuti ns in_the. c,gi rﬁct a{ggebr ai ¢ | east-squares f{'ité

sub- spot - expOsb° P%ﬁ'ﬁgaéf%ﬂ‘?”ﬁ Y JEERRRBR SR T HEP L IR N JEPAYS Bependence
[00122] The pegtemt RAweOSHcNRR fodticnl (S@Nbedskal At @ dhat basligrdeged Fl at
Panel Display pattern, for exanple) is frequently designed to produce
sharply defi fatirey punted af @apancdsclosthie thergridspeoiediwidl sidte fpw taclows are bui | t

f t .364 i Gaussi d, f I d fitti
ot nos { suliRieer e HuERe oty e BlRCl ant TR i Weneral 1
yield sol uti gasodifithe RePALANR shhft eRRLLY (soapements (i.e., spot 364 that

woul d tend to cause a reduction in dose at points on the substrate
114/ 214[8125pbn whDohof theeftfeetk bf thiddubapotng@bairy-grid pegjaon depeaderce isbut i ons may

not be possiQle. in systens,where neighboring spot 64 are formed

i ncoher ent | yatﬂ&df@r}ee f%ﬂé%fgagfél%%wsf @3%@1191’ dhendiag %ﬁ‘effipﬁé%‘?n Yuse the
associ ated syps - patlign j : i w th each
other. The dglgeer&g[tﬁﬁgefga?“\;éeﬁ%g%g gn t&b%%ﬁ%ﬁ@%%gﬁlﬁgéﬁgk% then built
up from a sprd ofn batfensdtpaatularynweli {if dreestlige diebaloagnise gad pesitibdisan a sum of

anplitudes. [00123] The negative intensity conponents can be negl ected (set
to zero, for[he@féﬁ‘]fﬁ)é’f pRicURHY dafly{Hfdhe gddg liss exqqtlyibefessndane 86 thene

st o, CoRRIPRELLD ARGy LI RS AR i oL o0 1 e
subst r aj0®12d}4/ 214ABb4athel gridoaf tadatibArspots ke Bavesa Galistnid@nCyr foldtiohlle

effect on the resulting pattern (especially an image log slope variation as a

function of the position and angle with respect to the grid of radiation spots).

[00127] According to one or more embodiments of the present invention, these
issues can be at least partially overcome by applying a low pass filter 508 (a two
dimensional filter, for example) to the requested dose pattern data (or derivative
thereof) to form a frequency-clipped target dose pattern that is fed into the
inverse-optics device 512. Alternatively, the filter can be incorporated into the
point-spread function matrix [K] to equivalent effect.

[00128] A low-pass filter can include any filter that completely or partially
removes frequency components from a signal above a selected threshold
frequency. The frequency cutoff can be sudden/sharp or gradual and the shape of
the cutoff can be adjusted so as better to match the amplitude-frequency response
of the requested dose map to the amplitude-frequency response of the spot
exposures and/or patterning device, for example. More generally, the filter can be
designed specifically to match the amplitude-frequency response of the requested
dose map to the amplitude-frequency response of spot 364 and/or the patterning

device.




30 requested dose pattern to be nore perfectly attained near to grid
positions in the array of spot 364. One reason why this occurs is that
errors linked to the inability to produce negative intensity are |ess
pronounced in these regions relative t4 points in between the grid
positions (see below). As a result of this, dense features printed at a
period qooR®]to teegkieopacitQadwhpllcatsd beihe filerta bosclitaauensy (the

di fference frequency between the period of the feature and the period of
the grid) fedtamteghHagionvariati on ("beating"). [00125] One of the effects
of this sub-spot-exposure-grid position dependence is that device features
will be forned differently“depegndi ng on their position and/or orientation
relative to the gPUde Jmed =exalpl.ePSEéanur &s). ik Jedlges parallel to the
grid can be fornmed particularly well (if the edge lies along the grid

posi t i 0rl80130henselave spndompag itiictol the Fyurteadbmaini flntohe cedge,| thepoiekact | y

bet ween rows of e grid). Fe res wth edges at internediate angles can
be nicr oscopiSB%?F‘% ?"I}ngaefg‘) eTCgO%IZtgf Sﬂﬂ’tg(é‘d' ’Fﬁegﬁ}‘ﬁﬂleﬁflopglo‘ggisf"%?%ot s can
have a translafbingdd exdnplOHdbidoRadn aiflf diSS thOMvERFod RSt lihii@d RAGAET N
(especially an image | og slope variation as a function of the position and
angl e wi t h r gspeolar slopt o€ st iegipasirer3ad), defioml asspot s) . [00127] According to
one or nore enbodi ments of the present invention, these issues can be at

"l east partially overcone by applying a |ow pass filter 508 (a two

di mensional filter, for exanple) to theg reqyested QQ e+Q ttern ta (or
derivative ther mﬂ((k%iﬁnomy%iygqueney—@kpppgé&l—a%(—g@ge—%é ern that
is fed into the inverse-optics devi &F 912, \W ternati éfy, the filter can

be incorporated into the point-spread function matrix [K] to equival ent

ef fect. (0PBIR8] Aol QU RAGSInlthintsQIF ufARIIIAGIUEEE ARYinlirh ber that conpletely or
partially rempves frequency conponents froma signal 4Bove a sel ected
threshold frequency. The frequency cutoff can be sudden/sharp or gradual

and the shape of the cutoff can be ag] SP_asy. 8f, 1 0_ t he ., 2

anpl i t ude- f r equenBS§F.esponsk(ypt it e g yﬁ{(gﬁwf A% U EPIOA 5.) )]

anpl i tude-frequency response of the s%tgfwhexpo 2

~device, for exanple. Mre generally, the filter can be designed
specifi&&ppglto nﬁgﬁﬁOWHgtﬁﬁﬂPFFﬁﬁe-frequency response of the requested

dose map to the anplitude-frequency response of spot 364 and/or the

patterning

2
ures and/ or tmer ni ng

all exposed spots

D(tyes )= 2 L PSE (i = %), r = 7))

[00133] under the above assumption is:

all exposed spots

D= ) I,,-eXp(~jxnkx-J'y,,ky)-eXP(

16-1n(2)

n

. (kxz + kyz)'dfwhsz

[00134] where k, and k, are the two-dimensional angular spatial frequencies and

D is the Fourier transform of D(xye s Vagr) -
[00135] This last equation shows that the pattern position information is
represented in the phase of D and the shape information in the amplitude.

[00136] The spatial filter F is applied as F- D (i.c., a multiplication in the Fourier
domain). The operation can also be viewed as a convolution between a

corresponding non-Fourier transformed filter F and D(x, 5, Vi) -

[00137] The filter should not influence the pattern position information.

Therefore, the filter should be chosen to have a linear phase behavior. For




device. 31 [00129] The devel opnment and application of the filter can be
described starting fromthe equation: all exposed spots D(x,,,,y ) =1n -
PSF5 ((x,,, - xn ), (y - yn)) [00130] and transformng it into the Fourier
domai n. In one exanple, the point sprgad function for each of the spot 364
'S a two-di nmensional Gaussian (an alternative exanple would be an airy

di sc; the ineemhplesyhndtdtal FIRTEiGEE hipuB Responkd)ifitetAforshame poes POt
exposure 364), defined as: | (X""'-xn)Z+(Ynan-Yf)2 PSFn ((x,r - xn), (Yn.
- Yn)) = 2~18y appljsations 2 @myglution withegapimmetricalrshare isopsiderag to fall

full-w dth-hal.f- ' d PSFn . r. F xn ),  (Yn._ Yn 4.2l n(2)

exp(-4. 2. | n(%l%(%ﬁln"%my Y%%?&Y%?‘E%%éﬁafﬁ%ﬁ#nbf % K ‘ff‘e‘i-fl*“% 00132] The
Fouri er transésQiing@hagl JifceddTRaQ0RROE M Bé(xf_iéue,zgaﬁéwapFlyingS.ErFe(ddiﬂonaF- xn), (y
-y")), n [00133] under the above assunption is: "all "exposed spots ( (k

2+kY2) , d pnwianslgica. | exp(J 'x k k) ex " n x lYn v pl 16In(2) n Il _
and b 1 4O0REF Four TEF A{i R st e 7ot s Biuctfirfast equati on
shows that the DAfRF PaiR ASidrin@lly LiYsOX i on is represented in the phase of
b and the shape inforfmation in the anplitude. [00136] The spatial filter F
is appl {¥H39 P Bs(disomssedaabowud,tomel ofctheiissnes withhthe Fmplitede-Glapmeiey) . The
operation can 8l B Lotads 8 ud TSl MLl Bt il e Btive light (icc.

negative amplitudes) with incoherent imaging (although this is possible with

coherent imaging). A further issue is that the frequency response of the spot 364

varies according to the position of the patterh with respect to individual spot

exposure grid positions (i.e., this is one cause of the sub-exposure-grid position

dependence mentioned above). This means that a filter designed to work for dose

pattern clements in one part of the sub-exposure-grid may not work as effectively

for dose pattern elements defined at other positions in the sub-exposure-grid.

[00140] The extent to which sub-exposure-grid position dependence is an issue

will, in general, depend on the nature of the spot exposure grid. The rectilinear

nature of device elements, for example, means that square/rectangular spot

exposure grids (where a unit cell with square or rectangular symmetry can be

identified) are more likely to suffer due to the increased likelihood of device

elements or edges lying along “worst case” lines in the exposure grid (see below

for what is meant by “worst case™). In such a scenario, it is desirable to configure

the filter 508 to cope with “worst case” points in the sub-exposure-grid. On the

other hand, the effect of sub-exposure-grid variation on device structures in other

exposure grid geometries (such as hexagonal or quasi-hexagonal, for example)

can tend to average out so that a lighter filter can be used, configured to cope

merely with an average rather than a “worst case” position. By quasi-hexagonal

geometry, what is meant is an arrangement derivable by a simple scaling along x

and/or y from pure hexagonal geometry (pure hexagonal geometry being defined

as a grid geometry that can be built up from unit cells with hexagonal symmetry —




correspondi ng non-Fourier transforned filter F and D(xlg., y.) . [00137]
The filter should not influence the pattern position information.

Therefore, the filter should be chosen to have a |inear phase behavior. For
32 exanple, symmetrical FIR (Finite Isgpul se Response) filters (for the
purposes of this application, a convolution with a symretrical shape is
consi dered t Ginhiddrko a WD t*Blofe-pdtked Ghrastale). WHeAtrah@ie@pproptite sipéryth bnear phase
behavi or, can be used. Any resulting phase ef f ect of such filters can be
nmade zero by theplpitsyiSAY wak deprad vn drrpartiewlarspotarpotire gibaddiettfhe filter shoul d

t |y, af fegt t ize/d f th t the DC filt
ot 1o OO | © Besulinely BRI g RS A butdBReEn 08 FoHE of e
i ssues W th thRRsaRPbi thodsst bikgaurnen imb?gpgaﬁﬁas@tthfsb@fe&nmhe?r@é}aoh& that it is

not possible to create negative light (i.e.  negative anplitudes) with

i ncoher ent i whtjiesgotexposworigind tori requestep dessi atternwionsistingaifedirac deltagi ng) . A
further issue is that the frequen response of the spot, 364  varies
accor di ng t o WHEORAEH prdular PoiRD: T eeurHl G fr PetpRel Y btiedi Bual spot
exposure gri ¢nRRshé ingidse{ ihe umbbii ﬂﬁn@?ﬁh@ﬁms& BburbBRd pHRrSARSUr €-gri d
position depeﬁ%éche rresr?gi Sng%ll abc?g%). hi's rreang tuﬁa?ﬁaﬁfi Ilt er designed to

wor k for dosexpgsatetgidrgeemetrgrassliscnsseh furthar below. t he sub- exposure-grid may

not wori i%?i ffectivel f.or doseﬂﬁf)g‘ftern el ements defjned at other

posi ti o t he Lab@eeﬁﬁa@aﬁsé-@rﬁ* DAL SPPh e KE T 3 o Syt

Sub- exposur eq g goma{,faec%?diﬁg&ﬁ&ﬁ%ﬂfb%dgzmﬁfﬂhégfﬁe tWhehtion. "¥iggaer al . depend
on the nature of "the spot exposure grid. er Ctlrlll near nature of device
el enent s, fodemxtaapbgiontdahsxigoail spofeapesuregidngld ‘avorstpate” pexigiosur e gri ds
(where a unit ce4.I Wi th square or rectangular symmetry can be identified)

are nore |i k&FSPT4IRS K preesm £ of e pragenbuYERfIan; KhusHigigues P eV ce

el ements or gdge | . A I j : S grid (see
bel ow for what [S e @ R Har R and HAGEral R LEURPIS, O]
desi r abl e t orectunfulgriged, dtheodtifbirespob6Bpdsores apreussdtth exposesin twadse poi nts in

t he sub-exposure-grid. On the, other hand, the effect of sub-exposure-grid
vari ati on on'§evsEeletahrxpgpmeben abma@@%%m%%a%a%@%m% (such as

hexagonal o s ERAGN 3 cach Bicet R TR Ahun BNy Al AHEERGROU SO that

a lighter fi firer can used, con
position at which the impulse response is requested.

[00143] The generalized Fourier transform of the impulse response for a grid

(assuming a Gaussian spot shape) is

all exposed spots

= ) fn-exp('jx,,kx-jy,,ky)-em(

n

- (k4 k) digy”
16-In(2) ?

[00144] where £ and %, are the two-dimensional angular spatial frequencies,
d g indicates the full width half maximum of the spot 364, .7, indicates the spot
exposure intensity of spot #, and x, and y, indicate the spot exposure position of
spot n.

[00145] If an impulse response is requested exactly on a grid position, it is to
activate one spot exposure 364 in order to expose it. This is referred to as a “best

case.” The Fourier transform of this best case impulse response of a spot

exposure grid is:

.y —(k, k) dyy
Hbestcase = C}{p[ 161—;’](2)1:“’]““




nerely with an average rather than a "worst case" position. By

quasi - hexagonal geonetry, what is neant is an arrangenent derivable by a
sinple scaling along x and/or y from pure hexagonal geonetry (pure
hexagonal geonetry being defined as &49rid geonetry that can be built up
fromunit cells wth hexagonal symretry | 33 simlar to a 2D

"cl ose- packed" structure). In general, the appropriate strength of the

filter 30@146)! 1 depenehird Wwdist Q8¢ sitaUbRAriSETr £XROSHEINGUIE SeaNEtry.
[ 001411 According to one exanple, a filter 508 is devel oped based on the

Fourier tr afhaiforanbefwechéevepgosahopots (hoth hpxaghnalmpd restangelgpofsanyfieshi s refers
to the respon of t.he spot. expqsur rid to. a_requested,_dose pattern
consi sti ng of)%ghelﬁ? PREER ﬁﬁélc?tﬁ‘ﬁg}yi o'ﬁ) géveﬂaﬂaflgm%éréﬁ[&fjﬁt )fhel I general ,
one or nore YpRdmiophl FoudRr HERGhLof thiTRERst LR inPRE REportsB GraléifiGlg dependi ng
on the sub-exposure-grid position and exposure grid geonetry, as discussed
further bel othe VoOSc423 triegone x6=daps et ollawporti on of a square spot exposure
grid and a "worst case" position, according to one enbodi nent of the
present invention. Figure 7 depicts a portion of a hexagonal spot exposure
grid and a "worst case" position, according to anérrb;gh)i-aghrI\nf of the
present inventionfl,Jhuss SFem(-gs0b kand /705 dhpwe j netries
(rectangul ar and hexagon% respectively). For a Yect H r id, at nost

four spesoIRIPOSUr G%eR LinHRads R HEPAPE P lidPiliSe response. For a
hexagong(tii grjlad, at ?ms{tﬁmt hrecsa spS tp@psosugﬂés are used to expose an inmpul se

r espons§001HB] eachFgased depietsac partibn nti aizquaraispdt ctppame gad vwikke“wserbt gri d
position at whi ,(;I’] the inpul sg, response is requested. [00143] The
general i zed P5r 1835 2 PFSH Gistn RASIHORS aP5R5HING B e spbAdiatentel the Ripsedt  (assunmi ng

a Gaussi an spRbasle 1eSg ald; ??%’8 + - ‘ 3
Cexp(o ke TP ks Taie HP DT wagr o) Rl e,
t wo- di mensi ofabrstngell msitopatidiibettoagiiposiias, acdérdingto onawitodimst she ful |

wi dt h hal f ma%i mum of the s;lo:ot 364, 1" indicates the spot exposure
intensity of MESESCH INeRiioRn Fagvarsd andiheathovt erss e (exlydce 8¥si tion of

(““+) posiﬁons are distributed in the rectangular and hexagonal grid geometries, .
respectively. As can be seen, in the case of the hexagonal spot exposure grid,
discrete points exhibit the worst case impulse response behavior under specific
angles. In the case of the rectangular spot exposure grid, worst case points lie
along continuous lines covering the entire subs'trate.. These lines lie at specific,
but very common device feature angles. It can be seen that, in a rectangular grid,
the number of positions (statistically) of the worst case impulse response far
exceeds the number of similar positioné in the hexagonal spot exposure grid.
Therefore, the average performance of the hexagonal grid from this point of view
1s likely to be better than that of the rectangular | spot exposﬁre grid. This
improvement is relevant for the system behavior, which is determined 'by,
amongst other things, the low-pass fit filter 508 described above.

[00149] An exemplary discussion of best and worst case scenarios for rectangular
and hexagonal spot exposure grids can be found in U.S. Ser. No. 11/018,929,
filed December 22, 2004, which is incorporated by reference herein in its entirety.

[00150] The low pass fit filter 508 can be applied for various reasons, for example,
(1) to avoid the need for negative light; (2) to minimize the influence of the sub-

spot-exposure-grid position; and (3) o minimize the influence of the angle




spot n. [00145] If an inpulse response is requested exactly on a grid
position, it is to activate one spot exposure 364 in order to expose it.
This is referred to as a "best case." The Fourier transformof this best
case inmpul se response of a spot exposyr e gridis: (kxtky)dfs, 2 Hne t ea
e = expl 16 In(2) ) 34 [001461 A so-called worst case situation arises for
a requested iHERKLR GnoXAGE |fé’at151€'ai1d‘%ﬁé/s;§ﬁte‘ﬁ?@éﬁré ¥Rd SXPAS eSuiiR@! frikPOt h
hexagonal and rectangul ar). Exanples of these positions (i1ndicated by "-")
are gi ven i nimagpur ésiscfoand tiat ffhe Kexaglinak ssit cnxabsuFe gridehigheasmtior m of this

e e R A I AL oA
0: 5. kyp) expl; ' : Mheh Welel osure grid
pitch. | [Oo)j&;%félgg%zgdvu%&%mgg%%gya por %P%ﬁé%ﬁﬂegaggﬁ%ﬁgﬁg%}g%g%sur e grid

with "worst cesmsetWwhidhnescanghlinspst expased gpdsidsedns, according to one

enbodi ni'i% f the present invention, Figure 9 depicts a portion of a
hexagon légl)t ex Fo 81T ExXarrle e der S0R issondigured g owriafoins? aigtlathest case”
positions, a i i 3 he. } i Figures 8
nd 9 show noty nor LindBebRRuIRct EEply Bhos B WNERGRL o RYARLLAD,

di stributed and magheeticangsttase potetponadgralimgilisergpaivet THeatent to
respectively. As can be seen, in the case of the hexagonal spot exposure

grid, discr&hiehdbispsed oalion for theavagcase ispalseirpspansecan denssA 98 Mehavi or
d i fi ol L ect. id,
worst onee pofipe 3G, HBERART Bk AUDREBAMIAL- IR baiBE T € O

substrate. Thater thanebnpiliaeh )it cddrishiffvient Bitta weakyr flesiiobe kel et eat ure
angles. It can be seen that, in a rectangular grid, the nunber of

posi tions (stiferant shaped gridyt cante mase effectiye i shepis andniesnysipiaposition  exceeds

t he nunber 1(:) bkl g ge%ﬂt gﬁést5ee%Eﬁgiﬁlg§,ﬂzgi%&llar§ﬁ%er§ %o%t%fl%lf i d.

Ther ef or e, € average perfornmanc xagon grid from s point of
view is |ikpbitstlihelde dBedeteiositidas (rthfal thed albhglin&gt angul ar spot exposure

grid. This . ) ) i
[00152] The filter 508, according to this example, is also designed so as
simultaneously to maximize the performance of the pixel grid imaging in terms of
the CD, CDU and dose uniformity (by removing just enough of the higher

frequencies to solve the abovementioned s and, ideally, no more).
Rectangular Spot Exposure Grid Filter

[00153] As mentioned above, the 1-dimensional Fourter transform of the worst

case impulse response can be written as:

. 1 , _ ~(k2 k) Ay
Hiyosicase = 5 €XP(= ] 05k, p+ j- 05 kyp)'e"p[ 16-In(2)

[00154] where p indicates the spot exposure grid pitch. The magnitude of this

worst case impulse response described by the above equation becomes negative at

k, = m/2 so that a filter with low-pass properties, such as to suppress spatial

frequencies greater than this vafue will avoid negative amplitudes. If the filter
508 is strong enough to cope with the worst case grid points, then it will also be
sufficient to avoid negative amplitudes for other positions in the sub exposure

- grid. Using a stronger filter 508 (e.g., with a cut-off at an even lower frequency)




- shape of the grid. In gridsjwhere wlrst case o

i nprovenent is relevant for the system behavior, which is determ ned by,
anongst other things, the lowpass fit filter 508 descri bed above. [00149]
An exenpl ary di scussi on of best and worst case scenarios for rectangul ar
and hexagonal spot exposure grids can fe found in U S. Ser. No. 11/018, 929,
filed Decenber 22, 2004, which is incorporated by reference hereinin its
entirety. [OGLHQhnddessatiblepads theipertbirhdrRe o B8 s BxfatupRldiaad 1da@ko vari ous
reasons, for exanple, 1) to avoid the need for negative light; (2) to
M ni ni ze t he 3d9p¢ Detlseolordided repghtiospot - exposure-grid position; and (3) to
mnimze thed nce of the angl e.35 .betwee n.i.mage featyre and the
spot exposurgog?!l”g%oﬁnt Oemrtgfétﬁ%f)?%glsﬁlﬁsfo& a F%&Bge ﬁ*t?r g%n fb&ﬁ, Phat for a
hexagonal = spa@imensRslcBadilyd syhinghiRhl FOAtHI@), baEécﬁ@lHQH@!f@l%v@iﬁg dg- al I oved to
enter the fitting algorithmof the inverse-optics device 512 w thout
i ncreasi ng t Kemenskinalifinvetenti ve sol ution with respect to the case in which
a rectangul ar spot exposure grid is used. [00151] In one exanple, the
filter 508 is configured toroperate in a circularly ymetric manner (wth
respect to radial axes |yingHn tie pbae @{i tWhenspbstrate) and matches
t he worst-case spot gexposurg gri d i mpul Se response. Fhe extent to which it
is used to allow for™'Hé&wor st -case j npul se re ponse can depend on the
gﬁ‘-’ﬂt“’s-l_'e at discrete grid
positions (rather than along lines), it can be sufficient for a weaker
filter to be used. Wth different shaped grids it can be nore effective to
choose icaf er meqj.ate RositiQng (r L ve. r.Sl.:.an case
posi ti oi@l,sgl)arti ?lﬁ'l%%er |6§‘\?}:@r§ %}ﬁ’e Oﬁ%rﬁ{s é{%}ggg‘ ta%%l%fssﬁ{u}aﬁeﬂ%@%gé%cr ete
posi tions (rabR&pohdlAfcAth®Yshtlekpitde grlOA&R2] The filter 508, according to
this exanple, is also designed so as  simultaneously to maxim ze the
performance of the pixel grid inmaging in terns of the CD, CDU and dose
uni formty (blexagmahpoy Expedure@ad@itedf the hi gher frequencies to solve the
abovenentioned s and, ideally, no nore). { Rectangular Spot Exposure Gid
Filter &00153] As nentioned above, the 1-dinensional Fourier transform of
t he wor $§80156hse | FiaurskE depigioiis bexapanispoiraxposare grgd geometry and shows

an “intermediate case” position, according to one embodiment of the present
invention. The filter for this geometry of exposure grid can be developed starting
from the Fourier transformed impulse response for a position exactly in between
three spots. The position shown in Figure 10 represents the intermediate position
between the worst and best cases (see Figure 9). The Fourier transformed

impulse response of the central position shown is:

5 1 1 RE) 1 3 1
H.:emu;hex=§-{exp(—17§--p-kJ+eXp(J—6—-p-kx-J-5-p-ky)+exp(J—6—-p-kx+J-5'p'ky”

[—(kf £ kj)—dmj
-exp

16:In(2)
[00157] where p indicates the spot exposure grid pitch.
[00158] A suitable filter in this case can be a two-dimensional circularly

symmetrical FIR filter, based on the following one-dimensional truncation:

N 4
Hworstcasc (kx = 03 ky = G)) when o < £

F;it filter; hex = 4
0 when @ > EE
14




(k xz . kyz) . dfw2 1 Hw,s, CdSe =2 exp(- ] O0-5 kyp +j - 0.5.
kyp) exp 16. In(2) [00154] where p indicates the spot exposure grid
pitch. The magnitude of this worst case inpul se response described by the
above equation becones negative at Kkyz3r= 7r/2 so that a filter with

| ow- pass properties, such as to suppress spatial frequencies greater than
this value will avoid negative anplitudes. If the filter 508 is strong
enough t[@oLsme W twhdrdenWorst3 /8 38e Phb-dinkQisidhs) Loy be
sufficie%t ?ﬂ avoi d negative éﬁplitudegugg?R%§%3%£%gs$%?%$§£?%h?ﬁe sub
exposure gricreyindingao 175 aings thd dpbt &pob@8 gfi@pBch. Wi th a cut-of f at an
even |lower frequency) 36 w Il unnecessarily degrade the performance of the
spot exg8818% gri doabgth kgdedtenguipr and dexpgpna spotosxposuta gaid fileesobOR i on.

| 1 ow - ' ' : i table fil -
i monsi onal CHanieA AP RS IH BBt v b s ot 4B PP ng. one-

di mensi onal tdosn@at ueNlarge hEMINKS tegpeRd (s}%t intéhsities i Mler tHBMHEGhE Fit
filter; red z 0 when co >> - P [00155] where co =it / pis the '
one- di mensi orgquestsd dpse mepp b ¢ bigh fevehofanegisionr kefopona tipig! sdutitrewspot
exposure gri .t ch, . Hexagonal ..Spot posur.e Id Filter 01 Figure 10
depi cts the %8§%}gnoor?§ Ve%%?glEQ?%gﬂé)e@{pﬁ%ﬁ&pﬂé@ﬁ@%eﬁ’ ‘ﬁtﬂﬁh ?ﬁ&&éﬁpl%?ﬁ%

"intermedi at @efAILONPOGIPI @maneﬁ&&d?wﬁe&aﬁfé& HRIPRAS T8 eftct g Present

i nvention. The filter for this geonetry of exposure grid can be devel oped

starting frdhe filkeritRonreeess, qanatsefterakipped toprsise thess pamsthefvdse Bagosi ti on
exactly in bet n .three spots. The position shown in Figure 10 represents
t he i'nte_rnedisgjt\gﬁ%%ség’?ﬁﬁﬁta‘g@%%gsﬁ ﬁaﬁr@tar‘?fﬁ ﬁgéy?reg'stg%eﬁfg\?é%f Figure 9).
The Fourier thagaffiiRe. THIPMEREof RSP ORGP teshE inf §Hhé FbryPAR tdo@n Shown i's:
1 FI -3jexp~. 1 73 pkexp j 6 pkx-j2p Ky+expi 6 P k + 27pk

intensity in small parts of a region neighboring an image feature where no light

has been requested. These positions are typically located within a band of around

1.5 microns from the actual edge, so that the influence on the device to be formed

can normally be neglected.

[00161] In general, the low pass filter could be arranged to operate either partially

or completely in an offline part of the data-path, after rasterization, or as a part of
the rasterization process. In addition, although the above embodiments refer to a
direct algebraic least-squares fit of the spot ekposure intensities to the frequency-
clipped target dose pattern, it would also be possible to adapt the use of the low-

 pass filter to the case where an indirect/iterative approach is used.

An Image Sharpening Filter

[00162] Figure 11 depicts a low-pass 1102 and sharpening filter 1104, according -
to one embodiment of the present invention. Figure 11 shows an alternative
embodiment of the invention in which the filter 508 has a split or dual
functionality, comprising a low pass filter part 1102 and a sharpening filter part
1104. The sharpening filter 1104 can be used to improve the definition. of
features in the dose pattern, making use of the knowledge of the product features
to be formed. In general, the sharpening filter 1104 will comprise a contribution
corresponding to the inverse of the image feature to be sharpened (in the Fourier

domain). Taking as an example the smallest possible circular product feature




central; hex - z 111 111 | ( (kxZ +kY2)Up. expll | 16l n(2) [00157] where p
i ndi cates the spot exposure grid pitch. [00158] A suitable filter in this
case can be a two-dinmensional circularly symetrical FIR filter, based on
the foll ow ng one-dinensional.truncatiﬁw: | Hver stease (kx = O kk = co)l
when co < 3, Ffit filter; hex 4Yr 0 when co > 3 p 37 [00159] where w=
47r/ 3pi s the (- zdtifﬁﬁﬁﬁdrclﬂﬂ{@hl a)ngiel @lticalPaimenkioh r@gyan@xéhﬁﬁémﬂ@meﬂl ng to
0.75 tinmes the spot exposure grid pitch. [00160] For bo t he rectangul ar
and hexagonalftigsien caixpodainedgs fallomsiie drespai® domigc ussed above, the fitted
sol ution provided by the inverse-optics device 512 does not use |arge
negati ve exposed spot |ntenS|t|es |n order to image the requested dose nap
to a high level of priecidion. 3 f yplcal solution will contain
only very smal | nqgatuweeg%pose pot |ﬁteﬁglt|es whi ch can be clipped to
zero. In one exanple, strayf?gosl ve values, arising as a side
effect from the filt rrﬁg prB%%E an a#@a be clipped to zero - these can
ot her wi §e0l68pd towherald, but (b eddils 6RIHe iamp TBurel(he@t half thé @im). in areas
far away fromthe edges Oof pattern features. The e fect of thls clipping

results in samEskefyng Mk hagoReturd iRtodRS Fbitdr domaml Jielpart s of a region
nei ghboring an image feature where no light has been requested. These

positions are typicall catﬁg ﬁ n a band of around 1.5 microns from
the actual edge, gp_b hgk(ﬁ ntfl uénce on the device to be formed can
nornmal |y be neglected. [R016]f*hix Yeneral, the |ow pass filter could be
arranged to operate elthermp rtlaﬁmM64pr COﬁﬁ&ﬁtﬁhyaEﬁm@Dﬁﬁkﬁ&{aﬁ part of
the data-path, after rasterization, or as a part 'of the rasterization
process. |n #edii®ildnd. al t hough t he above enbodi nents refer to a direct
algebralc | east - sghares fit of the spot exposure intensities to the

frequend§168] i ppe ?éhﬁ@?nlﬂ&@ét%éiQAeF?FeSP‘?HdJRﬂﬂOdthaﬁ npde polsndhee t o adapt
the use of t Bfek@V6s the amplitude frequency response of the Fourier transform of the

smallest possible circular symmetrical image feature:

| @Ry |

/e

when @ < —

2@ Ry P
sharp filter — p pu
F,, er(an--) when w > —

. harp filt p P

A Filter For Controlling The Image Log Slope

[00166] Figure 12 depicts an image log slope filter, according to one embodiment
of the present invention. The “image log slope” refers to the spatial dependence
of the dose pattern written o the substrate and in particular to the rate of change
(or slope) of dose with distance dI/dx. It can be useful for a user of the
lithography machine to be able to adjust this slope for several reasons. Firstly, a
shaliower image log slope means that features formed after substrate processing
will tend to have more rounded edges, which can reduce the risk of electrostatic
discharge (sparks). Secondly, a shallower slope can make it easier to achieve
satisfactory overlap between features on different process layers on the substrate.
Overlap generally has to be controlled with greater precision where features
themselves are sharply defined in any one process layer (i.e., having a steep image-

log slope). Thirdly, in flat panel displays produced by lithography, for example,




pass filter to the case where an indirect/iterative approach is used. An

| mrage Sharpening Filter [00162] Figure 11 depicts a | ow pass 1102 and
sharpening filter 1104, according to one enbodi ment of the present

i nvention. Figure 11 shows an alternatigve enbodinent of the invention in
which the filter 508 has a split or dual functionality, conprising a | ow
pass filter pré¥iewifdn gl&ds BephddnP8MtRGmhLd fogklopa bl indhidiAl feAfugess par peni ng
filter 1104 can be used to inprove the definition of features in the dose
pattern, nakishglayss iohge e Slmmﬂaed@i ofa tahwrpmwugtangledp@has attthe be f or med.

I n general, the shar.peni er 1104 0 ontributi

cor r espondi ng*PE RE r?sﬂblé‘gg O&%ra?tl{@m? rFé‘glle }B?Cﬂ g%)rbf:’et gesbrég@ﬁl& (| n the
Fourier dongj pﬁcatl'gﬁﬁe? iA%el&NsifxaMli&)t he smal | est possi bl e circul ar
product feature 38 a di aneter equal to the critical dinension CD),

t he shar[ﬂ@tﬁ’?hg fi ITﬂerﬁItdrtﬁ%t ¢anncongmisb endefagnddg abpt dllteovléOI rfo:t Has spat | aI

domai n: n, x2 + y2 <- p .H= chap 0 en > Rs|

[00163] \Aher@uF&Oﬁ%s(f fsgiof a@efaéu.pﬁéﬂlgF I s Wialgerdusht rcem(fﬁéﬁléoveﬁgw  he CD).
Transf orm ng S L, (Rsn,
kx2+k, , 2) H:Iﬁizi%zlhlg& %ﬁﬁgtagtgﬁg?dp%ﬁfgjgﬁé %H\Ahereég‘gém‘i 1@1 péls% &? |‘IJSef unction of
the first ki msdihd l@d656]l ndhealbtuat pandury tid donenst1104 corresponding to this
exanple is then the inverse of t he a i tude frequency response of the
Fouri er 109198kt or mAdT Xapwle igiage lagsyonsdy rmr@fleﬁl Hep spatia Bigal i mage
feature: when w<- if - 21‘] (WRsnm) P '"harp filter

when |/x*+ y* < R

slope

Foo={mR_"

slope slepe
0 when x” + y* > Ry,
[00169] The filter function is determined such that the DC gain of the filter is 1.

The radius R, is the parameter that influences the image log slope.

Alternatives To Filters

. [00170] In one example, as an alternative to manipulating the control signal to be
sent to the patterning device 104/204 using filters, it can also be possible to
modify the illumination and projection optics in order to change the spot shape.
Different spot shapes can be realized by beam shaping and stops. Spot shapes
realized can be, for example: a Gaussian beam (in case of multiple laser beam
propagation), an airy disk (by a truncating aperture), a circular tophead light
distribution or a convolution of any of the above.

[00171] In one example, filters can provide a cheaper and more easily adaptable
- solution because they do not require major additions of new types of hardware.
Instead, an increase in the capacity of existing hardware and/or reconfiguration

ccan be sufficient.

Combining Filters

[00172] "~ Inone example, it is possible to produce a combined filter that performs
the functions of two or more of the {ilters discussed above. In the case where the

combined filter is formed from the low pass filter 1102, sharpening filter 1104




Tharp filter w= when w> P P A Filter For Controlling The |Image Log Sl ope
[ 00166] - Figure 12 depicts an inage |log slope filter, according to one
enbodi ment of the present invention. The "image | og slope" refers to the
spati al dependence  of the dose pattergp witten to the substrate and in
particular to the rate of change (or slope) of dose with distance dl/dx.

I't can be usehdlimhgs log slgerfiledr 1208, theicohdeteaFér et gRtikoddmiakd e to
adjust this sI ope for several reasons. Firstly, a shallower image |og

sl ope means temtedbyacoreelution sfallavs:er substrate processing will tend to
have nore rounded edges, which can reduce the risk of electrostatic

di scharge (sparks). Secondli:, a shal é @ can make it easier to

achi eve satisfactory overl apmhetiwee -tfflte tie o di fferent process |ayers
on the substrate. Overlap generally has to be controlled with greater
preC|S| mhere features thenselves are sharply defined in any one process

| ayer QJ T3 havi e @tfégﬁsqnﬁ%‘&é’ﬂ"qﬂé@dW@ﬁ’e@mhl'h@f? ang thionghquittheanel
displays pr o lithpgraph i ew n ngle is
dependent on gﬁjcla{r}% e Io’QSg g )eébrc‘foq{ltm (SECO? ]lbnf 3 ISIJ% YheA P1g arﬁi ower inmage

| og sl ope caW@@dgt@ofatHearrmnnWIﬁdh thg filtBglage &(ﬂﬂﬁﬁ&p@os%tnot RRke gxpense of
resolution, contrast ratio, etc.), which can be desirable for certain

appl i cati onsd{férguce. in tel evision or video). [001671 The fiIter 508 can
1202 for this purpose. i S not
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e ope S e ARSI R ic)5e 306 o iR RUELS robliewt: The 111ter

function is determ ned such that the DC gain of the filter is 1. The
radi us RSi ePe is the paranet Eﬂqth}at i nf l@”‘ﬁﬂcﬁi)]t he i mage | og sl ope.

combined filter

[00175] which results in
[I] = [KI“‘M : [Dl .

[00176] Filtering the kernel [K] and not the requested dose [ D] can have the
following atttributes: a) the dynamic range of the kernel is reduced (kernel values
are smeared out), which reduces the Word size; and b) the context radius is
reduced ( for a similar imaging performance) substantially.

[00177] In one example, the filtered kernel [K]' ... can be prepared completely

off-line. At least, this is true to the extent that: the MLA spot positions do not
vary during a single substrate exposure; the MLA point-spread function shape
does not vary, the MLA position variation can be compensated in the data-path;

and the scan speed and laser frequency are constant.

Filters For Applying CD Biasing

[00178] In one example, critical dimension biasing (CD biasing) is used. CD
biasing is concerned with the step of adjusting the minimum line width according
to customer needs. This step is frequently used because, while the line width of

the dose pattern can be predictable to a high degree, the actual line width of the




Alternatives To Filters [001701 In one exanple, as an alternative to
mani pul ati ng the control signal to be sent to the patterning device

104/ 204 using filters, it can also be possible to nodify the illum nation
and projection optics in order to change the spot shape. Different spot
shapes can be realized by beam shapi ng and stops. Spot shapes realized can
be, for exanpfeftired fdrala@ SRR K6aRihk s GaepRlicild afd ®ah dsakfib &M
propagation), an airy disk (by a truncating aperture), a circul ar tophead

| i ght di st riddinsiremt o opdes dhediieve aptimef perfyrmefice. hEhislsdipstimendocardd | n one

exanple, filters ca rqui de eaper and nmor Si| dapt.abl e solution
because t hey BauR ey e e SP QR amerBrot B TR B BR % i .

I nstead, an idefBasethHeTIH REfoEARMANYined). €Xi sting hardware and/ or
reconfiguration can be sufficient. Conbining Filters [00172] In one

exanpl e,[00179]s podsinisklebasedfittwgtapbicaysemtyi(Arbiasing tsevormblbtachevédbins  t he
functions of two.or nore gf the filters discussed above. .In t case where
the conbi ned FigpBPeYeTRE Mgy p #f%@tuoawaa%ﬂ?mqeef«edﬂ*@&%@?ﬂar peni ng
filter 1104 4Qc, apelpbsRAT fAkish ABRIsS dol §}§Ead189t2tl1et B&scCRERinE ikl ter in the
spatial domain is formed by a convolution as follows: F.nbined filter =
Ffit filter (indiFdaalppditen |feqrare§, (0HiIEB]lcadhenea Ohangpd dd2n(CH Twormsolisit ed wit h”

bot h here and it hroughout the specjifjcation)... th onvol uti on operation
gat i sfies thé‘%ﬁ‘@b&rtgﬁgm‘f%ﬁab‘@g%( &b dlf’chasFI‘?ea)PBIr‘@g}et? ﬁﬂ&ﬁ? IM4EES T | 'P ers are
Chue. et nod TRt SRS TR and S a5hRnes HVEAS ol ane B RO it " L et

t hus defined ( W eac erw se e conbi ned
wi th the pseuiddindweedt slengehe txis [piiallel(tortk¢ eddtrate canbe agcanmepdrate filter
step that filters the requested dose [D]) as follaows: [1l]= Fonbinedfilter
(r) p[ K" [ DIFo™°{Pending fhgaﬁee%EP@é%n&@é Pﬁ]%ﬂqgmal JKi& b lgmitptggn is npiy 1 76)
Filtering thekarfetmt Klstofidedfles bNBI G RESHEh a6 HPk SRy Raye the

but a higher level of optimization would generally be possible if the CD could be

adjusted independently for each axis {e.g., change the CD along X, but not Y).
More importantly, it would be preferable to adjust sizes and densities on a
feature-by-feature basis, for a sub-set of, or for all, feature types (e.g., dense,
isolated, hines, contacts etc.).

[00180] Figure 13 depicts a CD biasing filter 1302, according to one embodiment
of the present invention. Independent X and Y CD biasing is performed by
ﬁroviding CD basing filter 1302 to manipulate the control signal sent to the
patterning device 104/204, rather than the illumination dose, to change the CD.
This method can also be used to provide a CD that varies with position {(and,

~ possibly, independently in X and Y) over the substrate 114/214/314. This canbe
achieved through the use of a CD biasing filter 1302 in an analogous way to the
filters discussed above. In particular, the CD biasing filter 1302 can be used to
modify the requested dose map data to be input to the data manipulation device
500 (two such devices are shown for illustrative purposes). This filtering
operation would normally be arranged to be carried out off-line as it can be
. difficult to implement such functionality in the fitting algorithm itself (as
performed by the inverse-optics device 512). In this exémple, the CD biésing

filter 1302 is positioned before the rasterizer 506. In one example, if inline




following atttributes: a) the dynam c range of the kernel is reduced
(kernel values are sneared out), which reduces the word size; and b) the
context radius is reduced ( for a simlar imaging performance)
substantially. [001771 In one exanple,s4he filtered kernel [K]'., mcan be
prepared conpletely off-line. At least, this is true to the extent that:

the MLA spot cpasoltis 0%d, ts danktill beuichicldd {a30h Mask-Bab@systiassh Iakabigkposure; the
MLA poi nt-spread function shape does not vary, the MA position variation
can be conperf§EbERtPRH Withdhep{tlmeprathod disghesed Heoveckivasying theantensits oBr

f il F | yi . Bj asi 001781 1
exampro,cri 1 Eo A Reiselesn i SalrRls. CRRNHE AR BN AN Gt ng i <

concer ned wi tabotd)e step of adjusting the minimumline width according to
custoner needs. This step is frequently used because, while the |ine width
of the [B6EH] pat t d¥lierestivelyeorp pédifionadly] €1 bizsingi ¢gin begpplkisd usieg dot ual | ne
width of the 4. .41 feature forned after progessing.is le pr.edi ctabl e and
can benefit #1734 m%ﬁfﬁg?wgﬁ]f’gi’ ?Pcéartlﬁé?ﬁﬂoﬁ’ﬁéﬁﬁﬁ?gaﬂ‘_ﬂﬁﬁ“ﬁﬁ?‘%%‘%nce. Thi s
adj ust ment Capcfafon LAHBLIFBREEH DMathidsidaly B&edBblekt 8-caudIFo@PgNg the CD
to formthicker lines or decreasing the CDto formthinner lines). [00179]
| n mask- basedr giovhingizgpiwhide srpsite nayseCib] ditsieisugnki. SThecummaint sndacdninerved by

changing the.overal] intensity of the radiation sourge, An incfeased
intensity fof™ Wz’é(’?‘hthg&meﬁ AE SRused §9 STIBAT § ‘Stsﬂe%ﬁ?‘%%l ao“ﬂt"a{l dose

associ at ed WisfrictudifEdimhearnRdigSdtah Sé‘&ﬂﬁ;ilgé idi %%ilf&tﬂé%& fie biofRliehanged CD

(CDincrease is applicable to clear aeri €s, ecrease 1s

applicable to dark aerial inages - bright field)). This and simlar
appr.oaches h&rneThdElydioawb@ckediioat a change in CD i nduced al ong one axis
parallel to the substrate can be acconpani ed by a correspondi ng change in
CD along the orthogonal axis. This limtation is not a kK problemif the
custo ne%001§€|hi r es Feejisabrraetjonsanbaachigved iy bayingtthepokitame M thesxbsratdbut  a

moner Level o SO0 el e RSPRL 1, cou 2 po
Y). Mre i mpgstraiitible WT 198006lisiRoRdGEBHADIANE QuRRAES 14814834 200 densities

on 4 principle, all or part of the projection system 108/208 can also be moved to

achieve the same effect. In either case, both translation and rotational (tilt)

displacements can be used.

[00183] Systems such as these are expensive in terms of servos and the extra

control systems that are used for an efficient implementation. In addition, the

spatial resolution of the focus correction is limited at best by the size of the spot

grid associated with a given MLA and optical column. Sub-sections of the

optical column and/or substrate table 106/206 cannot normally be moved

independently with respect to each other and the substrate 114/214/314. In

addition, there is a limit to how quickly such systems can respond to changes in

the best focus position due to the inertia of the component that is to be displaced.

{00184) In one example, best focus is perfomied via a data-path (i.c., by

manipulating the control signal to be fed to the patterning device 104/204). This

is possible because the focus influences the full width half maximum of the point

" spread functions for each spot exposure 364. Calculations based on

measurements of the true focus position relative to particular points on the

substrate. 114/214/314 can be input as calibration data into the point spread




feature-by-feature basis, for a sub-set of, or for all, feature types
(e.g., dense, isolated, lines, contacts etc.). [00180] Figure 13 depicts a
CD biasing filter 1302, according to one enbodi nent of the present
invention. Independent X and Y CD biasjyng is performed by providing CD
basing filter 1302 to mani pul ate the control signal sent to the patterning

devi ce 104/ 2(nctioatnh@fix fRIThE B6nttd] kighkIRakt@ the@asaninkdeGbarm2ken CD.  Thi s
nmet hod can al so be used to provide a CD that varies with position (and,

possi bly, i ndbypehdedepipdita tkandeovnt of equtohéocyabsgipat enithe/ 9paysa4. This

can be achi rough the e of a bi asing. filte 302 in an

ol oeous g ERTHNE Wherd BF o5 BuRlruBat 0 Shghik hier i ok o

bi asi ng filtefmel3Qd alclPsoressection iIMel bYud & ciRaues) Riahased f@p data to
be input to the data mani pul ati on device 500 (two such devices are shown

for illustrathigher degrposElai is difei parthyi totthe ingrpasclppntaal reseluion (imited bl |y be
d ied ff-11i i b ifficul i apl
i I T, RN e e
y
i nver se- opti GRqdavne 8y M hmickd fefioRsEXARPIS exiB&nEdRaRicASMBYemértliser 1302 is

posi ti oned before the rasterizer '506. In one exanple, if inline 42 control
i s used, thigedamal)i | Thibeamohhevwedd (sddingranyasijobase daslystemiph apossi bly in

combination with the offline t hod, di.scussed above, varyi n he
intensity of Sep s OPRh P %‘g{sﬂ‘é]é?d‘g%‘?“ag%%liﬂt }Onaﬁ“ﬁ@%a Sgytbe fed

di |l ati on/ erosj | i )\ .10 X%Hp i

addi tional | y,%%%igllegglﬁélg%ﬁf gh%g%?;ﬁg%l SuI@i' glég%dh% ng{ @ng}téigﬂé%clﬂ%mr phol ogy

oper ati ons kribisnwascal dlédw anmechdniealoficon corfilvd apphratus an beapewatd on can be

applied to a mathematically. defi ned object to cause it tq dilate, or grow
"n si ze, whi ISENRHIE) B dadiing SBjseRddor spaceh 4 lgnatgly, aBetesailiohanner - in

whi ch the Obisyﬁ&ﬁ c%%%%v&&ﬂuﬁo%%gfﬂb atiéx%rmecﬁa?ﬁczp%au@ E&trd{ada SO- cal | ed

structuring efenment. This net can be applied digitally either inline or
of fline. On“thesdlagjubmems) «00 dateghihdbefs@oir8@]onfecaldinedcorml) loasan be

achi eved by varying the position of the substrate tahle WI 106/ 206, in
response to ﬁﬁgsﬁ.ﬂf’eﬁéﬂftt%‘eﬁtf ca Eefgelo Pregempnaghy; ?Y"osr]?fm%lsg?qlr@nc%ﬁﬁ trate

table W 106/ 208 nliSarliMfsh $p&liatiedfercd cbREtMREkatRlyt 14/ 214/ 314. In
[00185] In one example, the correction applied by the data-path can take into

account effects that remain constant from scan to scan, for example focus
variations from lens to lens in the MLA. In this scenario, the correction can be
implemented via offline calculations and an offline adjustment to the point spread
function matrix {K] to be used by the inverse-optics data manipulation device
512. However, the correction can also be applied in-line to provide an “on-the-
fly” correction for effects that can vary from scan to scan, such as those
associated with imperfections in the substrate topology or in the substrate table
transport.

[00186] Figure 14 depicts an apparatus suitable for on-the-fly focus correction via
a data-path, according to one embodiment of the present invention. This
embodiment can also use coarse and fine control discussed above. Focus data is
obtained by analyzing radiation from a radiation source 1410, which is received,
after reflection from various positions on the substrate 114/214/314 and/or
substrate table 106/206, by aradiation detector 1408. This analysis can be carried

out by a focus control device 1402. Alternatively, the position of the substrate




- normal. The'res

principle, all or part of the projection system 108/ 208 can al so be noved
to F achieve the sane effect. In either case, both translation and
rotational (tilt) displacenents can be used. [00183] Systens such as these
are expensive in ternms of servos and the extra control systens that are
used for an efficient inplenentation. In addition, the spatial resolution

of the focus (a0 [ @FLIPIMMdIsEbitiabd |1Qwh1a}318Q8E bé)&etérhﬁnéfa%%ﬁustﬂaﬁnsswt grid
associated with a given M.A and optical columm. Sub-sections of 'the

optical col urmeasureiedhe sansdtimas of wtiroric YOBLXMBtedipnaic arararabltipsdiée moved
mdependentl h res ct .t ot her .and t he 14/ 214/ 314. |In
ddi £ on. "t heEduger Ry eopef 3 e proiery e U AT i iefalhing 1o
changes In teheny hr%%abgtﬁfebtﬁ14may§1l4%dféyﬁm%eateha%le N®@yider of the conponent
that is to be displaced. [00184] In one exanple, best focus is perforned

via a dqDéi§iht h (|Baeed orbyhe foaus gath altusmptdited, denfoced ceitghakvite 18@2 fed to the

patterni ng devjce 104/204). This s possi bl e because the facus jnfluences
the full wi dtcﬁfCH]éf i ﬁ?ﬁ't‘ﬁ E)‘?Slt{oﬁ‘egobélpﬂlfﬂoné’ﬁlﬂéf‘a%l%?%%tlil‘yﬁé‘“\ag#] Ié%ch spot

exposur e 364.q,(nl s%o%bpﬁg%ag?’@%g efer o?ﬂ@tﬁ%rfﬁﬂﬁ%ﬁbuﬁp s |80 Jua éﬁ geus

position relati've to part points on th rate 114/214/ 314 can be
i nput as cal |ebhatarcbmlrdaﬂ apropdctot Restgnipositispieis: B corfttodiet i1 o0 amita | X [ K] .
The control signal {%{ to.the patterning device 104/204 can thus be

adapted to téR@“&@c@H PSRy pudpr Hif Geafrelsrolfdoon The @ryagiany sisem
1147214/ 314 ‘fjﬁﬁﬁgxf FHRt oRHBRSU R4SRARE sWbskiateD b% E}&Mdnyan‘ﬁ'/d?ﬂ t han

SUC spot correction Is t Oocus can e %ect| vel Yy

be achi eved tcOntﬁoIlehltg]tﬁeji‘e thegcared ibipeffommstratistatipa bid/yr tilpoferttionnefitieased
spatial resolution (lim tlﬁg&% t he size of individual spot exposur es
ap

rather than PHICWOESYHImMY HosHbptrage tahle Wé(nld)%?é}ﬁtwrct?y te pdngyui cker
response ti m?hér@@or?é&tﬁ@sd@ﬁﬁgn%ﬁ/? d4/§'P4’t%?5§Q%}:r_?s§d mpoeﬁ é)s srt_aot{a . can be

achi eved addi ng any naj or new systens),

al t hough addibtdt domls pmﬁpmoabﬂdmgado thlaredmmmeﬁambes tﬂi&@d-callt&i ‘@darséhe extra
capacity in the data-path 510. In one exanple, focus control in this way
can al |l ow a f®¥dni cal focus control apparatus to be renoved or

oL tan 0= ERNEL R0 0TS0 Mg RIE L IR RSB o
control (as a402, after forwarding the control 51gna1 to the controllers 1404 and 1406, is
configured also to forward focus data to a data-path focus control device 1416,
which calculates the adjustments that need to be made to the matrix [K] in order
to take account of changes in the point spread function performance that should
be expected due to variations in the quality of the focus.
[00189] In one example, the combination of coarse and fine correction can be
implemented in the following sequence: measure focus; carry out coarse
- correction; re-measure focus; carry out fine correction. In this sequence, the
focus data sent to the coarse device will be different from that sent to the fine
correction device each time (assuming some focus error is always detected).
Alternatively, the coarse and fine correction can be carried out simultaneously. In -
this case, the data sent to the data-path focus control device 1416 includes the
- control signal sent to the controllers 1404 and 1406. The correction to the matrix

- - [K] will then take account of the expected movement(s) of the substrate table
106/206 and/or projection system 108/208. The relationship between values of a




"coarse" adjustnent) and data-path focus correction (as a "fine" control).
Coarse and fine adjustnent can refer to predom nantly | ow spati al
frequency and predom nantly high spatial frequency correction
respectively. [00185] In one exanple, ghe correction applied by the
data-path can take into account effects that remain constant fromscan to

scan, for exagmpirél si@Glsent Wikt bORST EAMIL@NI0L and BN dnf th@sflaf I N this
scenario, the correction can be inplenented via offline calculations and

an of fline adhergesrntocupcanthe ressirded i preelddatidniallei on matrix [K] to be used
by the i e-optics data. manipul ati an devi c 2. Ho er, .the
oyt oot KRR o 1 i s TimeaRe i i Bt ot Gondaiais pogg [ e dfthy -

correction f eninsfih GfelsforhfdeviRMB0Y Which frOMHSHRE sfd p8&iAdh akiipBt Asint hose
associated with inperfections in the substrate topology or 'in the substrate

t abl e transppread ijndBdBBiforFiagom eviiich chabie apdatethbyathp fvcat cerstion dithe f or
on-the-fly focys .correction via . a datag-path, accordin 0 one enbodi nent
of the preseﬁ? %heﬁ@\é@ﬁiel‘?ﬂtﬂ.cs P?am@%ﬂﬂ? a%"ﬁ e{,}&n%]a? %(B"‘eﬁgg" é"ﬁ%{?"g’eal%f‘nd fine
control di scy3srg ﬁ&?to’f_l{é?ﬁts—l'v%a}}o th # thORRApAG Vit ARBAYAL RImTRA! ati on
froma radiation g%ﬁrcealﬂo, A icﬁnlés rece‘?beg, ' a?t e? rle ectll%ci)n from
vari ous posi scagmefdr inhentsabstrate 114/214/ 314 and/or substrate table

106/ 206, by a radiation detector 1408. This analysis can be carried out by
a focus control device 1402. Alternatively, the position of the substrate

44 tabl e 106/0p0¢t laisasisNen-tafermityihD2Aa-Bah can be determined at vari ous

points by neasuring the travel tines of ultrasonic waves emtted by one or
nore ul iC ransducers rigidly.attached to proj ection system
Ton; 208 TOISET" £ or ol RisHERt bt el Bt Riaie oo B thenls b Lot r at e
table 106/ 20Gei ML 7 stBaRH dPerddh Bn aQGHFo ARt NYPhRDNRI iGiflentd B T OCuUs
control device 1402 cal cul ates a best focus position for a portion of the

substrate 114ntdn 8dukisnfimirous,the stivatoocan ke ticdom ofd tdtapoet drtexis or bot h of

data pat hways 1412 and.l1414.to ither or both of rojectiqn system
posi 1 on andbREFIEHe O BiTa: Hetpnostats s S wsmonddeid i on ands or

tilt control hekicdtPbholcld1iIP TRk $GHafl S EEMIsPRS LRl 1 AR Gleckii
controll er 1404 and/ or sulbstrate taﬁrfe position and/or ti Irt coh{rol | er
1406 are thusctgmusedort exangilé,owhert refomsdnés b vadatdé aefldctivity gimer ggiveans of t he
~ direction) are used in the array of individually controllable elements. The
intensity of radiation in a sub-beam of radiation that has been patterned by one or
more of these elements depends on the activation state of the element(s)
concermed. The conversion between an inten,éity and a control voltage can be
implemented as a two-stage process. In a first stage, a multip lication operation is
performed to convert intensities to corresponding activation states (e.g.,
reflectivities). The second stage is then concerned with selecting appropriate
control voltages in order to obtain these element activation states from the array
104/204. The relationship between the control voltage and the resulting element
activation state is not in general of a simple linear form, and a calibration table
(e.g., look-up table) is normally provided to enable this conversion to be carried
out. Interpolation can be used to convert values lying between discrete points in
the calibration table. Alternaﬁvely, a mathematical function (e.g., a Chebyshef
“polynomial) can be fitted to all or a portion of the data in the calibration table and

conversion can be carried out using the resulting fitting function.




proj ection system 108/ 208 and/or substrate table WI 106/206 in order to
bring the region at the substrate 114/214/314 to be exposed into a
position closer to the best focus plane. According to this enbodi nent,
this is the so-called "coarse" contralg [00188] Fine control is achieved
via the data-path 510. The focus control device 1402, after forwarding the
control [8019241 t o Ik heeoomatipdd, ltes 9vdrdDdoandsidd Q8 cafrizd @@nfii Gufvedeal so to
forward focus data to a data-path focus control device 1416, which

cal cul at es t Palteamgdenisat date manipHBEan deyiess L fadbiscon qamerrisae multiplieg i n or der

to tak [Nt Lnt r ction rformance . t hat
shoutd be. exne LS Ldf B0 ASRERTEHTL) SnBTRePBIRL°, ot sg)
I n one exanplsege drireflanidy sabbin) B atakip abanivick S e pefBihiapse@n be

inpl emented in the foll owm ng sequence: neasure focus; carry out coarse
| correction; PEOREYUsane ok alsmentactiyatiustaie prereBentivily s¢teppint|to eleiest sequence,
~ the focus de t coarse devic i | | different fromthat sent
"to the fine %é%rmﬁ?éit?%ﬂ’ aééu\eilﬁcgsese%gbﬁg??%%? E‘%{?rﬁbﬁjﬁvgom focus error is

al ways qe¢1®g] ed) . In fhd &appld, Mﬂ‘érﬁéit%h&ﬁuﬁi%@cﬁrﬂgccm MeSRAUEARIJraR can be
carried out sinultaneously. In this case, fhe data sent to the data-path
f ocus cont r olprapstics ef thelgray e infhedudllyecontolitblotlemegndbe Bemvariety othe

controllers 1404.a 1406.. The correctiqgn to fhe trix wi.ll then take
account of tﬁ’gg 2 gy Qetﬂiéﬁi”(’%r?m&f ere§‘{}{)§"t‘nr 'Fémf"é‘ﬂﬁehl%tf@%WZOG and/ or

proj ection sysfiffnd 04wa8: inlBdNE! Sbi QRSEVRsDGIdEEMMI Ve Qlunfis[ EL 45
control signal sent to one or both of controllers 1404 and 1406 and the

resul tant chiigdealilasef optams ate. bl préwlelgbese varatialsidan deitaleentiatol €. [ 00190]
In the enbodi nent, shown, the focus Igﬁrrect' on data is passed .to the data-

path via t he &8Py PGAPPrLNg 654 £7 MRS AURC IR IR Fe58Rd 8% and spot
poi nt  spr eadath yaataicHy thohLkFRM. omﬁwghggge?gaxﬁfégw@f&%mvihg fnef OCUS

correction data) to the inverse opticCs ulation device 512. The
correction datensgamarsdtioos, thiekindod apooahedn ssultinkeundesitblednopeiserins i N t he

?ﬁt Zhgiat C V&h@%ﬁfaf%ﬁ&%%%ﬁq? ﬁylgér?ig}r}iggﬁy ?a%cg)g t% b%fabltqu cépr'!:\./ %‘?ﬁsl 021? lea tror ect
an Increase in costs.

[00194} In one example, the inverse-patterning-device data manipulation device
514 is adapted to at least partially correct for intensity non-uniformity. For -
example, calibration measurements can be used to establish a new look-up table
for device 518 that takes into account not only the properties of the patterned
device 104/204, but also factors contributing to intensity non-uniformity. These
calibration measurements can be carried out in a fully assembled machine (i.e.,
where all intensity influencing factors are active). For example, the system can be
equipped with one or more dose sensors, both to measure the source intensity and
the spot intensity. The ratio of the two quantities is related to the intensity non-
uniformity. Furthermore, a spot sensor can be included at substrate level that can
measure the spot alignment position(s). Alternatively or additionally, substrate

| base techniques can be used, which consist in printing a pattern (or an individual
spot) and then deriving intensity non-uniformity characteristics using offline
tooling. Once the non-uniformity characteristics have been established standard

interpolation schemes can be used to calculate the new look-up table values.




[ 001911 Each elenent in the array of individually controllable el enents can
be activated to a state that depends on a control voltage. Were the

el enents in question consist of mnors, the activation can take the form
of atilt about an axis 1in the plane ¢f the minor. The activation state
woul d then correspond to a particular angle of tilt. The activation state
can al sd0b¥5 ef er rAedan eltersataver of ddpetihg ithey lookat tgbdd malues or dexeanPplde, where

el ements of variable ref]ectivity (in a given direction) are used in the

array of indi'DieBsiy POnEaHeIYH é%‘l"f%:%épe??éln?gimp#é“eqt?ﬂ S sapipyRipgdi ati on in

b- beam of, g adiatd - N o 0f th
a su eam o éDnBs 1&tdf9{érﬁmafwhé}%§6.bﬁ(ﬁ@ @%’?E?E%ng%ga%ébe%e%tg ese

el ements dep on the activation sta 5) ~ concerned. The
conver si on benkwenoarn of nérensifdrnityreéfeatscont r ol vol tage can be inpl enented
as a tm-a{%?e process. In a first stage, .a nultiplication operation is
per f or md§ conv draTeCHng s iRtensdy pon-upieEYhoH Hhingletageinthcsitapates (e. g.
reflectiviti T - I . it i_.ng
appropriate %g%uﬁf Sr@Frv t8 g‘g%@f‘ﬁ%lr‘ g%ﬁ%@@f%&%ﬂ%ﬁ% aEF%ﬁéﬁsg&éaegti vation
states from tifi¢heatatayath.1 0His 204mplElaen sled Bélh anfdaue: ahdBgBrbRE contr ol
voltage and the resulting el ement activation state is not in general of a
sinple linear form and a calibration table (e.g., |ook-up table) is
normal |y pr oviwed Pedomming IGalcukitions Bow ¥rlseofihatAteeEither Totadly Blatk Or

I nt er pol ati oqygﬁn be used to convert values |ying between discrete points
in the calibf8Yon table. Alternatively, a mathematical function (e.g., a
Chebyshef polynomal) can be fitted to all or a portion of the data in the

cal i br at abl e i i i sul ting
Frtting 00 fon: B8R pBBRISHT ks RRRe A EREI R, Ssh L B REhGREEEE, ) O
carried out ‘byshe'ihvarsd-sgticededies SU2ngerteins aeitrid@bRiplioaiopsl Bid aRdwieyi ce 514.
This can conprise a nultiplier 516 (for performng stage | conversion-
from spot i ntegsio Garppod) Watenmuliplicatens oh spestieaby dailared fasthe) &Pt ¢fset - poi nt)
and a | ookup I Vi for. pekformng s . [ - from
el enment acti \?g I Sﬁorgfo at)geg%nr?ié(r?g\stl’ gc(;:%tﬁ)g’ .;'/_;e?etf) %8%%%?2? %&gﬁgel%ﬁbserggnt r ol
vol t age), as MAEsdakipiy AcduafubitaNper sbeonll ThE BarBwab WVuestiddQqdAih chid one
exampl e, intensity non-uniformty can occur independently of the
properties oﬁ’et%ﬁéﬂi’r Phy 1BPre WW{&P@I GOTBRTFRES GNP o3| 1BO%] Eﬁ@ﬁﬁsﬂ:&ﬁ% to a
variety of g@n@naﬁef@aﬁé Al Wi & RGuAPRAGET Ysion Mot (58 BL hufiRll Pe
from muitiplication units specially constructed to carry out MAC operations.

s

Because the details of the image to be processed is not known in advance. The
hardware is normally designed to be able to cope with non-zero values at cach of
the grid positions defining the image. This requires a large number of MACs, and
therefore expensive hardware.

[00198] In lithographic applications, such as the inverse-optics device 512, most of
the terms in the réqueéted dose pattern vector [D] will be 0 or 1 or, where grey
tone imaging is used, 0 and 15, cerresponding to the absence or presence of a
feature. The MAC operation for these can be relatively simple (e.g., no real
multiplication is pérformed). In one example, the MAC either outputs azeroora
multiplication coefficient, which can be shifted a number of places to the left and
padded with zeros at the least significant side. Only the edge regions of the
device elements in the image consist of grey values for which a true
multiplication is performed. The black and white regions may not use the full

functionality provided by the multiplication units.




vari ati ons between individual spot exposures, individual optical colums,

i ndi vidual |aser systens, etc. In principle, these variations can be taken
into account by incorporating extra calibration information into the
requested dose data sent along the dajg-path. Al though potentially
effective for renoving the intensity variations, this kind of approach can
resul t i[@0HY]undedh paddxaniphs bdadieatedpreiphestor i@ pRAidedimihe FRalA bdgpan c
intensity rangg to be able to cope. This can lead to an increase in costs.

[00194] 1n oriBe Bwliplyiag stege Whigl psepplle o idenityingeandcandling bleghandil at i on

device 514 ig.: tyal ly..correct .for intensity
non-uni form t@@‘%%g%%%g@ae%%@%? eeggﬁ%eﬁg%{‘i Jld% IF%QEE?WHP%H L aﬁ%‘“ﬂﬁg%d to
establish a rigputbonistiup ptedbhgnanflpbf @eyics areiliBtHehjuctidk8sscnibov@gig ount  not
only the properties of the patterned device 104/204, but also factors

cont ri but i ng &y nohpesibp fyll Ratiendlityorithe yultipHeation withi Bhistarengamsat ur ement s

can be carri i full ssenbl ed in i.e., re all intensity
i nf | uenci ng 1?& gg?gtrthse Ighr@beerlt:étfi%?.s pﬁro?acg%{%ﬁgber%ﬂée %?Pghwgﬁgjﬁgﬂy equi pped
with one or redRed asBoSIERSMSa s%ﬁiﬂ%aﬁt%d@ﬁ%%f&_ci B8 tROR£R Pridegid ty and

the spot intensity. The ratio of the two quantities is related to the

i ntensity noeripiadnee.nmity. Furthernore, a spot sensor can be included at
subst r at el that c measure.the spot alignment positi S) .
Alternadﬁggﬁg or Eﬁﬂ???gﬁ%Pngigwﬁﬁﬁva% Ry @dﬁﬁﬁg&?§”bgﬂ$d%rused,

whi ch consi StredudingfchRtiiatién R)aﬁ’,aa_fc&%ﬂﬁ‘lﬁ (@8nemboRfthat: SE@k Rre§é?1‘? Inveftdd. t hen

deriving intensity non-uniformty characteristics using offline tooling.

Once t he non-Aniveptigriet pbevra tregirepiatisos 1 Hiwen bisebedstmadl dssiheoteghhndar d

i nterpol ation_sc n be used to cal culate the new | ook-up table

val ues. 47 Pé@fg§¥?§§ﬁ§n alternative to adjusting the |ookup table val ues
in device 518, intensity non-uniformty correction can be inplenented by

mani pul ati ng kL tq . the nultiplier 516. For exanple, the gain (or
gai ns) can be vd??ggf%ﬁﬁﬁgéﬁ% account of non-uniformty effects. [00196]

Correcting for intensity non-uniformty at this |late stage in the data-path

reduces [tpmm{]equi LESHR Yxam@le, LRGE BAR RN PeRdwhdl Wy B R M Urfwdnflade sihy ear | i er
stages in the data-path. Thrs exanple can also help to reduce roundi ng

errors. Avoi HgFethibmanagesCel waththondstae MAfA148 1HhFthisican Eisehdor Total |y

Bl ack O example, via internal reflection within the system optics and/or via cross-talk

between neighboring MLA spots. Optical elements of the lithographic apparatus
are normally designed to avoid this as much as possible, but it is extremely
difficult to remove entirely.

{00202] In one example, using a direct least squares fit of the requested dose
pattern to the array of spot exposures, ghost light can be corrected for by
incorporating terms into the point-spread-function matrix [K]'. In the case
where neighboring spot exposures can Be imaging coherently, it is possible to
correct for the stray light to a very high level. Where neighboring spot exposures
are exposed at different times, a lower level correction can be achieved. This

method does not use additional non-zero terms in the matrix [K]*, which leads to

additional multiplies and accumulates in the data-path. This can result in a
somewhat higher cost, but this can be offset on the one hand by potentially higher
quality images or, on the other, by reduced costs in the optical system design
(s'ince less expense needs to be dedicated to avoiding ghost light suppression if it

can be compensated.




VWhite [00197] In one exanple, an inmage processing algorithm such as those
performed by the inverse-optics device 512, perforns matrix

mul tiplications. The hardware used to carry out these nultiplications is
specifically tailored to the type of | culation to be carried out, so it
optim zed to achieve an optiml nunber 'of MACs (Miltiply Accumnul ates) per
second. The hardware in question (which can be a DSP or a nore general
CPU) conpri sqSReARidr nore FPGAs (Field Programmable Gate Arrays) with a
mul tiplication section that can be built up frommultiplication units
specially constructed to carry out MAC operations. Because the details of
the i magé0203]be prwagsssibul SmBEtimkie vhthe Preaghit a@BtionRee békaldevwibed | S
normal |y designed to be able to cope with non-zero values at each of the
grid positi orfoveflishpwlg be madarsiperbthatitheyshave hesrrseseatell by yay nletsarplof MACs,
and therefor ive. har dywar. 0019 In |ith aphic.a i cations,
such as the iogl\lpgéfs?cgﬂgtd{rﬁéastmae@%gbg% ar i‘f pe&?onstsﬁzlgé gftﬂgrql%\paBLg‘fr equest ed

dose pattern th@cladbud Sanpds ih &en Shdodetdil O4n bANARIEthBBYwithQR epdragE NY | S
used, 0 and 15, corresponding to the absence or presence of a feature. The

MAC oper at i orfrdipthet speriteand sponseofited mventisiny Biuspthe besdiy. andsoopreeefithe

I tipli ti IS, . f. d | | the MAC eit { put
or & Pl ti pibresst BRBR T natBe RN TRV ER: T DRy reaT e dBRIGT il aces
to the |left afthodPRGHELGutthbild BEHedbnlyNCad SR ceSHiBhd foﬁ@xﬂﬁlfg%iaﬂﬁs Only the

edge regions of the device elenments in the imge consist of grey val ues
for which a tpdéeimgutviapniscati on is perforned. The black and white regions
may not he fuy)l unctionaljty provi, (h)eg .the nmultipljcatjon units.
13 [o0d84 n°ond! iahprere i eP ol hstintbstctor. BEGRAbE" n't he
FPGA before gt bhd bkt $6ca0fs, ifhidled & 62RRAS ibmpld 8 dikikisng and
handl i ng bl ack and™ white areas in the requested dose rtg‘ap. The mul tiplying
secti on uses Thaersuernay andnpbdtracosestions can pat fdohionantr| iporef butheotgaley areas in
t he requested dose rral%l? %I\/ni ch not use the full functi gngli of the
mul ti pli cati GRS SUpRFIECR(s, nB’F?Fenta‘FlV?mE’nt"l‘?eC?fﬁﬁ‘BBlyate f OXAES per
second (and §ARhekQS, eankiNBus A% JotliBtefGedoCithlttihe E?ég&ﬁqﬂvé?ﬁlEH%ﬁ thaving a
significant negative effect on the 1 nage processing

appended claims in any way.




performance. [00200] Figure 15 depicts a nultiplication stage with a
preprocessor. 1500 for reducing calculation | oad, according to one
enbodi ment of the present invention. As nentioned above, the pre-processor
1500 can also be fornmed as an integral Spart of the FPGA. Ghost Light

Suppr essi on [Oﬁg&%@ﬁml e, ghost light can be produced, which is
unwant ed or st nages to reach the substrate 114/214/314.
This can arise, for exanple, via internal reflection within the system
optics and/or via ckoss-A dthograpby agremtuecghfpeingig MLA spots. Opti cal

el ements of the Iithographic aratus, are, norngll esi.gned to avoid this
as nuch as possible, but? Prtojq"gg‘g)?ﬁt%‘ﬁép?} pralePtPiagg‘Fﬁ“YPg r?‘i—:‘%%ﬁbo’étﬁtq rely.
[00202] I'n onesuBX@ihsean Al RY sib-BlanRGr rhdeidh; Squares fit of the requested
dose pattern to the array of spot exposures, ghost |ight can be corrected

for by incorporating temmecinntgadevive the mvidulaes decsubibeains ofiradiztiono [K]' . In
the case where, neighboring spot exposures can_be imaging coherently, it is
possible to CSBPQ%‘E% VBFOdPﬁeea qupgipe(f(fcgﬁpaq%n%n\bg,syqua theglpss patiger e

nei ghboring s PRy i L F I r level
correction caﬁﬁ%)neg%gghi eve m%&%ﬁﬁg@éﬂg&&ﬁgp %{J‘saaegtg%gﬁqr%ﬁgﬁ@%on-zero
terns in the nditheisgofekposuresurd iatagbdmdshckently adifliréspostad edrt bthcpdridesctand
accunul ates in_the data-path. This can result in_a sonmewhat higher cost,
but this can B& R FROLEXBIFUFRCS Brrsiuped By Bye phtheriub-depps wif gadiationgaiad i ¢ y

i mages or, onythe ik, Dby reduced costs in the optical system design
(since | ess expense needs to be dedicated to avoiding ghost |ight
suppression if it can bdowqapefitatifa. opdtes Capakttmi dita 180243 onylid € vari ous
enbodi nents of the ({)resent i nvention_have been described above, it should

be under st ood "dy5ted fesp Pakoa ipewder b osam fgupReywlippert tasges dpscapattenl y,  and
not limtatio Lo i . i in the,relevant art
t ﬂ%
t hat vari ous gl-ﬁa ggéﬁlinhn orm aﬁ%ﬁ)@i&%?ﬁlﬁ%ﬁ&ﬁ%cﬁg{gghfxﬂset}e&%aeﬁl?cﬁ ut
departing fr dneshbRl fsquendy; amil scope of the invention. Thus, the breadth
and scope of the . ) )
a data manipulation device that produces a control signal
comprising spot exposure intensities fo be produced by the patterning device,
based on a direct algebraic least-squares fit of the spot exposure intensities to the

frequency-clipped target dose pattern.

2. The lithographic apparatus of claim 1, wherein the threshold
frequency is chosen so that a difference between a dose received at a point on the
substrate and the requested dose at the point is independent of a position of the

point relative to grid positions associated with the array of spot exposures.

3. The lithographic apparatus of claim 1, wherein the threshold

frequency is substantially equal to 7/ p, wherein p is a spot exposure pitch.

4, The lithographic apparatus of claim 3, wherein the array of spot

exposures has a rectangular form,

5. The lithographic apparatus of claim I, wherein the threshold
frequency is substantially equal to 47 /3p, wherein p is a spot exposure pitch.




present invention should not be limted by any of the above-described
exenpl ary enbodi nents, but should be defined only in accordance with the
following clains and their equivalents. [00204] It is to be appreciated
that the Detail ed Description section, gnd not the Summary and Abstract
sections, is intended to be used to interpret the clains. The Summary and
Abstract sections can set forth one or nore, but not all exenplary

enbodi nents of the present .invention as contenplated py the inventor(s),
and thus, are not inten galz[t@grqpﬁﬁctappﬁr@tuﬁ,o glet 5i wherRt thR 2BmehRe  appended

claims in any yB¥wurcaPas Y&r dl%x%tﬁﬂamgnlolsh grasi—'ﬁe)hdgﬁ)ﬁﬁ%ﬁﬁhy. apparat us,
conprising: a projection systemthat proj edts a béam of radiation onto a
substrate as an array of sub-beans of radiation; a patterning device that

nodul at es the sub-bheans _of radiation to substantially produce a requested
dose pattern on th 'subgg‘i:éltﬂg’,gf‘"tﬂli@ %é‘@“’ﬁé’lff’@%rﬂ1=B@F’f‘i’b“§1§iﬁl‘@rhﬁﬁ‘ﬂrom an

array of spot It i I rqg': hhog | e e spot
exposures arealﬁﬁgglzl ifeﬁgolﬁg\rl%%lf%/@\%&b%ﬁﬁ?&eu pe ?l ﬁo{hgggaﬁfét%gﬁogafﬁh&each of
t he spot exposwpaaress produced by one of the sub-beans of radiation at a
particular time; a lowpass filter that operates on pattern data derived
fromthe requested dose pattern in order to forma frequency-clipped

target dose patterg thgbgﬁ{h%gﬁi%@ﬂagﬁ%&ygQmﬁilnsiasfuﬁﬁ'é %Oﬁ‘%gi%%@ frequency

conponents bel ow a sel e requency; and a mani pul ati on
device that produces a gQhirpetingifiiiathat SRFHNE S RGeS PRUuEXRATH © Hent ensi ti es
to be produced by the patterning device, based on a direct algebraic

| east - squar es farmedof t he spot exposure intensities to the
frequency-clipped target dose pattern. 2. The |ithographic apparatus of
claim1l1, wherein the threshold frequency is chosen so that a difference
bet ween a dose recej vedTrd litho 'mc@pa@ﬁg of eLiatY, atiRrandhd SRrgeaigest ed dose

at the point is independent of a position of the
filter is defined as a mathematical function with a spatial Fourier transform,

‘ Em sier » d€fined as follows:

~ _ ( ll/ ﬁ(a))] when @ < a)MJ

F = o~
sharp filter II/H(CU = Q)M)l when @ > hy

wherein H(w) is a Fourier transform of the target product feature,
@=f(k’+ k), @y is a selected threshold spatial frequency, and &, and k,

(3 ~ are spatial frequency components corresponding respectively to perpendicular

axes x and y lying in a plane of the substrate.

10.  The lithographic apparatus of claim 9, wherein @,, = #/ p andp

is a pitch of the array of spot exposures.




point relative to grid positions associated with the array of spot
exposures. 3. The lithographic apparatus of claim1l, wherein the threshold
frequency is substantially equal to pr/ p, wherein p is a spot exposure
pitch. 4. The |ithographic apparatus of 52l aim 3, wherein the array of spot
exposures has a rectangular form 5. The Iithographic apparatus of claiml1,
wherein the thresholld fFhrajitbegrypliic apnatatusanficladn| 8y whengtn ant appligation ofp,

et 5, Puier ot ieetRE TSI lesifa o o Hadihg mbliBSRR 3 MEEBRIEI F o rm o
a quasi - hexago, F.0 7. Je |ithographig apparatus of claim1, wherein
the filter has&girl]alﬁ'a%%’ﬁ’de%é‘ﬁ'ugg‘&w‘{’)‘%S%Bﬁ‘i‘éeé’ substantially equal to that

of the array of sp pgsures, 8. The, | ithographic a ratus of claiml,
further conprisi ng?&%crgﬁajrg‘p@?ﬁ Sg&1 ? PW%%O{IWE‘[m Wg‘fi}ﬂaéwg dgegea?ad{éf“ gart%duct

feature to be 9., The |ithqgraphic apparatus of.claim8 .wherein

t he shar peni ngdgljf%??tﬁej?mitgedrgﬁ?eﬁéeg ggseagﬂt%e - B 15 ﬁnlé?ﬂrt?ﬁraﬂ“i‘%“a spati al
Fourier transform F filter, defined as follows: 11 / HwIl when w < wM
F~harpfilter FePREreofating ofheilovimass hernflu, wiads el opriar dpmais represspiation
transformof the target product feature, CO= (k.2 + k 2) , wWis a

sel ect ed t hr estdhaishepngninglfilter. agd Py suaisd Houriamdboiain reprasertpiaan efithé r equency
conponents correspondi ng respectively to perpendicular axes x-andy |ying
in a plane of nafemsddigtderved fivo thEheeqhestaodossppaticorapfer lteringby dhai m 9,

wherein wM = s/ a i itch . of the array of spot exposures. 52
11. The it hoggﬁ%%’ﬁ’?lgg§gf)rg4“§ttﬁ%ﬁ’8‘$pac§fsg‘i"ﬁﬁ'8, wherein an application of the
sharpening filter is defined as the following nultiplication in the Fourier

domain: Dslwp filtered = Fharp filter ' 'owpass filter ' Dunfiltered
12.  The lithographic apparatus of claim 1, further comprising:

an image log slope filter that controls an image log slope of the

pattern to be formed on the substrate.

13.  The lithographic apparatus of claim 12, wherein the image log
slope filter is defined as the following mathematical function in the spatial

domain:

i
when /x* + y* <
‘F;lope =" Rslﬁpez ‘RSIOPE

- _} 0 when \} xz + }’2 > Rslupe

position coordinates defined relative to axes lying in a plane of the substrate, and

where x and y are

R 18 @ variable control parameter useable to control the image log slope.

14.  Thelithographic apparatus of claim 12, wherein an application of
the image log slope filter is defined as the following multiplication in the Fourier

domain;

i~ ~

D

slope filtered = slope filter ~ J'F;I'O\}\ur-l:aa.tss filter ' D, unfiltered
wherein D, ., is a Fourier domain representation of the pattern data

derived from the requested dose pattern, K is a Fourier domain

low-pass filter




wherein b filtered is a Fourier domain representation of the pattern data
derived fromthe requested dose pattern, Fnw passfilter is a Fourier domain
representation of the |lowpass filter, Fl,a,p fitter is a Fourier donain
representation of the sharpening filteys3, and Al., fil a ed is a Fourier
domai n representation of the pattern data derived fromthe requested dose
pattern after rbpicsantatiog obthe ldve-passifdieneR), ng, fsialFoatieratothaiheeptawtpias filter.
12. The lithographic apparatus of claiml, further conprising: an imge | og
slope filter tdfateifaps Io%'sl% anAlteiv@ageD 09 SlioPeoRer 4di8ain RFPrtRhdiibPobe for med
on the substrate. 13. The Fithographl € apparatus of claim 12, wherein the

i mage | og sl apepdticht @ita dgive@froMane R5udsha dogd %@Meﬁﬁlt&%ﬂ?&y t‘h@'lo%f unction
in the spatial domain: pl 2 when x2 + y2 <_ F =~ "sl ax slope O
when x2 + y2 slape|fifter syiddhelow-pasd fitear e posi tion coordi nates defi ned
relative to axes lying in a plane of the substrate, and “lope is a

vari abl e control paraneter useable to control the imge | og slope. 14. The
l'i t hographi c apparasus %eﬁh@gﬁPﬁa&a yhenebicldimh ARM& binphsAL: the image

|l og slope filter is defined as the FO||OWI ng multiplication rn the Fourier
domai n: Dsl ope filter edacombiopdfikteritha ppiratenum thapmtefn dataaterivediromtheer ed

wherein D filtered |s a Fourier .domain representation the pattern data
derived from f%quééﬁgpéﬁrﬂ%@dﬁtffﬁwl aﬁvm?g %%ﬂ???oﬁ{é‘eﬁa fBsr domai n

53 represent g4 f %rﬁ |t bt Fd | r.j.er domain
representati o??m%fa O?ﬁléé ?ﬁ’éﬂéﬁ%‘% sl oc:cr)lé1 t?{gfttlg'b‘?écgégh%gfno%g p?ft%:ﬁqurl&g{ is a
Fouri er domai demedrfoseticatqustedflosetfadennat t ern data derived fromthe
requested dose pattern after filtering by the log slope filter and the

| ow-pass filter. 15. The lithographic apparatus of claim1, further

conpri si ng: 16.  The lithographic apparatus of claim 15, wherein the application of
the combined filter is defined as the following multiplication in the Fourier

domain:

~ —~

Dcombined filtered = F combined filter ~ Dunﬁltercd = (F;lope filter F;ha.rp filter ’ F;ow—pass ﬂuer)' Dtm.ﬁltered
wherein D, ..., is a Fourier domain representation of the pattern data

derived from the requested dose pattern, F is a Fourier domain

low-pass filter

representation of the low-pass filter, F,, .. is a Fourier domain representation

s

of a sharpening filter, F,

‘tope fler 1S & Fourier domain representation of a image log

£y ~ slope filter, F_,. s is @ Fourier domain representation of a combined filter

—~

comprising the operations of F_ ... Fuoaeddd  Fooocoses

and D

comb!

ined fiereq 15 @ Fourier domain representation of the pattern data derived

from the requested dose pattern afier filtering by the image log slope filter, the
sharpening filter and the low-pass filter.




a conbined filter that operates on the pattern data derived fromthe
request ed dose pattern in order to control an inmage |og slope of the
pattern to be forned on the substrate and sharpen a target product feature
in the pattern data derived fromthe rggquested dose pattern. 16. The

| i t hographi c apparatus of claim15, wherein the application of the

conbi ned filter is ldefi Aelithagraptyeppadatueydongpriginlet i pl i cation in the Fourier
dormai n: Dconbined filtered = Fconbined filter ' unuitered =/ (Elope inter

" Ffiatp filter ' Fl ow paEYeFHqn: Bptephfhat peiesds arens of adfatiop s a

Four i er_domai Bug#RI3ERLAL) O DlbekiiEoPALkAED data derived fromthe

request ed dose pattern, Flow pazs ter 1's’a Fourier domain
representation of the | owrasiag Hevitethat fodil@es the €lib-béand JTeudihtedn tdomai n
representation _ of a sharpening filter, Fly filter is a Fourier domain
represent at i oﬁ“l?ﬂa“&g'ibhﬁr@@uqe@greq‘éeﬁ@ﬁéoﬁ patein onpthpribsisaie.fthedeseipsttgmFour i er

E ope 11 bor . PR oo DR b i i T b SR R RRENRS Corea i <

a Fouri er domafthe sppegsstieivednagdd ihdvbeRafly Withreddcttodast MBé and M t he
requested dose_pattern after filterirng by the image | og slope filter, the
shar peni ng fi Pf Bie sRAbcxnosutes by praducedi b esic. ofghe subrbeams ¢f vadigtiaplay aappar at us,
conpri si ng: ag:ﬂ,ﬁg&lg[cﬁﬁjg_n systemthat projects a beam of radiation onto a
substrate as an array Gf sub-beans of radiation; a patterning device that

nodul ates the sub-beansa afata’ adinfulfidnt QeviceU BBt PRbdiRkd ¥ BERFIICAgMI M equest ed
dose pattern on the substrate, the dose pattern being built up from an

array.of spotCUEKPEHE w9t Expofpicdntensititsctadte medugkd by ithpattessng dévitche spot
exposures are. ] i ncoher ent with respect, to each ot her and each of
t he spot expg%dﬁgcggﬁlgsd HB%C)&? TeE %&tﬁﬂ'éargsf E&(ﬁgpg%pgggwtwﬂpaaq Wfon at a
particul ar tideived fdahahsaeimelat dRe SIS ovidah tl%qg&b@ﬁﬁuﬁesc@i@tiﬁ ol signal

conprising spot exposure intensities to be produced by the patterning
devi ce, basefrigrmed dy mewtiplingebpssiudo-invgged Symaoes pbini-spad fiotctiexposur e

| oner ey o a8y a Shlat SebbP Ry BT URh R R AR fom e ' M 1
requested dose pattern, the point-spread function matrix comprising information
about a shape and relative position of the point-spread function of each spot to be
exposed on the substrate by one of the sub-beams of radiation at a given time; and
a low-pass filter that removes spatial frequency components of a
signal above a selected threshold frequency, incorporated offline into the pseudo-
inverted form of the point-spread-function matrix, ready for the least-squares fit,

| f by the following operation:
KT fiterea = F,

low-pass filter ® [K]+
wherein [K]" and [K] guera represent the pseudo-inverted form of the

point-spread function matrix respectively before and after filtering,

wherein F, ... . Tepresents a mathematical definition of the low-pass

filter in a spatial domain.




performed by multiplying a pseudo-inverted formof a point-spread function
matrix by a columm vector representing the pattern data derived fromthe
request ed dose pattern, the point-spread function matri x conpri sing
information about a shape and rel ativesgposition of the point-spread
function of each spot to be exposed on the substrate by one of the

sub- beans of radi atli8on akheditigpgrarhid apperatiand clairh W fostber doimpreingt hat r enoves
spatial frequency conponents of above a sel ected threshold

frequency, incorpor at ed %f eH’é‘gafHEeé tli%gi‘%g%c?otafgeﬁ@&quéﬂge%ﬁr?ﬁ% €the

t d-f f th
Fol o hg aper ST ehe T Eat“?5F%aé‘?§‘ﬁ’%liﬁ’wm%ﬂ§§‘25‘?af?é‘?w¢ LA
and [K]"fitt~gug gﬁit{%e rEiS Hag gq%lfeﬁl;téardaré fratE@%meQ'uﬁB 5’ ead

function matri x respect ter rlng, erern Fow P~

fii~ repr esentpse@oqavérwa&bmafth@lg&hﬂsﬁreaarﬁlﬁﬁtmhmuhﬂkp%%mId fikeped i N a
spatial domain. 55 18. The lithographic apparatus of claim 17, further

conpri sing: apshaspead Agiclibh Rtk [IGt ek BRNSHawi @efatibhoduct feature to
be forned, defined in a spatial domain by mat herratl cal function Fharp

filter) whereln th L PerF n & angwthe ) fitjer are

i ncor porated of fli ngl‘?:\]{t@%pt he™ cdsﬁ’gudoﬂlql nvert&d for %hﬁt heﬂ poi nt - spr ead
function matrix [ Klwhetein ﬂapoglbmedg}mfréﬂrés@ﬁ@dmaﬂ@n&hcm@ﬁaﬂoﬁumb b&Abin®gt ri x [ K]’
fisered via the follow ng operation: [K]+ filtered = Fconbined filter (r)
[K]+ _ (Fl ow petsm dfithe lw-pas filthoand the $Hagrehingrijltef I the 'spatial domuher ei n
Fconbined filter represents a nmathematical definition of the conbined
action of the lowpass filter and the sharpening filter in the spati al
domain. 19. The |ifthogr i I r nprising: an
i mge | og slope fi F?er ?Eg%lﬁlg ?lg%éb%%ﬂlg?rgé@ oé%%éﬂcggﬁhflﬁ pattern to
be formed on the substr at anagidbg slege filtert that c@ﬁ&bl&&hlﬂ@@&ﬂo@ siype ofdtienemat i cal
function Fly filter , wherein the ina e |l og slope filter and the | ow pass
pass filter aP¥hdriodernsd on ithe ﬁébﬁ ‘%ﬁ@ec}aé‘ﬂ rthe Sppted gdamaie thyon natri x

[K]+ to for ”hﬁthehﬂaﬁ@z[l%?uo‘&?h% spr ﬂn%nepfx%l (é))ré ﬁlt%a?%hl 0%1; ed via the

fol 'ow ng operation: t“'é’?%“d’ I'ne = Fl ow pass
filter (r) FS!J%Q%IJEI" f!lr% ?ric)o rgte& oKIjﬂme into the point-spread function matrix [K]" to

form a filtered point-spread function matrix [K]* sieea via the following operation:

[K] filtered = Fcombmed filter ® [K] (F, low-pass filter ® J'l;;lcxpe filter )® {Kr

wherein F . o FEpresents a mathematical definition of the combined

action of the low-pass filter and the sharpening filter in the spatial domain.

20.  The lithographic apparatus of claim 17, further comprising:
a sharpening filter that sharpens a target product feature to be

formed, defined in a spatial domain by mathematical function F. hasp filter » 11 IMIAZE

~ log slope filter, adapted to control an image log slope of the pattern to be formed

on the substrate, defined in the spatial domain by mathematical function F, slope ilter »

wherein the sharpening filter, the image log slope filter, and the low-pass filter are

incorporated offline into the point-spread function matrix [K]* to form a filtered

point-spread function matrix [K]'swevia the following operation:

K] fiteres = F, comtinea seer @ [KI™ = (5 Tow-pass filter O ‘F;ha.lp siter @ slope fttor ) @ [K}




wherein Fonbined filter represents a mathematical definition of the
conbined action of the lowpass filter and the sharpening filter in the
spatial domain. 20. The lithographic 58pparatus of claim 17, further
conprising: a sharpening filter that sharpens a target product feature to
be formed, defi W&acih 28d sBaii.ad. Woresents by mathemetied | deinitfounst ilen Fha p
filter, an | e | slope filter, adapted to control an inmage |og sl ope
of the patt%orm‘ral&fjgd Bg%f‘é)rfﬁlgfﬂ]owd?ﬁﬁ filfers thehamering diliei, naditherimppelogpat | al
domai n by nabheARdris e d gﬁlﬁtd'*)gﬁng. |.P. filter wherein the sharpening
filter, the inage log sfope filter, and the |lowpass filter are

i ncorporated offline into the point-spread function matrix [K]' - to forma
filtered point-spread function matrix [K]' filtered via the follow ng
operation: ) O [K]" [K]' filtered = Fnnbined filter (r) [K] ' =

| / Fl ow Pass’ fil t2 0 Ardbacmathifaiiuinbh88 oM prRlng7®  wher el n and Frnbj 1 [ ed
filer represents a mathematical definition of 'the

: conbi ned action of the

| ow- pass filter, thePsHestEeEnibagmbf raditionant 4 SubstrdtBgeanl PGy ofhppe filter in
the spati ahe QB¢ Adiaddy. A device manufacturing nethod, conprising:
projecting a beam ot rddiation onto a substrate as an array of sub- beans
of radiation; nodul akicagiatingitsWls RESHS : | Aati to substantially
produce a requested dose pgttgﬁlgon t%%%%@%l?’asyg%}aqtﬁgyﬂwé‘c?)%ttern bei ng
bui I't up BRSS! desepaferafondhrosubetxgieshis dsseipattai HebhoHik & %ongl ghboring one
of the spo,?tl_r Ebltrg(s ar e. i‘ﬂr’% ed incoherently with respect to each ot her
and each o tshe pot PeXP B r aideast peighlaningipne 06 thefspotexpssthebeans of
radi at i on aat irRagedfifidoBbileafly Wit Rssndd i atter,n ta derived fromthe
request ed dose gggt tern in gqugeesgéc{ttote%frl%%gp?nrdéaa%?ﬂs‘??mﬁﬁ@ﬂuﬁ%r get dose
pattern t HaPrayapt bser dithysubdaninalof rddiipans paeRRPRGAL S bel ow a sel ect ed
t hreshol d frequency; and producing a control signal conprising spot
exposure intensities £iori be @ro uced by the nodul ating, based on a direct
al gebrai c | east-squares fPE20fm dA@ degpesd framgbe trquestat dnsipsitas iho t he

frequency- sk brtiar GefuoA95diphad ieldost uséh ARV LS SHIENST AL AT M0 =t o,

npri si ng:
frequency components below a selected threshold frequency; and

producing a control signal comprising spot exposure intensities to

be produced by the modulating, based on a direct algebraic least-squares fit of the

Spot exposure intensities to the frequency-clipped target dose pattern

22, A device manufacturing method, comprising:

projecting a beam of radiation onto 4 substrate as an array of sub-
beams of radiation;

modulating the sub-beams of radiation to substantially produce a

requested dose pattern on the substrate, the dose pattern being built up from an
array of spot exposures in which at least neighboring ones of the spot exposures
are imaged incoherently with respect to each other and each ofthe spot exposures

1s produced by one of the sub-beams of radiation at a particular time:




projecting a beamof radiation onto a substrate as an array of sub- beans
of radiation; nodul ating the sub-beans of radiation to substantially
produce a requested dose pattern ot he substrate, the dose pattern being
built up froman array of spot exposures in which at |east neighboring ones
of the spot exposuregrodrcmgiaragied signelaoepesng ypatickposnespiensitiesto each ot her
and each ofthe spot exposuyres is produced % one of the b- peans of

radi ation &Fpéo‘%ﬁ?‘i l?X:Q]F %OHP]PW%%’ begsed 05?@%‘3@ br&“’i%“ﬁf'?%#"éiﬁﬂgﬁe conpri sing
POl XPOSUDG KBRSl SRl B R RHOUASH (R¥ohGARALL AU AGRAS o 07 @

di rect al gebral east-squares fit of the spot expoSure intensities to
data deri velte feastmaqlidres fie iiugsfoetled 69 enpapiyap i, pssbds-iverted fi@nl ebst - squar es

fit is performed by nultiplying a pseudo-inverted formof a point-spread
functi on nMREWLRP @T@BPI@JWU%EY arcolugpy eskonreneseniies PigtRattem dad o deri ved
fromthe r st ed dgse e th oi pt - spr.e fiu Yol P X

conpri si ng%%ﬁ?%ir (rﬁrao I g}? Iéeg@%‘ct e({ ﬁgses H%B ’aﬁ’a I}Ogrftésﬁ lge\‘;‘(ei %%%‘%“FP&%I& t he

poi nt-spreaémpﬁyﬂgtﬂf&ﬂla@ihnamhtmﬂﬁpet@dbﬁatﬁ?e@@ﬁﬁdneﬁh&Peilﬁl_sp@ad ate by one
of the sub-beans of radiation at a given tinme; and filtering to renove
spatial fr&qebacpf eashspetdnbs exifosed i Gealibsilstpy ane of Slesabdwamipéshol d
frequency, é%{](ior%?rat ed of fl icpe into the pseudo-inverted form of the

poi nt - spr e A PENHEIS 29 r eady for the | east-squares fit, by the

fol | owi ng oper aki@iig [d<AtldvbtspSihi Troq@WbRaSHiohtE of h)didflat by £1 n [ KI+ and
[KIJ+fiit,, mrepresent the pseudo-invertéd formof the ~ point-spread
functi on nueledted theshedtfieqedngyiedaperated dfflifi¢ mto the psewdpngyerteddowher e

pow pass filter represepts a mathematical definition of the filtering in
Phe Spati aP! UroRA RSB TRoRph gSaheteady 1 By FRiRdeet S8 cbHr di ng to t he

met hod of foqfo@dil?%gzgﬂat%%: A flat panel display manufactured according to the
met hod of clai 2.

(KT fitered = Fop.pass aer © (K"
wherein [K]* and [KJ*mura represent the pseudo-inverted form of the

point-spread function matrix respectively before and after filtering, and where

E

Jow-pass fiter FEPTESENES @ mathematical definition of the filtering in the spatial

domain.

23. A flat panel display manufactured according to the method of

claim 21.

24. A flat panel display manufactured according to the method of

claim 22.




