LI THOGRAPHI C APPARATUS AND DEVI CE MANUFACTURI NG METHOD UTI LI ZI NG DATA

FI LTERI NG | nventors: Patricius Al oysius Jacobus Tinnemans Johannes Jacobus
Mat heus Basel nans Background Field [001] The present invention relates to a
| i t hographi c apparatus and a nmethod for nmanufacturing a device. Related Art

bnto o substiao &@;ﬁ&%@;@!@c @é@éﬁvﬁ“@#@%ﬁmﬁbﬁ Care A el
i t hogr aphi c Mgk ceMEEHO LEADING DATA AdLFERING: ure of flat

panel displays, integrated circuits (1Cs), mcro-electro-nechanical -systens
(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 alnvemtors: e, BémcbléAlQmStJ@CO@éﬂ"mn@na circuit pattern
correspondi ng to an indi vi dichanhesjacobmt MathduatBapelnahs di spl ay or ot her
device. This pattern can be transferred onto a target portion (e.qg.,

conprising part of one or several }gi s) on.a substrate (e.g., a glass
plate). Transfer of the pattern i a@%io@ﬁdl y via imaging onto a | ayer of

radi ati on-sensitive material (e.g., resist) provided on the substrate.
[003] Insteagiepf a circuit pattern, the patterning device can be used to
generate ot her patterns for example a color filter pattern or a matrix of

dot s. ad of mask, .t he. rni ng.device can co i se.a, patterning
array tﬂgﬁl conpr i prgﬂmt At notF‘a? ﬁ@ﬂﬁ‘iap C BBRAAYP t@?‘éﬁ’ént s.
Conpared to FEskO8SA ?aggﬁgggm the pattern can be changed more quickly and
for less cost. [004] Tn general, a flat panel display substrate is

rectangul ar in shape. Known |ithographic apparatus designed to expose a
substrat e of Rtlated Arype typically provide an exposure region, which covers a
full width of the rectangular substrate, or which covers a portion of the
wdth (e.g., about half of the width). 2 The substrate is scanned

under nefi0R] t he exAdshographégapparatwsiis & matliae thasdpplies 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 filter pattern or a matrix of dots. Instead of a
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).



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, then the substrate is noved transversely after the first scan,
and a secondli&substrate ja seamged gnderneath theexposureregiannwbie dhe magk Stibst r at e.

[ 005] Anot her.,. { i j i ig i j .0 i.ch a pattern
is realize egéﬁé{%g)tgglg@g{éﬂg%%%é’gﬁ@ s%gibggﬁ[ %Hﬁ%ggrgetpgtet%égt ern on the
substrat e i strinstdried up tHe ubstratgr [fthe Exposa@iregion covotp Ul Svidth ofxpet
exposures,” it is found that the quality of the pattern fornmed at a
particul ar pwibpiratedheriexpesure sycommleted withte spglaicanslfithe expoguiesegion ve to t he

spot exposure grid positions...Furthersoore variation.in pattern quality
can be foundcovfﬂ%’ %’)EFga_tm%e’thr?ﬁfog%hﬁ&lfimoﬁ%sgbgﬁa&’gleg PUPE %t%lggmlvg(_ﬁt he pattern
relative to ﬁas@sersafefa&emg firbeesca,| dhd aEdeb ORI scah iPpérforfedttb@%poséant at i ons can

have a negative influence on the quality of a device to be manufactured.
[ 007] The i negeiddeyokthopebstritea pattern determines the resist side-wall angle

of features formed after processing of an exposed substrate. A.shallow
"rage ST a1 ope ARpratayS oRas Pe Ll Rep e S ARGERE RIS RAHOBHS Usef ul . f or
exanpl e, for . 2elits\sLaGsavid Vie@Wshigs angl e for Flat Panel Displays or can
reduce the rg%nsec?genceg géfl\é)g@gr Ieay lgt??or s. Steeper inmage |og slopes and

si de waj006pngl es Wherevihd @atieraainethe Gobdtratesis builhap fiom awridi ofdgealized) sl ope i s
determ ned by the point spread functions of the spot exposures in the grid,

and on the gEPRBIES FaPPOotsXpRsEFes; dbis fpundiiat theiqyalityof thenatiam formedabt ore, the

i mge | og sl ] i I i I s have been
finalizeq. ohgyana piREcAEEeld i il MR ROREH Mo 1B FABLE BTG 2 0

accordi ng t oexpbsurdgtid pésifiénst Fartheiore atviafiftion i0P8tterhlygalary cin befouid mensi on
(CD) refers to the size of the smallest printable feature. Al though the CD
of the dose tpaxisrwitl zaspert todhe aegle pfia; isature iy theapajterrpraladivette axgposure, it

post - exposur SR e ot Han PPy BBl bals EreBB NGBl e oo o or

i nspection ofn feRLAKYDEEAePiEd &S Bhindct@eder to optim ze the processed
pattern according to a custoner's requirenents. One way this can be

achi evel®07k t o valle image log slope of a pattern determines the resist side-wall angle of

features formed after 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



3 the intensity of the radiation source. The nore intense it is, the nore
the resulting pattern is spread out (nornmally leading to an increased CD).
However, CD biasing in this way can only be applied uniformy and in a
circularly symmetrical fashion over tBe surface of the substrate. [0091
Variation in the position of the substrate surface relative to the plane of
best focus cH gty oftheapdiation sogree; Ahe merejntense ijispthe moze thewgsultingr ned on t he
substrate. X 4 : o)V ransl ate
andor 1111 PRREY 5, BEEE o8 hefREhY RaaE b i CRRe A ” Hdiel BT AT oo
t he subst r at Biasiagin thisheayadoalydie appliéd Undfortalylmtl in 4 cirdulaHyf syhwddtiicdlo achi eve
perfect conpensation. A residual focus error tends to be remain. [00101
Where an ar r faghign overthe perfiage|of theowbsteate-abl e el enents is used as a

pat t er nj devi cey,.sone fqrmof..conversi,on tool. i s trapsl ate requested
spot e;dg%gur e doYadayon \1}3{1? B%Sé%ons?ﬁ/tﬁgBlfbé{}?t&’sugﬁ‘feﬁhﬁﬁa 'q ﬂ’g pil ®%6spondi ng
el ements of bésh9ocuscal cafisel derd?RMiciPin Ak QubKYEST. thE Gha X BsFRIe8 .on'¥R8r € t he
array of individually <controllable elements conprises a mrror array, the
vol t ages wi | sublsratehGemplexserys and cordenl systénmstian ibd proivided to wanslate andfooups  of

mrrors to tj. i n,_such way, as to.defl ect. a ropyiate portion of

et dent - r adlihesto R Bl Soye” B Ues PO iLipsFisns Rerd e SSFHERS b et ween
the proportigR Mined§f BRE fRds baditas uFcanth ddhtevéYPetREdnidehsatRd! £ can be
conplex (e.g., non-linear). Factors that affect the intensity/uniformty of

t he radi at i oresiduel fdewst eroor térfds tabe sgmand. | ndi vi dual ly controll able el ements

and variations in_the optical properties of poj ection system conponents
(e.qg., WPkt onsWersweBnaraYs Pgr‘%‘ﬁi"d&&ﬂ& E%tr‘%b{?nﬁ@peeﬁnwa%es #f fect the

intensity of i-af i i t . the quality
of the part BT dBACE ARG iy T RoRtERb B i RACkRREBRUEREN Y 10 LD ¢
el ements i s egrRPuRsloses thabligiesistigablefor aetuatipatié corrgpbndihg elemehis@t
originating fromelenents other than those that are supposed to be

cont ri but i ngthe@rray phthe appriopriate {inase §ay eampiel wheredhy arranat ndiyéduallyr ors in t he
pattern for 0 h trate. 100! r r wh i 5 needed is a
system and gg‘fqﬁ%)@ al%]ﬁg%e%%%?sewe . llsgsll%%gr? ‘§1}‘ aﬂgﬁ’&ﬁé‘?‘?@gﬁ Wgﬁif cp Q F?%osro maskl ess

|'i t hogr aphy. to cause individual mirrors or groups of mirrors to tilt in such a way as to deflect

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-linear). 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.

[0012] Therefore, what is needed is a system and method that more efficiently

and effectively performs maskless lithography.



4 SUMVARY [ 00131 According to one enbodi nent of the present invention,
there is provided a |ithographic apparatus conprising a projection system
a patterning device, a low pass filter, and a data mani pul ati on device. The
proj ection system project a beam of r4adiation onto a substrate as an array
of sub-beans of radiation. The patternin devi ce nodul ates the sub-beans of
radi ation to substantially produced ¥sted dose pattern on the

b The d i s buil f . f . spot. i

whi ch aP613act nevgRBER fphesirotimentoiherdintindiiol e iRruaefd "N the

respect to qaRdpriHiCippARtuREbrERRt ;ﬁéﬁ@&ﬁi_lﬂ_lﬁ%téﬁ, PpAuEREISNcORW! the sub-
e

beans of radiation at a particular tine. | ow-pass filter is arranged to
operat e on pass filkerrandatdatagpanipdatidn davicehdhe prgiestion systiysprojest algam i n order to

forma frequency-clipped.target dose pattern that.predam nantl.y conprises
onl v pat | alb FRIRRATE s SRR Ereu i obatsb ot iAo, LOHOREI T quency . The
data mani piyeafck idbddRYdstRe bW S AdRABH [RlubSthiAly fTOIRE b Pdqi6st&POt exposure
intensities to be produced by the patterning deviceé, based on a direct

al gebrai c |deaspatequen dg substraté. Thedosp patten polsuilt @p ifrone as arrayest spot t he

frequency-cli pped t.arget ose pattern. [0014] Accordi ng.to, one enbodi nent
of the pr o s SHPOTHGRIRM T 2t %}%35@05%91?%&&10 qSiafwgg%ga%Hvoaﬁs%ﬂyat us

COMPY 1 5119 Ay Bf A1 LR YL AcREih SRR €5ia6Ed B HBLAmITAL pul at on

device, and a ter. tron Systemprojects a beam of
radi ati on ordeamaoftaliftivatia gastiaarainiaylheflowyphssidtarss afangediiodperare The
patterning device nodul ates the sub-beans of radiation_in order

subst ant i al 197 Pa#tep daaceriyed fen dhe sequasied dpsa patern dp ordid teigERr&t e. The
dose pattern..i ] ' ' i.ch at | east
nei ghbor i ngqrg ﬁflpcyxépl)%’g g?%%éeg%?ﬁ%ﬁgé@%atipg%dg e{f?&enﬁm%sﬁssordégsb%@? Pt 0 each
other and edfqusmst c@mme bewraogelected hilirestidd ﬁéqdeh?.suhlh@aﬁ@ of

radi ation at a particular tinme. The data mani pul ati on device produces a
control si gragnipWatinn sievige spreducss pb santeol; pigedstemprsing spet gkpefuted by the

tterning device. T trol si i d dj | gebrai ¢ | east -
Dauares 1t Bpngifes ©%oralist by heRRloriife AEGEC p%hats AR kPRt he
regugzt eﬁ 2??%38 Orér%q{trbftﬂ'é‘ﬁ)olt easdsuedHRhffed tolthd frePRtRCABsEdrgat| tiplying a
pseudo-i nv

dose pattern.

[0014] According to one embodiment 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 ofradiation. The patterning
device modulates the sub-beams of radiation in order substantially 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 are 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 comprising 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 point-spread function matrix



of a point-spread function matrix by a colum vector representing the
pattern data derived fromthe requested dose pattern, the point-spread
function matrix 5 conprising information about the shape and rel ative
position of the point-spread functionSof each spot to be exposed on the
substrate by one of the sub-heans of radiatjion at, a 9iven_tine. The

| ow pass fi | ¢@RPTisEegpEsmation about the shapssad relatiyiepositian e the paindisgisad above a
selected thr j I ' do-inverted
Formof the Saraof AR be LORRLEGH LSl iyihe driienbIRaBRTITC L 0VET L
by the foll oradiagomperaigiven: tilnk] ' The llowpass filtEt esh@as ssplatiblt eqiencK] ', [ 0015]
where [K]' and [K]'filtead represent the pseudo-inverted formof the

poi nt - spr ead°ompREEnts AT aeignal aboeasslected hrgshgldiiprquencygingerperatedioffligs i ng, and
where Pl ow ' r. r | g . definti he | ow pass
fiiter 1 n t notie pheddBnl et hong pOR HFIR-RERiof Bl Fe shunt "0, ' T
present i nvewrhdt@guartdfr, By it followi efatibht hogr aphy apparatus conprising a
projection system an array of individually controllable elenents, a
rasterizer device, a data maiKpukai+ &, deyi 8dKland a focus deternination
unit. The projection systemprojects a beamof radiation onto a substrate
as an array of sub-beans of radiation. The array of individually

control {ms]e el enpRére MROdUnAt B LDS RPRsERANS pSudbaf éed i fake
substantially to forma requesteﬁedose pattern on the substrate, the
request ed dogdintespréadr fan&&n@atrixiesgectivelpbeford andeafter diltefingaandayhedé spot
exposures, each spot exposure being produced by one of the sub-beans of
radi ati on at Fa..gimeFePresaits amaghematiceldefiaition efcthe lowv-pas (iltenis thegpafialief i ni ng t he
requested dose pattern to a sequence of data representing the requested
dose at a cofem®dpondi ng sequence of points within the pattern. The data

mani pul gtk on devi ¢ce receives the .seqguepce of data .and ener ates a control
ST onal (RAPE T om SEserEBEL T igaRRa P e Breat ) oot R Pioiar
control | abl eli@bgaBEm Sppatdtes Epiisitied ?foﬁécﬁ@ﬁisy’dﬂerﬁ,”ﬁ arfBASfUn8vidudBy POSition
of at |east a portion of the substrate relative to a plane of best focus.

The data neennpollshle eleméats erasterngdevies, aalatageanspulali vige,iandafovus t hat

adapts the ntr.ol . silglnal based on neasured evi')ati ops of. the at least a
portion of t ermination unit. The projection 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 pattern 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
generates a control 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.

[0017] According to one embodiment of the present invention, there is provided a

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



substrate relative to the plane of best focus. [0017] According to one
enbodi nent of the present invention, there is provided a |I|ithography
apparatus conprising a patterning device, a projection system and a 6
CD-biasing filter. The patterning devi 6e nodul ates a beam of radiation. The
projection systemprojects the nodul ated beam of radiation onto a substrate.
The CD- bi asChybiasing éjﬂtebpahapé%erawgpiancemdeb@seé aesamy afiradiationa Thequest ed
dose pattern.. .\ j . i V| i der to
control the Bgoﬂéfégﬁgg?yéteg?h@ﬁ%&%@@ﬁ?ﬁ%{&?ﬁ: ?@ﬁ%@% ggqﬁ)addsﬁ g%tf%@n @%se pattern
produced by CUDebiasihg Giter sygratelson watterrn] difhldrivad Gonrh requéseedaloge pattedd]i nent  of
the present invention, there is provided a |ithography apﬁar at us conpri sing
an il um nat Péirhsisstochs fed tor Hecpaticgnng glayigen ingorderata epmrdgheisutied, and a

dat a mani pul af i on. ' The il unl nat | ondi tions a. beam of
radiation. T }é’!‘eg‘;; bojggé i gtr?ngtilcgto(gr%r%dr]%tjloglc oggPﬁgeﬁgggr%ug?Mt&a%%%r@lﬁlgont o the
substrate asdafc@rray of sub-beans of radiation. The patterning device
modul at es t he sub-beans of radiation to substantially produce a requested
dose pal@M8h on t Ascerdingtte aneemiimgaioéths arasentmnventionuihere igprovidedaan array of

t es h t bei duced b f 1h b-b
of . radi atiofl ISEraRY apRaratys aRTTsE anpumiaon SYSIGH, ARrRETOY Bt 2gi ven
sub- beam of phghiakiRVickSakPhldat masipAaao dbvite.t Thanli@nidaksh ispfiedt at e of a

corresponding portron of the patterning device. The data manipul ation
devi ce transtandisons & bemmalof radiatpomi. s The) pepestior spsiemr mojeatdi the beamadses deri ved

fromthe requested dos ttern to a control signal .representing activation
states of t hEGAHPONIY tﬁﬁg‘g’éW‘i‘?és %Wéﬁ&'&?w qtgacﬁ?téﬂi’u eﬂ’ﬁ‘ée'P-’é‘guest ed dose
pattern. Thegi; i j axﬂsd@t? oy lfé??[n pntensity
vari ations cg%‘ég%ﬁ g‘hgﬁég Thgglslﬂt) %gne 0 5(?%(136&? g? owtlhgyﬁ%g[r}%rgﬁ%wgf t he

proj ection sysdeguiitemanmpthasutistratef Theelosd parermatbuiltup frymtanmarrayadisgiti on sour ces

for the illum nation Séstem and conponents of the atterni ng device.
100191 Accor 8¥RA§UECS, BATE PRHEUPIREFR beIng Predused S Ane; of Mgt subrbealgafe | s

provided a %Yétfbﬁca{lﬁgﬂéﬁﬁ&ﬁ&r tihH?.O The ?&@atﬁ)ﬂgﬂgeggii}#g% 5 E@gﬁ%h%%ﬂ%fﬂ €ps.

Providing a proje system proj ect Iratron onto a
substrat e asraliathliggontblled according to an activation state of a corresponding portion

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 pattern. The transformation is
adapted in order to correct for intensity 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 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 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



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 dose pattern is built up froman array of spot exposures
in which at |east neighboring spot exposures are inaged incoherently with
respect to each aother and each spot exg)?sure i s produced by one of the

sub- beans of 2 PHHPHES HRe-aYSIng a0VAss fEler toronerateon pafferydata derysddiams il ter to
pperate on PHELaR AR S SRIN oA ol P RUNGRURAcAARR: AL ARG 1 O der O

forma frequency-clipped target dose patter spati al
frequency cotiapcanpriseb®hbvspatislefreqicacl tdmmslenisbeldw agukeorey .thidsholg a dat a

mani pul ati on_device to produce a control signal conprising spot exposure
i ntensities freAusaCHr déniee@ dafa tanipHlationy deviee drwrediice agemEplongnal di rect

ntensi ties Fed ¢ g3 rasp, eice e d
Fr cquency- ol pRBERHERRS el nltFiBRt pERBARK o) BRRER AR A0Re (o0 mont of

the present baeeod h Bitect alp@bRid 18adpsQuarébefit ofithe@pot exPosimérntensities tatlie et hod
conprising the follow ng steps. Providing a projection systemthat projects
a beam of r affpquenexclinped tagetdose paltan.as an array of sub-beans of radiation.

Pr ovi di patterni ng. devi ce t.hat deth ates the sub- .beans of, radiation in
or dor - sPRRPLc ar PoRPEmER e dindh e B et B s RN ProP st Elibat r ac .
The dose pat§&jide man®détuting Aindth@NcéMpAsih@ Xhd folfRahg %te?i@.s WhBididy aWhi ch at

n

| east nei ghboring spot exposures are inaged incoherently with respect to
each ot her aprdjeshiomsystem thekpropatsa beamof vdistiod obto amubstidte asan ardy-ofeans of

radi ati on at articular.tine. Using a data mani pul ati.on device to produce
a control s?@ﬁ'gqm’é(ﬂ%ﬁ?‘ﬁgt?% %B&&%(%B@@PB% ﬂ?‘@ﬂ%ﬁ‘ﬁ @gdg]gteﬁéhep? duced by the
patterning dﬁéé&r&%fr&ﬁ&%iﬂ%r@er@hﬁs@ﬁﬁiaﬁ#% &dre teﬁ%@é@ﬁt&ﬁ&n(ﬁ the spot

exposure intensities to data derived f e requested doSe pattern,
wher ei n t he theaabdtrasyuBhedodei fattem 9 duiloupnfidnbyn amayt ofHpet eEp@uEsaendo- i nvert ed

pat tern dat avBl AV MFROMTTIESP P PRRY S BB RETEr TS PHB TBOFFG spr ead
unct) o0 et et @RIk b LTS STyl g gbdchal o Ve
substrat e byradia€ionfat b lpartiular bieersUsihg raadhtainanipuBtion degicy enptodoee aUsi ng a
0w Pass THl L ol Signal oompribing spot exposiire iernsings 10 b6 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 ata

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] fierea = F ® [K]", where [K]" and

low-pass filter
[K]" sierea represent the pseudo-inverted form of the point-spread function matrix

respectively before and after filtering, and where F,

Jow-pass filter represents a

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



si gnal 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 follow ng operation: [K]' filterea = Pow. Pazs
filter (r) [K]" , where [K]'" and [K]' 8ilns represent the pseudo-inverted
formof the point-spread function matrix respectively before and after
filteriW§21land whéeeordiogiteore dmbadimentss thequesent inventionhthera is @gdevidef i niti on of
the low pass filter.in the .spatial in. .8 100211 .According.to one

enbod ment _ oPepifRetiphE e lhod D RinrRing 168 Ryt s Pt RPREt HPREH0T | ng et hod
conpri sing t&gtehPthhiPrbjests 8 beRA of RURYILALAG aBubstAteftlah @ftay ShsubdEmEat proj ects
a beam of radiation onto a substrate as an array of sub-beans of radiation.

Provi di ng anofaradsafionf Predidmgianldraycefnindbtidually ecoptreliahie slanhents thabdul at e t he
sub- beans of radiation,so as substantially to.form.a requested dose pattern
on the. subst MaTEste HERPataBS oL iR sp h sbr iR et SO 4P 1 om an
array of SpoLaiR¥PASHE SPostrBRC }Thé%&heﬁé@&ﬁHB&t&&isﬁﬂil%&%ﬁ%q@orﬂ&? of the
sub- beans of radiation at a given tinme. Providing a rasterizer device that

converts datreydefspot exposures, cecjugmt expadmedepmt fireducetl byans eftlensub- of dat a

representing the requested dose . at cqr.respondi ng .sequence of points
within the g*aq%m radighionyata giyet %\mﬁa%ﬁ)‘ﬁﬂh&g A GSUGTIAFT EViE IRBERTYES t he

f ' t it f
control 11 ng (b aeiife RIS RARCEEPIA (o FhaiPhod dINoE] pReplinhe 0" 2" ocus

det er m nat i ofequksidd dose aRADHEEOniMgREGIcht©of pointawvith@ahé paterpAUsihgan of the
substrate relative to a plane of hest focus. Using a focus conpensation
unit to adapdata menipyleationdeice iaeceiue thg seavcpesefdattandganatateomeonyol t he  at

Acoor di gt ot G hsrbRfi HREIE 25 sn ot dfe el BE R ARSI B BB OO e

devi ce manuf @leherits.NUsifg lalfochscietapinirfitiBg uhid & medsupdhPositioRsf atReRvading a
patterning device that nodul ates a beam of radiation. Providing a projection

system t hat prtipe®fsthe rubstrateirelee beanplate phdesit foshs.oldsing asfgsvsrat e. Usi ng
dose pat tor neommpraon eSB! FefSu BT bEDatdeh mR AR R der 1 o
control the gnédst £pbrtiofl DFBRSUBSrRORIANE @S iRl Fbedt @M ation dose pattern
produced by the patterning device.
[0022] According to one embodiment of the present invention, there is provided a
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 to 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



100231 According to one enbodi nent of the invention, there is a device

manuf acturing method conprising the follow ng steps. Providing an
illumnation systemthat conditions a beamof radiation. Providing a
projection systemthat projects the bg#am of radiation onto the substrate as
an array of sub-beanms of radiation. Providing a patterning device that
nmodul at es t hiatensity ¢feegreensiub-beamiod radintionds mtrgﬁedﬂqcatdh}g torapdettvation r equest ed

dose pattern_gn the substrate. The e tern is.built.up froman array
of “spot - expottlFe % SRSl piiln, o BE: RtGPE it it el

sub- beans of madghRtio® devite B Raisforfitlh 8ignhll dpribhey spateidsere Mdiatigh ensity of a
gi ven sub-beam of radiation is controlled according to an activation state

of a correspdosds deriysdriram thefequéstedodase peitémdo deopntrel sigial meprasedting

mani pul ation device to transforma signal. conpri sing.spot exposure radiation
doses dor | vetsarrsy sipgs pER afating ReRE SenErialy BLPOgR e RETE

represent | Ngjosg@ Pattdidt | RBaptind! BE tfhsfolRatRAl tbeéo?ieeﬁfd?%teﬁﬁtﬁ vhsdRatially to
produce the requested dose pattern. Adapting the transformation to correct
for intensi tgausakbyaitileass one afithedolhywing: Icemponamtseoftthe tphag edtiminl systemg) :
conponents of the projection system conponents of the i]lum nation system
radi ation sotfifeRaneRts Of theatljumipghan-sysis, radjatiamrsourses f@oﬁﬁd WHINGLER t he
patterning i.ce r . ?j@%ng , features, and advant ages of

t he present dsﬁﬁf\?fehﬁta?é)g@,ﬁﬁéngg&m%f{e%%%w. &S rluegture and operation of the

vari ous[oepdjodi merFwthet etbedifieasefRhturdspandnidaitages b£thd psssentligvntionsgiet ai | bel ow
with reference to the acconpanying. draw ngs. BRI EF DESCRI PTI ON OF THE

DRAW NGS [ 0oas7ellsdhesteustyya ayd prerationaiibe varignp smbadiaentscd thoprase®8 herei n and
forma part. e i kL t prents of the
present " S sREESINETHL it bRoHEI Ereie B WA BofRIRANTT ®, O

expl ai n the drawirpsi pl es of the one or nore enbodi ments of the present
invention and to enable a person skilled in the pertinent art to nake and
use the one or nore enbodi ments of the present invention. [0026] FIG 1

depicts a |ithographic %%rﬁégém(iB&rS#%éBR%%ﬁggodl ment of the

present invention.

~

[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.



[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 ment of the present invention. [0028] FIG 3 depicts a node of
transferring a pattern to a substratelflsing a |ithographic apparatus,

according to one enbodi nent of the_ present invention. [0029] FIG 4 depicts
an arr awgé%nt of Figpe; Sdepictsadatenath grithdatpgaanipulationdeviges, agrordingi®st rat e, for
exanpl e, used t 1 el display, according to one

enbodi nment o&et%ég%ﬂgé@%?%e vrgsr?h{ %&’?ﬁ%@' [ 0030] Figure 5 depicts a data-path
wi t h dafe@3ngni pul Biguens depitts @spordéiof &lsqi@rd spodBLp@mirOghidemi a Gvotshe present

i nvention. [0031] Figure 6 _dePi cts a portion of a square spot exposure grid

and a "wor stCasgzRAsIqNe 8GOTHAS tosenegiehodinens of e nspssBHIMMERionof t he present

i nventi 0032] .Fi /.depicts ortion of a hexaganal Qt .exposure
or1 " anfIF or o Fieeden i PR R o BB R T Rh B A an bt L he
present i nvegyséopbsitid) dctordih@t Sheentliinhiér of tRRYrédeditinQént@dnSquar e spot .
exposure grid with "worst case" lines and "best case" positions, according

to one HB3i nment Figfiret depicts sigprirtion nf esqiaye spdtCcxpdiuréiggd rvatio“derst ct s a

ortion of a hexagonal  spot exposure grid with "worst ¢ " posjitions and
st “cace: e DA R G HeDS GFor ORB I SRDO B mepe treprBeBh(

i nvention. [ﬂoﬁrﬁlonﬁ gure 10 depicts the hexagonal spot exposure grid
ows

geonetry and s " an "internediate case" position, according to one

enbodi nfeB84jof t heFigmededdpicts mpenibn ofia h¢Ag3H! spotgupesutel gritbwith t‘sosst | ow pass
and sharpening conbination filter, according . to one egb di nrent of the
present i nvefiSs oPOSTISIRT “beshGrse” PoSIHERS, AECOTAIRS (G pRRC ?ﬁgqeg the | t er,
according to ijrent of the present invention. [0038] Figure 13
depicts a Cﬁ%@gﬁ{%ﬂﬂﬁer, according to one enbodi nent of the present

i nvent i @35] 0039] Figu@uroadepittiBp hetfpondl speurapaduns giid péatidtey dndrshows t he-f 1y
focus correction via
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, according 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-the-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

identical or functionally similar elements.



a data-path, according to one enbodi nent of the present invention. [0040]
Figure 15 depicts a multiplication stage wwth a preprocessor for reducing
cal cul ation | oad, according to one enbodi nent of the present invention.

[ 0041] The present invention will nowlde described with reference to the
acconpanyi ng drawings. In the draw ngs, |ike reference nunbers can indicate
identical or functionally simlar elenents. 11 DETAI LED DESCRI PTI ON [ 0042]

I n one enbodi nent of the pre i i i;des a blazing portionin a
section of an array of indi vfﬁﬁiﬁmﬁﬁ%ﬁg‘?@ el enents (e.g., a contrast
devi ce) [0042\1 |t hepfdiRBRIVodinhéht bie Bredit Mo eRA6H pﬁ@idegyslamglpbrﬁdﬁ%w dual I'y
controllable elenents positioned at a sane angle, which tornms the bl azi ng

portion. |n asestiorgfandrmy of indsvideallylsentaallableplansntsde.ghr coftasidericef. a
super-pi xel . ,The blazing. portjon is used to.increase lLight intensity in a
FiPat fi 111 abll R SnuRS in BB hleigaartion dets, tieomspndyety engoflebiae c ompl s hed
by substanti | B3k i @r@% " J : I or nodul at ed
beam such tﬁigﬂ[n¥rt1§£b %lgg?%dl {1/\%1 f?ain}éSWt d:v%{?crﬁa{:o??%ﬁﬁo@gielrghggg)lnétlgg’bgeam has, in
ef fect, abouexaamiglthtscaniberacamplizchad thwoagh usehod ai superpixely Tlonplaziag to a

typical positive first diffracti.on order podu] ated. beam For_ exanple, when
using a 2, 14Perfign dePpedcto BisTeass Hghtamensity in afﬂrstoqﬁgﬁrwoniqxe?rd%h?mm ght is

ref | ected i nuplinaloiol ug g AoHhOR, REUBbysi% hnka et HEfingiRR! T

instead of a first ractfon order, a Ion order can be

used by hi ghaggative fulgfdiéfdction.orffl@r mbdslhted deamakhch that thegpésitice fiesoncent r at ed
in the second diffraction order for X/ 2 tip deflection. It is to be
appr eci at ed difactignjordes madplgtad heamdan d pffechabeutiequal georinerg thantwicact i on or der

ed difRctigniorianeiochlgéad besmah el ormen
per pend cul apeaPirublsafbirEE I Bk Btk SRR RRBONeS e arvay

at a diffrachda) Goflexar@ble] Whed asihg @I ¢ip deFlebiSdt] subdtitially talleofthej ect i on
part), where the I]@_’?t_ can al so inpinge on a blazing portion of the array,
such that t hicisen] asorefleeied in the fiest diffractiomarderst devi ce per pendi cul ar.

100951 TR o1 B eb AP ot e DD BPEY! Rl 5, B0l
interest (e.@iffradion order can be used by higher tip deflection. For instance, all the 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
of the 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.

[0046] 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



diffraction order) towards a substrate. [0046] In another enbodi nent,
"partial coherent inmaging" node can be used, during which the array of
individually controllable elenents is inmaged at the substrate, however no
super - pi xel s are used. Overview and Td2m nol ogy 12 [0047] The use of
"object " "substrate,” "work piece," or the like are interchangeable in this
appl i cal00df] and Ehw use, obipbigels nEubstAie’t SWorle Diecevorok thei ke ara substrat e

.g., fl h spl . , e ,
ggm'gconguct gﬁlte&aa{%geaﬁ:l)ef&l %%/Seﬁirpzi? %tg)% g?ﬁ%éﬁﬁ{ ggﬁé’rl\lg ac ogilgl?edgmp??vnotrkhead, mcro

or nano-fl upides; adeibsesis,(e.g.,di Al panepaiplayiglasa spbstfa®)] hovafeh God.A¥y Ssystem or
the like. [0048] The terns "contrast device," "patterning device,"
"patterni ng senggnducter wafegferiptegratedeirapitanaufacturel @ psint bgademi¢re®Ent s" used

ueea 1o moduf BE PR es HBB] BhEn prbfeaRi il Safit RS T cafe 2

patter nLooas]a t ar gehe RN HMuASt RviceDPhtichidg devide,” “PRke@Ring artal,”Spoul d be
noted that the pattern inparted to the radiation beamnay not exactly

correspond t ‘artayeofdindividially sontroiabile: elementsinuged hersor shanld bk hrhadlgubst r at e,
for exanple if the pattern includes.phase-shifti fe res or so called
assi st feat ul .re%idrﬁsl rﬁfelni}l}g %@Yp‘ietv '%rtﬁate% eu‘éﬁe{]ago é‘éﬁ-‘:’raé? BH’ GRS he
substrate Myecigh of TSR SkPsichGsRE cidldh fxﬂfe?i?% &harg®pdfién bNgt ant on the
array of individually controllable elenments. This can be the case in an
arrangenent substrathi(elg.,t dteect) dhtshaild ot bated thiad rthe gpatiernemugartedrtd thé t he

substrate is huilt up over a iven periaod of tinme or a given nunber of
exposur es du@fbiwgome Wencﬁa?e(?@i@nc spando dhe dspirse PRiERVR dRfalarget

contr ol | abl e, gl; llfifﬁﬂh;é ﬁ?dlﬂét%r fol Bfankit ﬁ&ﬂ;‘ﬁ%&&ﬂﬁd&d&%ggﬁs&%ﬁ%mﬁggﬁeg ate

changes. GenBra e pattern created 'on the target portion t he

substrate 114y sblédiBdAissidt feaviressPimmidhrlyptire pattein ewchaialli genérhedan thayer in a
device being created in the target portion, such as an integrated circuit.
The terms "I $upsirate gy pat cogiegpond a thepattern dormedplianyansinstanspppheariay al so be

used Tn L0t SolRALGithuy cRATRLRUGers FhPALYEIA 00, e Semglagluge: (00491 A

program"rab!e mrror.a ra S pan cprrpr|sean'ar|x-a S.SG. surface
havi ng a vi swhrhad dvenfugl ghtterRYmBdo bE PUS oftheWBbdtradsis BLisip ¢veps operti es)

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 layer 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.



control layer and a reflective surface. The basic principle behind such an
apparatus is that, for exanple, addressed areas of the reflective surface
reflect incident light as diffracted |ight, whereas unaddressed areas
reflect incident light as undiffractdd |ight. Using an appropriate spati al
filter, the undiffracted light can be filtered out of the reflected beam
| eavi ngl®¥a0Y t he Hivwillrbecappeeciateshthat, @s pr aliernatine, theufbléercan dilter autthes nanner,

the b beco. t d i to..t d [ tt f th
addr oseabl o SUFTeEeos mg G e i T PR RGBS “he an |
o ernajgost) the, Khihay oFAMckict AN DA BicktMocpbgy 19 the

undiffracted light to reach the substrate. An array of diffractive
opti cal MEMSSytems)esn @lsb bemsél acat carraspariding manner. SEa¢tediffractivn optisd be used in
a correspondj ner.. Each diffractive optical . MEMS deyice is conprised
ot o bl ural MENE GERRe s combristd 0b AP ke BhrrBEtvaiBhBoottet SrBEve Lo one
anot her to f aiihfe HefivB % RPAndfiRk tE i 4 sﬁ,@ggtmt Hedt iffdenfliiHitact ed 1ight.
[ 0052] A furt%er a teerlna?cl’ ve enbodi ment oé} a rogljrggmmgf%e erl%lgr1 ora array

enpl oys a madiffractad liglmgenent of tiny mrrors, each of which can be

i ndi vi dual | tilted about an axis by applying a suitable |ocalized electric
field UOSBL enpl Byfusther wltemstye cmhodinggnt (oft 2 dogrammableOREEORGHRY, t he
mrrors are Lz : 14 . W reflect an
incomng r adlagﬂoggr(la Eigg{r’rﬁe ﬁﬁg&gﬁt{o Z'rdgﬂ{nw%%’reegﬁ’@%ﬁ'?gC%&l%%ﬁ?@éds&é‘wrri rrors; in
thi's manner, tiliétPabolf dresistsy dppBingd Ssuitable tscaRgbd ebse &y fiblld)Or bperhpleyiagdr essi ng
pattern of the matrix-addressable mrrors. The matrix addressing can be
per f or med uspiggoelestiicteationgreansnOncoragairs thavinirrass argrmafyig-agddeessadsscri bed i n,

f l e, United,States.Pat . 296. 891 and..5. 523 193, .and _ PCT pat ent
appl ©oat) ons iR RadfeSyE Rt Bsrstannc o RRision beDdp pGREFed Ther b ' by
reference i ndidigioh teMdddRissedSmirtd?d) PthisihiSnrel, HRORIRABA BeAR Rfaltbihed Can

conpri se one or nore patterning arrays. For exanple, it can have a
plurality of awordinstodhe adduéssing pattéry otiha matyin-adslressabdé mirears.sThegnastix cont r ol | ed
independentl%ﬁf each gt her.. Iqr& such a&@rran enent, opne or all of the
arrays of i ntAdsssiRgIcAy be BrrforgIedsing sultehle pleetrQUunMeatse MITQragays atgne of a

common i || umyafibfinS Yoi eR AR URRED SQifesPhtentd 415961891 Sy 5%53, 899, -and
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”.



common support structure for the arrays of individually controllable

el ements and a comon projection system (or part of the projection system.
[ 0054] The term "projection systent used herein should be broadly
interpreted as enconpassing any typeldf projection system including
refractive, reflective, catadioptric, magnetic, electromagnetic and

el ect r o9088]i ¢ opt Thepromptienpistemeanimpge thepatteraandhe ey efdndividallypr opri at e
for the expos Lati i £ f r ch as the
use of an i rﬁ?égrg}l%bﬂ‘g?l?éjﬁﬁtg’ %?hp%éﬁﬁggﬂ% lsefo\gérgﬁjn%%ﬁ{l/gﬁhh%esa% e term
"projection IAgReatiREllySthe pfojéctida sPse cileinfite 36coni g RyIiRESTovwhich théie nor e
general term"projection systenf. 14 [0055] The projection system can inmage
the pattern dementeotihe ayaydfindididupidivednirpliehleclemientsiariasshettasntly thisuch t hat

the pattern is Cﬁ]teren.tl fortrred on the substraftcfe. .AILern tiv l@%e t he

proj ection SYSREM EIMICHEYEYSECSHRUEIYPSEIF B ToP RHESTF R ° nts of the
array of I ndj yidbadrs¥rap (dod AnMENG BER FeesAdllle®Sariyué. b €t forhlthé hi S

respect, the projection systemcan conprise an array of focusing el enents,

such as a niecorslanesosrces ard/to(ifnagewpotsontnthiysutystrate. In fachgnetrarigementar r ay, e. g.,
to formthe secondary sources angd to i e spots onto the substrate. In
such an arr AGBALIE loCUsRglegrentsiA thegiigy PhE Cuiig IRmENs fan brasipaidled of f ocusi ng
el enents ca | 2 ALY Walal 'dd@,l : abl e

el enents i nn‘%, eog§§g§ﬂe§ 8&#%?38& %/a‘BieC%l%??%tF'%mee e e(}n%ﬁ‘?gwug\illi{er natively,

t he proj ect i contrelistile rlensantso eAtembtivgly, ek projsction kpdtern @dn &t iconfifuredn a
plurality of the individually controllable elenents in the array of

i ndi vi dual | ysushHiat rdiation &rog) apkaradisy ofdhendiyidually ¢antrgHableglemprts ingbeisi ng

el ements in - . ' 0 1 he
substrate. [%%G?I%Mhﬁag?%gﬁ%@giggﬁ%Eseap ?“gté‘; g@%‘gﬁg\%}e {Hﬁgmg paratus is
of a refl ectédlvfientt Pte @frag of forFih@¥lengnid ané fofctheiecontd thrysubdtratdi vi dual |y
controll able elenents). Alternatively, the apparatus can be of a

transmi K856le t ypeAs bergin depigiedipi the figures balevithpsapparatisrigpf areflastivei dual | y

control | abl e_el ement s 0057]+.The |ithaqr I C.a [ n of a type
havi ng two (tgp%fe,.g.d ﬂ%log{n§gae54ﬂ68?$e a. @g@%{a‘u E?lﬁfogfagfezaeg%le@%bst rate
tables. In shRGnatiEly,itRé GpSdrAe carlBE D RESansiiBivRAgpd (LB 2kmpRIRSa can be used
in parallel, or preparatory steps can be carried "out on one or nore tables

whi | e one ortransméssietseray ofridéwdeally dosirolipblseldments).
[0057] The lithographic apparatus can be of a type having two (e.g., dual stage)

B

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
exposure.

[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.



exposure. [0058] The |ithographic apparatus can also be of a type wherein at
| east a portion of the substrate can be covered by an "inmmersion |iquid"

having a relatively high refractive index, e.g., water, so as to fill a
space between the projection system dAd the substrate. An inmmersion |iquid
can also be applied to other spaces in the |1ithographic apparatus, for
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rather only neans that liquid is | ocated between the projection system and
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made in this text. t.o the use.of 4 jthaographic,. ara Ny nuf act ure of
"o it shouPate dRmetpEBaen et pAe AR SRR BisePt CECHRLC he
herein can h@uffigh Mdgnef® hb4R! beNThe SKBBA aftishh Svill 'Epprdcatd tHag i@fthé Nt egrat ed
optical systens, guidance and detection patterns for nagnetic donain

menori es, f|amntexanésudi afsimapive applipatidns; ayg tisd ofdthe parmps wate€@Doy ;‘diet hi n-fi | m
magneti c heads,. etc. The skill ed a%is n wlli qﬂ,oglreci ate thalt in the
context of sUEFNaFA%ePHLONYEeSEAS WHPInoHE scopy Qlstheomors geRelniermyat er v or

“di e’ herei fy6amberopn 'tgslrn%ﬁ,”'c}ésp%ﬁmﬁ THSuBHARS e Rirrell ASndFBImR ag eNeT 2l
terms "substrate” or "target portion," Tespectively. The substrate referred

t 0 herei n cabe prbeespedybefosant afibedxposurein ffrerample p oack @ toolthdt gipicallpnpl e a
track (a tool that typically applies a layer of resist tqQ a substrate and
devel ops t hedRPligHacdYrrerf &isist tg 2 ﬁ%?rbtrao@@ &Yﬁﬁ’péﬁg? Gﬁp%ﬁ"?girﬁgﬁ tion tool.
VWhere applic i r.eln i wHpkignd ot her
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than once, feinbexppliddao siichaind@ther substrae peocassing tools) Butther, ltke substeaté hat t he
term substrate used herein can also refer to a substrate that already
cont ai ns nul ¢anhedresessed sxue than pase; forreyarpple inprdgviogreatpepiulti-tayedCer ence can
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[0060] Although specific reference can have been made above to the use of
embodiments of the invention in the context of optical lithography, it will be
appreciated that the invention 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
pattern created on a substrate. The topography of the patterning device can be
pressed into a layer of resist supplied to the substrate 114/214/314hereupon the
resist is cured by applying electromagnetic radiation, heat, pressure or a
combination thereof. The patterning device is moved out of the resist leaving a
pattern in it after the 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.



inmprint |ithography, where the context allows, and is not limted to optical
lithography. In inprint |ithography a topography in a patterning device
defines the pattern created on a substrate. The topography of the

patterni ng device can be pressed intoléa |ayer of resist supplied to the
substrate 114/214/314hereupon the resist is cured by applying

el ect r onragneExemplagy BaVigghmeRkat . pressure or a conbi nation thereof The
patterning device is noved out of the resist leaving a patternin it after
the resist is cured. [0061] In another exanple, the invention can take the
f or m of [G06eprPUt EFIG.PI @élcataticoiny dépittd G mhsgxaphiwr?eaﬁﬁumeﬁupﬁoo,

machi ne-readabl e i nstructions describing a nethod as di scl osed above, or a
dat a st or agea¢pordingto(anegmbodisrant efthe present invemtinny Appargiustl 0¢ingludegati cal di sk)

(00627 Fra RefcBrafibn sRiGHARE Bedrad or e pb o BmnEdsar at ue. 100,
accor di ng t o(nea &IHAasti deRit o atfeﬂﬁn@&@ﬁ&'),tanio'ﬂjé_%f‘ffabféﬂOGﬁf??ﬁ,iﬁ%&&at@oo i ncl udes

at least a radiation system 102, an array of”individually controllable
el enent s 104tabed, apd,a projeoton systeni€ldng’d 168. pat t er ni ng devi ce), an obj ect

table 1 .g., ubst bl e), ' [ M ") 108.
[ooes) s Pon Epdiie 26l 107 o Ml os bl bhm 4 T abiditinor

di ati . | &4 TAE iLation, e.g.,
10-15 rim Gl PVAARER . P POV SO f 038 20 ot o

source 112. p@OHwhichvin tiis particilar cade alsalo@hpryses amidiatidnedouecedienment s 104 (e. g.,
a programmable mrror array) can be used for apfqlﬁyi ng a pattern to beam

110. I nl¥Akral, Amarraygtindivadnally confeollapleplengmts i4i(¢ied apregyammableol | abl e
I ts 104 i i ; ; 8 1.
o) Cornari ve A0 B chF S vbL R abfiyled PRAIREL OOGPY 10O Al BEPCE0. 1, 50

canbe connecpgsitidm of tiROSrdy 6N irddvidealy cmitrolale eheawdhts 104 cac durfpdeal ¥
positioning It with respect to projection system 108. As here depicted,

i ndi vi dual | yred@ivertepreipdtionsystenntQs. ldawenes infanaltesfative airgngemeppa@n(e. g., have
flecti f.indivi | | t 1 ql\} abl | . [0065] bj ect
fable 106 cattbeonduidialy iz RaRbETL! Rl GreProRoR SnorpoRk

l'y
device (not shown) for accurately positioning it with respect to projection system

Uu—

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

[0065] 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



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.d7 a quartz and/or CaF2 | ens system or
a catadioptric SYSt em conprising |lens elenents made from such materials or

a mrror sy$?4ewll senerally inglade vatoup otjee eemprpentse Iip ghis exampledanentecei ved
: " . e o o Diinae
i rocted f 1 omrrud e F initab? 190 anfl BHRM 182 chbfis o RO L' 1% e o

more dies) otorfipdred forhe exdkple Bististed aiove SitthiWwal)Beaa 11 @imdpigihgan | mage of
the array of individually controllable elenents 104 onto substrate 114.
[0068] The i thewayaf individuadlycantrelinbly ¢lements 1 thasst desjedivnifarmity28df or setti ng
the outer an /ort inF rt.radi ﬁl extené écommnly referred to as (a-outer and
a-inner, . r oSty JBitugR m fRcroR #RtPty di stribution in beam 122. In

addi ti oppoey] | UM NRlsREuId Be ndidd, Wit legSARSERL. 11 Yihh\oLed € 1Y Sl R WstHRH theT
conponents. In this exanple, elenent 130 could be an integrator 130 and

el enent 132 bousing dfdithograplie psgectiv8 2pparatospad.eth alterndtive exdodingends, scussed
above. In this way, beam 110 inpinging on the array of individually

ot rol | abl o Gt Fomothpgathis prairsomphaatus [WDe fathia

di stribution.if LkS LOR . 0 +hM:Eh regard to
Bl a1t hay cAs pediRigh 85 FERLbOR be AR0AR inld apBOMLA0RRe RO WL

proj ecti on appsuitableslirt@ithg rhitraab)t drisdd bevappescizoet] thivtBth of theserseenatibd can be

renmote fromlithographic projection apparatus 100. In this case, radiation
beam 122 wouRig contegiplated withinthe seopp of Hiepsesepfgnyentign. with the aid of

sui t abl gl €Cti NG 14 8L Scokdnal SnbReBE APBLSH AN cBREfgE these

scenari re conft nplate € scope pre i-nvention.

10070] Beam ditRhefitd Dia0srRR tHeing BirévieieRding ditectiigr @vidf 11810 Havitigabded
controllable elenments 104 after being directed using directing device 118.
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posi tioni ng gemkSehstrhfe (1@nd optionally interferometric
[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 elements 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



measuring 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. \Were used,
the positioning device (not shown) fd8 the array of individually

controll able el enents 104 can be used to correct the position of the array
of i ndi vi dualsidpnecyybsteate table1@q isrspyided wigh g multitydefcapenings ppe flght h of beam

110, e.qg., durin . en t. of . ec 06 is
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in FIG 1. Asimlar systemcan also be used to position the array of

i ndi vi dual | yascasvair beariap larrargestenht Substate 114 iswinpyvedyeves pahrstretedalld 106at beam 110
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configuration of the enbodinent, substrate table 106 can be fixed, with
substrat e 11cande mgvedoanealsiltestratectabls 106 by selectively sfartidg.andistappingthe 18 s

done, substrate tahle %86 girl?shtgrovi.ded with a nultitude of openings on a flat
upper nost  suP3S$AgE o gasthrendhs GRFYNESough t he openings to provide a gas
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convent l"é’m ly r ef\gr r 118 g&é g@ iaﬁgglltawg%(e)gru?%ré&lg%foa%%inrygﬁp&gu g%nrl ate 114 is
moved over sddsstibelas benlglfor dxposing airesist one sulsstrarey @ will beapmesiated diat shown)
whi ch are capable of positioning . substrate 114 with respect to the path of
beam 110. Al heinugntigiisyot Emysd tothis usq and apparais 108 saybeysse e pigisctat e tabl e

106 by sel ect j.xe rqt4 i assage of gas through the
openi ngs. [Oﬁd}%]ﬁeﬁlbt%%@ulglpr}%?%g%?%%ﬂgésgg%%}%hgg 100 according to the

i nventi [po74p her eThe déppaed afjreatas] (0danbefueed ansiataliey 6 heddsst on a
substrate, it will be appreciated that the inventionis not limted to this
use andl09gPhr at us1.100 Sigp wedeisBy ewirpristient on thgaamat wédndwidwallyo for use
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of i ndivi duafalaet p&ifidh 1 90.! SWsBaR!tBTd6Ss M oveR PIhe &taRE/ok PdRBRicae (i.e.. a
single "flash™) onto a

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
controllable 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 simultaneously moved in the same or
opposite direction at a speed V = My, 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 portion
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



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
irradi ated by patterned beam 110. [0076] 2. Scan node: simlar to step
node, except that a given target portil® 120 is not exposed in a single

"flash." Instead, the array of individually controllable elenments 104 is
novabl e i n acqiitipdpbldielementsd 4 (s WH4L04atad pelptwesndinlseg of wdtatignsystang. | the y

di i ' d h d.b 10 i
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substrate tahltRe Id2@tiorss 61 Subkira0QQHS ConsBavuerlly, PattdiBeSHdtn P10 caPRasi te
direction at a speed V = M/, in which Mis the magnification of projection

syst em 108. aqrossisubstragéhkd to exppssl the complptel pattgrm forna gleip gfoubstate 1O can be
exposed, w thout havi.ng to conpyom se on reso]ution. [0077 . Pul se node:
The arr ay of THHOG AR SIS DL Laramis Sarifien 4 18 bert SXpastd Tiog b 1 al Ty
stationary apgk.the entire pattern is projected onto a target portion 120 of
substrate 114 using pul sed radi ati on system 102. Substrate table 106 is

moved wW00A8hn essént i aCbyptimwns tsaart neerdinsilac Hothdie pwile exxonept thetam 110 i s

caused to scu%g a I'Mle acros‘zi substrate 106. Th attern on the array of

i ndi vi dual | y® tantig]h Gogptentip agcpwml%ﬂuqeg.aﬁ @E}Pﬂﬁ%&@é\&h%@% ween pul ses
of radiati Oninﬁ}ﬁql%@'y chfoidbie LiBReRd1985s ﬁf(ﬁ/ﬁdﬁ?eq ﬁgaﬁtsla%@@%ea?ﬂqq@ss' ve

target portions are expose at the [ocations o strate 114.
Consequent | yscapsiidregsrsablstiaeam 41dddl exposesdtan across substrate 114 to expose
the conplete pattern for_a strip of substrate 114. The process is repeated

until cti¥fPlte sulbsthese dirsts fowiaxemplany anpissedpariislecaliprent iimaging0ove] 4.
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i ndi vi dual | yelemehtialahabhg oeiriNa a1y oAtroltablelélémeid ahedumiguetltt eheed beam 110
scans across substrate 114 and exposes it. [0079] In these first four

exenpl ary noaeayis ppmtienediat thelebiestnlananagithgsubsteate spopitianedat ke imagned f or
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applied: annular, conventional, quadrupole, dipole etc. Also, different
configurations for each element in an array of individually controllable elements
can be used to increase the “negative black” values: phase step mirrors, applying
larger tilts, shaping the mirrors (butterfly, H-shape), or the like.
[0080] 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 form 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.



array is positioned at the object plane and the substrate is positioned at
the inmage plane of the imaging projection optics. Various illumnation
nodes can be applied: annular, conventional, quadrupole, dipole etc. Also,
different configurations for each el &@ent in an array of individually
controll able elenments can be used to increase the "negative bl ack"” val ues:

phase step nBeano?22 isdphinia anglluminagion systan ;8-S Hapinatprr 2?4, eithepdisecliput ter f 1 y,

esor e motfedtes i rareR oD AR 220 Yy el bR e OC D0

enpl oyed. 108&kbl&! G 2 depicts a I|thogr aphi c apparatus 200, according to
one enbodi nent of the present invention. For exanple, apparatus 200 can be
especi al0035Lisef ul Ini ane exhmpleawhémanparatusci00fis eperpfangsin adiixqligrig émagihgg a pi xel

d node,.di d . bel 082] P t 208
oo ect o Bett i BV IR 9 SRR coRPTEhah afyEE S Bhe ar v ay of
i ndi vi dual | ys&tﬂ{gmohﬂlalaaﬂﬁi @gﬁ%n;@e Mam@zqﬁaaambﬁ qnﬁmmai&(:).ﬁﬁbmlln an

imaging grid array enbodiment, projection system 2 08 can al so conprise a
m cro | ens ageneyallyMpéjude ovaFionsnotlies ®apondas,y susb uasc st sgedetatorpangj ect

m crospots onto subsirate 214. 008 Sou 21 . Q. ,,a ncy tripled
Nd: YAG Iaserc‘?l}ﬁle‘bqe%e\g orﬁﬁ'ﬁ‘pknﬁ@ @er‘;rmnb?%’é’ﬁlsé?ﬁf?gﬁedF%?é?g‘%givﬁt her nodes)
can produce BRI L at.]

il lumnati ongrs(gst erﬁg‘% gaagg’%%?ﬂgnn%g%%%r alérgg?? W g%é‘%e%d(?rﬁg%ltlﬁ qnor after

havi ng t r avewag®eanr2d0 impiniging othekie Myzﬁ‘mdmdnﬂlya&n&obaﬂmlempaﬂsdm for
exanple. [00851 |n one exanple, when apparatus 200 is operating in a pixel
grid i magi nghasrodRsiredzeQ.sspatisie UgHormty, ansd ﬁﬁ%lt;rtyzlzﬁ&nwwnder%ﬁr% an

adj usting de%/écﬁg for setting a zoomto adjust a spot size of beam 222. In
addi tion, G Nat or 224 wil | general ly include various other conponents,

such asmse* genepsisRswRNHFEG. X; Qa¢jediivarsystemr208xiacites a beeh eggm@egt or can be,
but is not limted to, a refractive or diffractive grating, segnented
mrrors arrayblch\mm@gmsaw lenses ¥i%and|2158 Firgt lensi 250 igaryangeé tawepaiye f npi ngi ng on
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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 controllable 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 on a
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



section. [00861 As shown in FIG 2, projection system 208 includes a beam
expander, which conprises two | enses 250 and 252. First lens 250 is
arranged to receive a nodul ated radi ati on beam 210 and focus it through an
aperture in an aperture stop 254. In2ine exanple, a lens 256 is located in
the aperture. Radiation beam 210 then diverges and is focused by second

| ens 252 (e. §l4 thg spotaare nrinted in spossantinllpa gridc in one exgmplarytlro@ot size Ker
conprises an,arr of lenses 258 (e.d. .. mcrolens arr M_A)) arranged
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individually control lable elenents in a patterning or contrast device 204,
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258 can conprise many ‘thousands” of |enses, which is~also true of a number
of i ndi vi duapixgls. Onatsnpdripakdl enedudatenths light bhenaspahat tie subdirate.ddakl y

control |l able el ements used, as, patternin contrast device 204. [00881 The
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Mode. In thisg. e j Lzgd by
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onto array défhingblemenii@sedpspgEnsrabuay)ezsondsf blating fiinctivhs; os sdikehape. On
substrate 21 214 the spots are printed in substanti al I‘%ﬁa grid. In one
exanpl e[009AE spot FEG.z2 illustrafesrsghematiraly Jopi @ drattem en gr substsaie pildels grid, but
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using this node, which is typically used for formation of flat panel
di spl ays, inébavedual |y controllable el ements can be grouped into super-
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shown in FIG. 2. Substrate 314 is moved relative to the projection systemina Y

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] It can be seen that the array of radiation spots 362 is arranged at an angle 6
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 over a
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 0 is exaggerated in FIG. 3.



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, according to one enbodi ment of the present invention. For
exanpl e, this enbodi nent can be perf@2ned using the pixel grid imgi ng node
di scussed above. [0091] The, darkened circles 362 represent spots recently
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to the projectron s emin a ITEeC a series posures are
exposed on spdbededat e 314. [0092] The open circles 364 represent spots that
have previ ously been exposed on substrate 314. As shown, each spot 362
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di scussed aboneomf@EO3] It can be seen that the array of radiation spots 362
is arra at an le O relati to substrate 314. (j.e.., wh t he edges
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[ 0095] hi onslighigopertaps §e.gpiv the scatininl direstidnsY y witle tHesedgdofithe bdjaterm m ni num
linewwdth to be printed (e.g., fromabout 0.1 nmicrons up to a few mcrons),
while a spotimgyefchdiation spata [nsthinewmpioe hend obrstiation exends 2gI98%2 a few
hundred m CHLAE b bstrate 414, allowing exposure of the entire substrate to be performed
in a single scan. It will be appreciated that any suitable number of optical engines
can be used.
[0097] In one example, each optical engine can comprise a separate illumination
system, patterning 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 or more 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 pattern 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 further



[0096] FIG 4 shows schematically how an entire flat panel display substrate
414 is exposed in a single scan through use of a plurality of optical

engi nes, according to one enbodi nent of the present invention. Eight arrays
468 of radiation spots are produced 3 ei ght optical engines (not shown),
arranged in two rows 470,472 in a "chess board" configuration, such that
the edge of DieeessEQpeiahons whighirgno¥s be ECSISEHhPEjWﬁ ngt reactsd. Assordgiglys . in t he
scanning dir iation
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radiation i s then osed on. the resist. suc ions._on the
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the resist r ic bove a
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the exposur eetphcicanay, Acberdinghyoned the reswsubmﬁcﬁeeldtﬂe@ulﬁmatdleﬂefQ\Blth processing
operations, which renmove the resist that has not reacted., Accordingly, the
resist renai mgtabhwmt@@s@w&r@ngwtb%@swagﬁﬁéﬂseghaﬁcw@egiw@ap@lﬂ%du ation
dose above t shol d, but is renoved fromthe regions that
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relatively high radiation
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 a radiation 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



doses and is renoved fromthe regions on the substrate receiving a
relatively low radiation dose. Therefore, by applying an appropriate
pattern to the radiation beam exposing the substrate, it is possible to
generate a substrate 114/214/3 |4ith 24 pattern of regions of exposed

substrate and regions covered by the resist. Subsequent processing steps
are then per mgivi llb'GOﬂ‘é‘Pliﬁbﬂmﬁ*l?m@ﬁS foreachellashof g1 rﬂ‘liiétlo%ti’d%ﬁl?a&?@ed For
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such as ion inplantation. [001011 The product pattern to be created on the
substrate ca?FCBEdl%&‘Ploﬁ‘éGmﬁgihﬁtfn&Of thepregsnt HysRtgn. 6%?&4(8@}5 19petionalycDsH. I1n a
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device so theie rb&luers%ﬂrcnﬂel@e@ @s rdeﬂnalsbyed u@é}Sﬁarﬁﬁﬂnﬂit deviedi 504) e ben t he
substrate as accurat el possi bl e. Wiere the patterning device conprises

an array of trmﬁfqrrqmaltﬁajp@mmg IdP‘élB? 062 Qvimransapprapsiatoiermo | Theidgital  cont ai ns

i nf tion t t chi h t. of th of, .24
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regi on of 50 k for this application). Part thé processing can be
carri ed out bftheraguestgrbdaseenapfandioatput the signal to the patterning device 104/204

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



substrate begins (e.g., this is known as off-line inmage processing) and/or
part of the processing can be carried out simnultaneously or during a short
period of time (e.g., a few seconds) i medi ately before the correspondi ng
exposure (e.g., this is known as in-I25ne processing). Due to the enornous

volume of data, in-line processing has to be managed carefully in order
that the conthestquestedhpattesmin theregipn®f theeaidpoindningeneral, aheentexs diisand
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passing it on. t he att j devi ce. 104/ 204. For gex . a
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order t uce oSi-es: SE e rj.a i It

i nver sefhc())g??jgs degllogté[y@@ %ﬁgﬁﬁ*ogif \}\%gr é@n%léa}t%fa{ég{/\u/g%d? %ﬁgqg%tﬁttgrtﬂ?ng devi ce
104/ 204 i n ssublstrate idy/21hat 4tis ensremue ahd datd egesenting die Wholbuweduestep over tine
as the array of radiation spots noves over the surface of the substrate

114/ 214/ 314. Xfpsgmm i mma@ﬂlgataay Are iR ihaedvarpin thedatepetbd 1Pat tern i s
defined, e LBUE G ERF OB RROLA O BT Y PRSI e
Thi s i nf or ma§0@eanl ise provided thatl eohvestd the QestiftivelrBfresmitidvntFdhdadsiedn in the
region of hgattggrrll glpﬁ? ll))? ; ilselrr:/iz? g:v?gea5|(54 igto"acs?egfleen)ég 02' ?igtla li}?at 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 written onto the

substrate 114/214/314.

[00105] The requested dose-map can be expressed as a column vector comprising

elements that represent the dose at each one of a number of grid positions defined

on 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: xyr, 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



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
calculating how to achieve the desired pattern at the grid point in
guestion to a particular accuracy. T size of the context radius wll
depend on the shape and positional deviation (fromperfectly defined grid
posi ti ons) ofntensiy.pliadditiopstherg will he varéationgin theypositings of gih of the sppts| ¢ ypical | y
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represent i ng"T PRI FURBRLTAF YWose pattern will not be available at any
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104/ 204. As shown in Figure 5 a rasterizer device 506 can be provided that
converts t heimlagng. Methensaticelly,dlceneqadsteddosd-mah & sdttoibeequal pat sum overnput by a
user via device 504 into_,a, sequence of data that.suhstantiall orresponds
to a sequencéﬁé’PssélRAJStsf’%ﬁg‘f 8?g’étefl%?yn%toe"8ﬁ SPﬂtemé‘E}B@Fa}tyea PPHF’E@FF@M ( not
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pattern is forwarded progressively over a period of time by the rasterizer
5 06 over the data- path 5 10 (utekes | i ne portions in the data-path
represent sections whi¥ecau € cMr'i%ﬁ(Memnﬂ@m—W))i,pul ation devices
dealing with other aspects of ther patterning process) until all of the
requested pattern has been witten onto the substrate 114/214/314. 1001051

The requested dose-map can be expressed as a col ugn vectpr conprj sing

el ement tootlh?alt r eplVBeig 'trePWéeIHB&S 1 Wég‘él"ﬁp%"é‘pﬁurﬁ IEASEY fﬁ?f SRAtP&t posi ti ons
defined on 1 ) i o T o request ed
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dose-map is to be built up. froma collection of spot_364. Each of these
spot 364 wi | ("Mhaye) BPEsentsthe peEtispread fnstion (thgdase spntrippiiomatdecationpes t he

Cross-secti 091\%' - )?;,pa%h' yﬁlp - %" Bf 5&)%? Qf,%c,, %d B),,hﬁljd{cate the position of an individual

exposed spot and D(xmr, 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],

[00110] where the column vector [D] represents the discrete (i.e., specified on
specific substrate grid positions only) requested dose-map, the column vector [I]
represents the individual spot exposure intensities and the matrix [K] represents

the discrete point-spread functions.



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 point27spread function shapes can be input
to the inverse-optics device 512 via a calibration data storage device 502.
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n), x, and ypositeli efsdhemidne-lgnssirey withsdspent thesubstiath sgan diescpos éthgs Yot  and
D(XMF, YMF) represents the requested dose-map in the coordinates of the

nmet r of r ane sﬁ’b‘%orti ng the |ithographi c apparatus. [001081 The inverse-optics
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dose-nmap a he pol nt-spread function information (which is ~provided as
cal i bration detemmine theindividual hexposedi spioti unatbnsstpest suel pbhatuf2] - I€lefd$isi es (or
correspondi ng desired sub-beamintensities) that need to be provided to
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the colum vector [1] represents the individual spot exposure intensities
and the nat rthat pixd Mighspatantsed tohprintlinmoy epe 366i (nsing praay dliffenant lagems .

pulses), it is to use the universal 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 to be solved by the

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

[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 [00111] Matrix [K] contains information on each individual spot exposure
poi nt spread function (both position and shape). Therefore, according to the
present enbodinment, the following information is used in order to generate
the matrix [K]: 1) scan speed/|aser <28robe frequency; 2) mcro-lens array
spot positions; 3) mcro-lens array point spread function shape (the spot
poi nt  spr eadcangitiqnso Wil iterpiive sghemes, sinontrast, isis oflepnotnessiblete pesdiaton/ SLM and

illumnation):,and 4) rotatio . i.fi0 .M L£r O- raray With
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In order to ddapeth hardvearepreiminimaldortbisppioach dunioithe avoedancepkretuset he f act
that this appgoach nust be applied.in a pipeline.enyir nt (because not
AT of the SHBRelES et Mot vish e BB meBRus PradEb et B e L o)
and the fact giffia prepRatidnafRPitiohs (i 8L inversidn! &¢.) B peRBimedkAlineSi ng many
different laser pulses), it is to use the universal nornmalisation, in which
speci fi ¢ knoinl &kdige wérd sizeslomaip e edlqating pomt demains rateer thamchavidgdo of such
speci fic know edcﬂle couqlgg%]i[ln. Eri nci ple be.i ncorg%rat d. bu uld lead to a

| ar ge i ncr eaSHIY Gt EXER atjons dyring the actpalimaging prosess (When thed3ta Rt o es
approach is i be solved by the inverse-optics
devi ce 512 c%%%{eﬁcﬁrﬁgégh g‘%e‘gﬁf’g@lsﬁe daf.0° ° I1[D] - [K' [I]I12 . [00114]
Sever al [(pp6joacheOnbfacet dfakdpressd efbodigehtis kgt teandtris (Kaisamt squate. t hi s

general type. These can be classed as follows: 1) Geonetric, using Jacobi ans
(this is an Itthes asizgeletgsmineddy)the apmber of)spal ejpppipe 7 apd thanumberodr at i ve
approach (e.g. - Sel ; alc.. UslFk ' ppr oach
(o Gause: GarraB R IR 8P which ¢ redefiab et by Mool feREh PP e %%

net hod of t heolpmasestbr @hoThérefote, itahdysndt BE fossibee folvialcilladd the i@ ofl asses. |t
can be fast S_gnce the 1nverse nmatri x has been determned) relative to

opti ons t hat theaepitix BK] vengstprdard mathemiatiealdechniguese dewesgndt ispossiblet o be

car i ed out gfLeetinely Rt g2 plhlB imd b Ikl 87 b A BB AR gt e i sti

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'IKIKI" = [K]",
((KIKI")" = [K][K]", and
(KT [K])" = [K]'[K].



whi ch all ows predictabl e convergence and speed under a greater variety of 28
conditions. Wth iterative schenes, in contrast, it is often not possible to
predict wth great accuracy how long it will take for the solution to
converge within accept able error 1im2s. Furthernmore, round offs due to
limted word size in the data-path hardware are m nimal far. this approach
due to 00218}y oi daﬁh%shﬁﬁqsblqa§%squéfeS|%QiWﬁéﬂl the [ Nadikld] @yhich M3S there are
i npl enent ati on benefits because th difficult preparation cal cul ations
(matrix i nveexpressed ag gy, [fBh- BE1HEN: sehehover ¢an heawriften i the foflowisg d si ze
dormain, e.g., a floating point donmain, rather than having to carry out
extra cal cuIﬁﬂino[té]=c[|K]’r1’gD]t he act ual imagi ng process (when the data path is
al ready processing a large volune of data). [001161 One facet of the present
enbodi nf0119]s t half théénverserafx([KE] Kl sexisss, theputhe seudotinkerse[K Eicar belet er i ned
by the nunber of ;got exposures n and the nunber of discrete grid points at
whi ch the reefpEgsedasdose-map is specified (the Iength of colum vector
[D]). Therefore, it may not be ss{:[gr W_l «<ulate the inverse of the
matri x [ K] using standard math 3 ] wes. However, it is possible

to proc y cal c Iat "pseudo-i nver "L n ar Al gebra and
its ﬁﬁ&%@t i onsW' er? d‘sgla‘? E‘FEH‘ trafspqsey ﬁ@ﬁ%’%ﬁﬁseeﬁggg? IPA88 450, whi ch
i's incorpor reference i In the descri pti.on t hat

f ol I ovs, thegotgéé‘%éd)f' e cavgion Labn KR LES (TR to Freatenp SespatitiiCo
definition of erse an be used, for exanple, but other

anal ogous det(ﬁ]%tﬁﬁf Lf’é%hca&%dn'ﬁéte Jrpally) 5“'"[330117] The Moor e- Penr ose
matrix inverse is a speC|aI case of a general type of pseudo-inverse known

as a " matri X 1-inverse" [It]_l(fKﬂKq;-ll[qcﬁ E%qf—e[u]eo[ljo as the "generalized

i nverse", or sinpl y the "pseudoi nver se' he Moore-Penrose inverse [K]' of
amatrl satl S t he follow.n atj o for real .valued matrices):
[ Ki ﬁ{O =K v01 r}g]nenge[lkt]ensuygsf)[g]tlons it di algqbralc[legft- JRATES  ang

( [ KI" [KDT & it, Lt&g-spo[t-l&posure-gnd position dependence and pattern angular dependence

[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.e., 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-beams 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 [00118] The shortest |east squares solution to the [D = [K . [I] (which
was expressed as mnt II1[D - [K] [I]lI12" see above) can be witten in the
following form [I]:[K]'[D]. [00119] If the inverse of ([KIT[K])exists,
then the pseudo-inverse[K]' can be exdfr essed as: [K]' ([K]T[K]) "[KT,
[00120] where [K]T is the matrix transpose. . This can be seen

pre-mul ti pl yfeqgestesisiase paim iobe mgee 125‘(&@8@3( @;ppqug]near torgrid gogitiogy lI{‘I]%]’T to create

t | =
CLRITERT) - R otgsblohe real) ohy o (M eies INKCAT i imdiity 07 (1]
solutions i ntotjstedahermghtmé grénsity ard Bes prohquided dSn tiidst regioiis sgbadivean posur e-gri d

position dependence and pattern angul ar dependence [0012q§ The requested
dose map (whPRIRtsciarbesters the gridRositipns dsee Relo)- at\SpaFRsplt ofthis d§nspattern, for

exampl e) 15 KaRAUoRila 963 A0Rd U, PLOMCHEBAA XilShirgeflont £309! feat ures.

The correspondin ose patt S are om Spo (whr ch can be
Gaussi an Shaﬂ@?lenf:ﬁ(th@ﬁﬂmiéﬁ)e @é@fﬁeﬁdytﬁdt\ﬂébnftﬁaﬁabﬁ&ﬁ of tHéceatare drdethe

| east -squares fit discussed above) w | general ly yield solutions with
negati ve |np@rpﬁquh@m®cfn@tnte§h@iie‘eaﬂatlgp ybedgg”)-hat woul d tend to cause a

reducti dose 0 the. substrate 114 on, whi.ch they
fall). &R’f‘gg][ unatQF’ﬁ f&ﬁ W\?gthd%ﬂibrﬁpﬂﬁ?’fpc?ﬁ%re' 998‘?108(]5145 JUENEHI8 i n systens
where nei ghbgpi feiceRedtures {411 BE foried aﬁférénﬂs«q@ﬁerneﬁigldﬁtﬁer sitidimareze they
arrive at different times) because the aSsociated sub-beans of radiation
cannot i nt er beengatibeselative lo/be gridi For exaoiple, dcammes Wﬁh@dg@amrellelmtgbven poi nt

on the substrate 114/214/314.i intensities

m a_sum of
from di f f er e&Hd Stfbbp e, ariyiﬁgllgj}lé{h‘?ﬁ‘ij& he& g thgeid RBHHS] The
negative int exanpl e)
butg this Ieagiséﬁitsﬁwggm thg%aﬂry g‘%am@gg?giﬁfsged‘ﬁgﬁ bétq’gglgg&%%{)%fn only to
a limted acgtidjadyatufed®itvddgés at ttemnendiatsamgtesican boaticrofcopivaliyjaggedosi ti on

dependence in the pattern. formed on the substrate 114/214/314. In
part i cul®26k her eAlse, the gighehzadiation spats can have a translational or rotational

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 t® points in between the grid
positions (see below). As a result of this, dense features printed at a
peri od dP¥Elt o t Hheglevelopmentamdapplicatign oé thef filtamcan be described sterting (t he

di fference f%ﬁﬁyﬁﬁc ugﬁﬁyeen the period of the feature and the period of
the grid) feature shape variation ("beating”). [00125] One of the effects of
this sub-spot-exposure-grid, position dependence is that device features

will be formed differently de sP(Z:'_fi n their position and/or orientation
relative to the gé{xdﬁ’)ﬁﬁb_exagﬂewe@f“ﬁr exS'I)’\V’tﬂ’n M@)es parallel to the grid
can be f particularly well. (i e.edge lLies along the grid positions

t hensel \I@@Sﬁ r pata{lﬁ?grﬁP%tj?#lmgétle& %‘f&}g’l‘ﬂ‘g d@_&'&é’l'l %“ee?‘é{f‘tppeyﬂ%éf%en rows of
the grid). keRhyTERH6hIBr BAIEST Bk spBt 864TRdh §6-dRHHEshat Thubfan gan
m croscopically jagged. [00126] Al's0, the grid of radiation spots can have a
t r ansl at i onalaltemativt estanmypiawoubf beat aioy dishjethe esventiongs patt limited (cemyyeci al |y an
image log slope variation as a_ funection of the position and angle with
respect to tlli’ért’gﬂ'lfl shape 0 ﬁ?cﬁte?‘B??u?pﬁ“é’)&ﬁP%ﬁ?] According to one or nore
enbodi ments of the present invention, these issues can be at | east
partially overcone by applying a | ow pass filter 508 (a two dinensional
filter, for exanple) to the requested dpse pat{g}n-daye (9}, dsr)vative
thereof) to for m%sf‘)f.«équeﬁdy(-}t&&i'p’p)?& wxpgvé%‘ﬁﬂ??)\%%!_’“?fed into
the inverse-optics device 512. Alternatively, the fifTter can be
incorporated into the point-spread function matrix [K] to equival ent

ef fect. [Q@B1P8] Aok aewriaesin teithesf thafull-width-tielf-amkihumld®, t hat conpletely or
partially renoves frequency conponents froma signal above a sel ected
threshold frequency. The frequency cutoff can be sudden/sharp or gradual
and the shape of the cutoff can be adj2dh@) sq -as2bB(2)E((x}L, MRHER (PhE - ¥,)?)
anpl i tude- f r equenB§Fu(€sponrsd (Mef- YHb= neqrest €¥p|\dose Tap to%%‘ 2

anpl i tude-frequency response of the spot ™&posures and/ or patferni ng

devi ce, r,aexanpl.e. re general ly, the filter can be designed
specifié@ﬁﬁgfto né?ﬁﬁ%gﬂgwgﬁ5§¥¥ﬁﬁé-frequency response of the requested

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

pat ter ni ng all exposed spots

Dty ya) = 2 L, PSE (e = %,)s (Vags = 7)) »

[00133] under the above assumption is:

all exposed spots

5 = Z In ’ exp(_ jxnkx '.]:ynky) ' exp[

16-1n(2)

n

- (kZZ + kyz)'dfwhmz]

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

D is the Fourier transform of D(x,, Vy) -

[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.e., amultiplication in the Fourier
domain). The operation can also be viewed as a convolution between a
corresponding non-Fourier transformed filter F' and D(xy, Vpg) -

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

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

[ 001291 The devel opnment and application of the filter can be
arting fromthe equation: all exposed spots D(X,,,,V¥,,,,)

- X.), (y.. - yj) n[001301 and transformng it into the

in. In one exanple, the pd2nt spread function for each of the
a two-di nensional Gaussian (an alternative exanple mould be an

preamG.sprmmsiri¢al FRRy (FinitedmpdseRespense) féisﬁrﬁ( euthg pugiesgsofof spot
def X - XJ,
1§ a@)lffg@gb%s?fegﬁho{l é)&vi/trhl z% ts%mfﬁle c?l( shia ”Be %’rﬁ;dered toSfafl (

tmn%%(m,(y” - yj), n [001331 under the above assunption is:

~2 +ky2) - d fwh.2 I~ - exp(- jx.kx - jy.k,,) -

exp -

X~) 2
d~ 2

al |

In(2) jr(ﬁ)13§]00134Th¥‘hﬁér%h5iﬂd@16ﬂndﬁhaﬁ9Sfféclﬂ&efsié@/d%é”ﬂf'ﬁﬁéﬁ&&@x’n sﬁé%ﬂ;b”s@r spati al

frequencies and b is the Fourier transformof D(x.,y.) . 100
equat i on shotke RGdttet pan gendaranatly pbasen tobe 1.nf or rrat| on | S

351 This | ast
represented in the

hase of dth e information_i.n the anplitude. 361 The spati al
1I‘O ilter f—mﬁégﬂppl i 2‘6 ‘ggcpﬁsed oy, gne ofy l}ﬁJ‘ISf‘}eﬁl lﬂfeo?fnpldt“bﬁg'eﬂﬂ?ﬂcyer P

response of the spot 364 is that it is not possible to create negative light (i.e.
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 pattern 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 elements 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 —



dormai n). The operation can al so be viewed as a convol uti on between a
correspondi ng non-Fourier transforned filter F and D(x,, vy .. ) . [001371
The filter should not influence the pattern position information.

Therefore, the filter should be choser3to have a |inear phase behavior. For
32 exanple, symetrical FIR (Finite Inpul se Response) filters (for the

pur poses of simhlastosdD ‘dase-packed stwatueg)uln general, the apprapmiate sticogth ofhape i s
considered tg fajll ithion this clas which have a,suitable |inear phase
benavi or - camersaier s MiRfbendoh if FRE gl BoPOE B BhRM T er's can be
made ze[gp14y] appl Ke&HdmB taesk dxafipdd, a filtePSUE i8Héwopel BAdedin théiolridrt €r shoul d
not normally affect the size/dosée of the pattern shapes, so the DC filter
gai n i s nor nhnsjorohefshespod exposire grolinplse respoliss dinssretratodheresponse of t he

ot st b et e BB B O R ROl BBk PP by it |
| ncoher ent iﬂﬁeii&gﬁtg?b%xﬁgmggg&m)s Th$eRQEE bRt 6r mo&fspo%)%ﬁ 8BlusédTRII N9) . A

further issue Ist guency Tesponse of the spot 364 varies

accor di ng t oindge tiaisipuisenthe humber dependingomthe bub-exqoeate-gral positioniaddal spot
exposure grid positigns (i.e., this is one cause of the sub-exposure-grid
position dePHoawsEEd EsAnEBY S %Bﬁéﬁwgelﬁﬂans that a filter designed to

Wor K ag WHREC, | Dabiphfels BLAER Y dorih OF% SRR ofth bR bR ERROT LB T Tons "
t he sub- exposdseepesitich, afddddiA@to diveentbodaniént bothetpresentsivbertiopo Fifuee Bri d

posi tion dependence is an issue wll, in general, depend on the nature of
t he spot expéenigteageitign of ahiexagonpl spakexposuig giid ande “wetst easeepesiions, for
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al ong "worst case" lines in the exposure grid (see below for what is neant
by "worst camsetapgulanghdcit most dewasnod expasures ate ssedatsl expose enrifpglsee  t he

filter 508 to cope wit "Worstl case" points in the sub-exposure-grid. On the
ot her hand, TROMSF 1 s RAXAEQTR €Githal Mot e dPQ/ P ARG Ao R Hd0 FEROSEL 1 uct ur es
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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

H= Z I, -exp(- jxk, - jy,k,)- exp(

n

o (AR A N A
16-In(2) ’

[00144] where k, and k are the two-dimensional angular spatial frequencies,
d snm indicates the full width half maximum of the spot 364, I, 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:

best case —

~ - (k,+ k) dpn
B, © p[ 16-In(2)



can tend to average out so that a lighter filter can be used, configured to
cope nerely with an average rather than a "worst case" position. By

guasi - hexagonal geonetry, what is nmeant is an arrangenent derivable by a
sinple scaling along x and/or y frompure hexagonal geonetry (pure
hexagonal geonetry being defined as a grid geonetry that can be built up
fromunit cells with hexagonal symetry 33 simlar to a 2D "cl ose-packed"
st ruct ul@d146] n. genee-galledt wershgnse sitvationarises on giraqusstedtimpulse lexagtly508 wi | |
depend on th rti.cul ar . spot exposur id geQnetry. 0 1 According to
one exanpl e, %ﬁﬁ%}'qytbgk{vqfﬁéw ngqféecgslp(ggséﬁotﬂhg)@gg%aﬁargcf..rg&gg%.ﬁ?ri.f‘éxap}p Hsf or m of
the spot expegyhde PosHiohSRiHIRAtISHP O ard %ﬁbl@ ih Higlrés 6%nd"e r@gppnse  of the
spot exposure grid to a requested ‘dose paftern consisting of a Dirac delta-
function at daimpensianelFeuriep transfprm df thisgeorst cake ingnaseaesponse(talentatong | | be used
to image th?hi ul se, the nunber depeggfn _on the sub-exposure-grid

posi ti on and ee‘ggrégiﬁsgtr&lfef’@%ébﬁeq)rlﬁ?s O8scussed further below. [001421
Figure 6 depicts a portion of a square spot exposure grid and a "worst

case" position, according to one enbodinent of th pigseqt i nvention. Figure
7 depicts a portipn of al hex gogsl spot %xgggure gkk.d+ End BumWor st case”
position, accor difthgee=on& BiodPifedtt £t hd) e ent {ghepyi on. Thus,
Figures 6 and 7 show exanple grid geonetries (rectangul ar "and "hexagonal
respect i[0@l47] . Fowhare p adlicatgguhaspoy expbsu@tgridgdtichf our spot exposures are used
to expose an inpulse response. For a hexagonal grid, at npst three spot
exposur 480148k ysediiguse 8 xdspicts 2 PArtIOMRS| & EIUAESINGH §EPOSIFE gk Witla S¥orstt he act ual

nunber W11 SERORcOR g Sl B lon bRBLA AN Bhe WHREILERS iYl.R T esPONSe

i S requested. € gene I zed Four ranstormo ul se

response for igvegtibl Fguss 9rdepigtsta portidnioda HeROgonaNEHOR expssudd fri€xphsed spots 2
22 (- (k=+k, )-d~hml. - exp(-jx,k, -jy.k ). exp~9 n 16. In(2) [001441
where k. and “worsheaset pesitionsagd neestease 2poshiegs legordipata aie embedimentofes,  df whm

I ndicates t h?hef Iyrleéenmnc\i/teﬁior}lalf'tigu%g( 8 THEY (S)}fIOVE’ &wS o%t 0%9646“-‘3)'&5 ggs't%gé[ees the spot

(“+”) positions 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 substrate. 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 positions in the hexagonal spot exposure grid.
Therefore, the average performance of the hexagonal grid from this point of view
is likely to be better than that of the rectangular spot exposure 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) to minimize the influence of the angle



exposure intensity of spot n, and x. and y. indicate the spot exposure
position of spot n. [001451 If an inpul se response is requested exactly on
agrid position, it is to activate one spot exposure 364 in order to expose
it. This is referred to as a "best ca¥e." The Fourier transformof this

best case inBuIse response of a spot exposure grid is: - gk,, + k) - dfhm
2 Hoest case Deiwepn @angmaggdeatee amdsthe speY ePosiye Endcons thestesyling gatidl j ses for a

requested i e C | §= 0, S th
hexagonal aggﬁéé%t2ﬁ§uﬁ%r§fﬂﬁgéﬁgf%?8§§$§5ﬂ%ééﬁﬁgéﬁté%ﬁgﬁg@%dwbg ed by "-")
are given i nfleqgences can dedlléwed he edter therfiiting algatithino of tterinverareptiusm of this

wor st case inpul se response (taken along the worst case trajectory, x, = 0)
i s as fol | owslevige §l3withoutyryeasimg the maximyregative sphiytion with rsspgpttp thesky p) exp

161 n(2) [001%251&%531 :freic %@%taﬁ,éa%,gﬁgﬁlg%g%g&ayre grid pitch. [00148]

Figure 8 depiCts a portion exposure grid with "worst case"

l'ines angorshipst cCasene RR&hpleOHR. filee SOBAE Ranfigire® @ﬁﬁé?&@iiﬁﬁrﬁircﬂfarlyhe present
invention. Figure 9 depicts a portion of a hexagonal spot exposure grid with

"wor st case" sposietricgnanngnvitlhisspectiggadialpzss kyingris thepdansrod thepubgiratee

enbodi nent of .the.resent invention. Fiqures. 8 and 9 show how worst case
(17 p ("- » @l malehes heorst"case nq? siposittenh Al degtes, TR EXEBPangul ar and
hexagonal  gr ivhi@FieHRIskd &Sallow R BROKEEde ifSul§SRsiifhisS Bf1depeRld bifhecase of the
hexagonal spot exposure grid, discrete points exhibit thé worst case

i mpul se r espchape of dlieogricdorInignde whepegorst case poigisdes. at disctategodipesitoénst he
e cover i MtenCheBAlmEdingtln  crhprsu iigador § WEwer fibeao et T bt very
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far exceeds (telativa torthe warét anid ibestaasemsitions)) partioulaiie wherectho nakst spsat  exposur e
grid. points line at discrete positions (rather than along lines).
[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 Fourier transform of the worst

case impulse response can be written as:

g 1 , . (k1 5) i
Hworstcase = Eexp(_JOSkyp'f- 105 kyp)'exp( 16ivn(2) fwhm

[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,= 7/2 so that a filter with low-pass properties, such as to suppress spatial

frequencies greater than this value 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)



Therefore, the average performance of the hexagonal grid fromthis point of
view is likely to be better than that of the rectangul ar spot exposure
grid. This inprovenent is relevant for the system behavior, which is
determ ned by, anongst other things, 3khe lowpass fit filter 508 descri bed

above. [00149]. An exenpl ary discussjon of hest and worst .case scenarios for
rectangul ar vaHdnpeRsgE h-deerds thepepioanance of fhespetsrpouire gigdhand lgadjos  ser. No.

11/ 018, 929, _fj , Which is incorporated by reference
herein in it3‘%%?&?§$§sﬂFggﬁééf“%%gﬁfom1pass fit filter 508 can be applied
for various Fellewilg, oh Oforgxthepdbeve discusdion,ay Guilabilbefilieg echnf b¢ anegat i ve | i ght;
(2) to mnimze the influence of the sub-_spot-exposure-grid position; and
(3) to nini nmdiaensianal girewlaiy symmetriral AR fltezsbassdtaneths fphlopirgen¢-eat ure and
t he spot eXp%ﬁH@%ﬁﬁ&igmﬁﬁﬁBQe resulting aerial imge. It is found that for
a hexagonal spot exposure grid, higher spatial frequencies can be all owed
to enter the fitting algorithmof the inverse-optics device 512 w thout

i ncreasi ng the maxi mum negatjiwve solution wtjh respectzto the case in which
a rectangul ar spot exposure Bﬁ&dmﬂéxﬁgbgf=Pdof%@?’@ﬁ'—ne exanple, the filter
508 is configured tdqpsLate in a circularly symetric manner (with respect
to radial axes lying in the|plane ofgthe substwﬁagbz.gnd mat ches t he

wor st - case spot exposure grid inpul se response. The eRtent to which it is
used to allow for the worst-case inpul se response can depend on the shape
of the grid. In grids where worst case points lie at discrete grid positions
(rat her [00135] al ongvlletde®)=, 71 p i ahe shesdimbnsioreant arfgalar aspatiak efequendyer to be
used. Wth different shaped grids it can be nore effective to choose an

i nt er nedi at e cpoeipphding tq thelspot exposure ghe pitch.st and best case positions),
particularly where the worst case points |line at discrete positions (rather
than along |ines). [00152] The filter 508, according to this exanple, is

al so desi gnedlexagana! SpetHxpesiie Sui Kiltelo naxi ni ze the performance of the pi xel
grid imging in terns of the CD, CDU and dose uniformty (by renoving just
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mentioned abgyeqnififediad tiRAooiiBh, R tol SREhIdmet Jfe WrdsSht
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:

N 1 1 3 1 A3 1
Hcm;bex=;{exp(ﬂf-p-kx)+eXP(J-6—-p~kx-J-5-p-ky)+exp(17'p-kx+13-p-ky]]

(—(k: + kj)-dfw,,mZ)
€Xp

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:

g 4
Hworstcase(kx = O’ky = CO) when @ < ;'Z—
K fit filter; hex 0 . pl
> —

when o 2 3



case inpul se response can be witten as: (kz2 , kY2) - dfwhn2 H- =

2exp(-j 0.5kyp+ j0O.5kyp)exp 16l n(2) [00154] where p indicates the spot
exposure grid pitch. The nagnitude of this worst case inpul se response
descri bed by the above equation becone37 negative at ky = nr / 2 so that a
filter wth | ow pass properties, such as to suppress spatial frequencies
greater than this value will avoid negative anplitudes. If the filter 508
is strof@0BApugh twheoope=Wuiz/I3ptihdhevonsidimerseongt iadgydar wpatial tfregmendy Wi | | al so
be sufficient to avoid negative anplitudes for other positions in the sub
exposure gr icetrespendigsg 0 @-ﬂgéwgeérthefsnotexposmswé.lgmh- with a cut-off at an even

| f . | iy d de, th f f th t
exposur dOGHHD % FRe B e HEGEEER Ay b RERRe Bt R BRFB %ol I owi ng
on fromthe JYnRUQeaBEHHS HeOfttePsohitidntgtbeided b{/ﬁ‘ee i]‘cﬁgl&ls@-%pﬁcstd@?ficedﬂ 17ensi onal

circularly symetrical FIRfilter, based on e foll ow ng one- dinensional
truncation: M[pes nél hseelarge aegativkexposedkspot ivpnsitidsein erdex tq Tmage thef 0 when

- 00155] wh = 7r /. pis t - di i | at i al
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grid geonetry and shows™ an "I Iate case" position, according to one

enbodi nent ofzetohdn pnesaniple,ismal (fstray’i poditiee valhdseariding astdvide effetfromy of
exposure grid cgn be devel oped_ startjng, fromthe Fourier trgnsfor med
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pattern features. The effect of this clipping results in some very faint dose
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 exposure 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



i mpul se response of the central position shown is: Heental, hex = 3 exp
exp(-j *pkx) +expl j 6 pkx-j. pkyl+exp j 6 P kx+j'2p.ky z z z 16 In(2)

[ 00157] where p indicates the spot exposure grid pitch. [00158] A suitable
filter in this case can be a two-dinmen38onal circularly symetrical FIR
filter, based on the follow ng one-dinensional truncation: 1t suer; hex

Hwaat eeee( kx (wuh),wlame\mneqmbgp ths aitiggl dimensppn B, thesshepeping Glars9] where w
=4ir/3p is - dj i I shati .requency corresponding to
0.75 times ttﬁg%é%g?mgkggéﬁeg%gr@%bg ?s’_ %7‘1@8]‘afll§:or bot h the rectangul ar
and hexagonal spot exposure grid filters 508 discussed above, the fitted

sol ution provided by ftheinverse-opti device 512 does not use |arge

negati ve exposed spot +n}-§—2ensi twhes X1 my’demsh;mo i mage the requested dose map

to a high level offHpre€isiten. In f typical solution will contain only
very small negative expo®ed spdieni Zanﬁ4$u§§ﬁ whi ch can be clipped to zero.

In one exa smal |~ "stray" positive values, arising as a side effect from

| e, |
the fil t0O%6dY procdste Ran 18Ithe radiug pf Hisclinags featuge (harechalfl thenCB)her wi se
lead to small but significant anmounts of "stray _ light" in areas far away
from t he edgdsansfornjing theimagefeatyreinto thedonriercdomain yieliss cl i pping results in
sone very faint dose int(ensit i |1 parts of a region neighboring an

i mage feature where noJ|i8ht, - Vt;fs+byé n requested. These positions are
typically | ocat ed Hw 2hi =atound 1.5 microns fromthe actual edge,
so that the influence onRiheVlieike to be fornmed can normal | y be negl ect ed.
[00161] In general, the | ow pass fl00%6dl couvdhers JaisracBeseel functigmeefat e ei t her
partially or cor‘rPI_eter in an offline part of the data-path, after
rasterizati ofhe st kigda part of

[00165] The sharpening filter 1104 corresponding to this example is then the
inverse of the amplitude frequency response of the Fourier transform of the

smallest possible circular symmetrical image feature:

| 0 Ry |

4
when 0 < —

52 5@ Riy)) p
sharp filter _ o .
Fiom ﬁlm(aﬁ ;) when @ > ;

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 to 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
shallower 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,



the rasterization process. In addition, although the above enbodi nents refer
to a direct algebraic |east-squares fit of the spot exposure intensities to
the frequency- clipped target dose pattern, it would also be possible to
adapt the use of the low pass filter 3 the case where an
indirect/iterative approach is used. An |Image Sharpening Filter 5520162]

Fi gure 11 dephyiewHg apglegadependent onthe igrege nerslong of indiwidualfeaturescAor ding to

one enbodi ne e | nvent i i .8 I native
enbodi nment og B?lﬁ)gye& }I’}ll\%% { ?‘%nﬁ%’%é g%’i fc%%u‘Ii ?‘ﬂ% lgﬁgﬁu{grgwé%g%aég@aeﬁgggi# ﬁ%r dual
functional i t exp&RERF irésoRgiod, tetittapdsiof etk ewhiphrchn bd (Rsidable forsdedtaeni ng

filter part 1104. The sharpening filter 1104 can be used to inprove the
definition ofePplications @=L.iin telpasignoevisdaek er n, maki ng use of the know edge of

the pro t .f eat ures 0 fornmed. .1 n gener he ar i ilter 1104
wi || coﬂ%@igl a c3%'16rfiiliﬁﬁt‘?@ncancﬁ?r?%résﬁo?ﬂgﬂrﬂ%geﬁgggtsa eiﬁ_B%rr E@Eo?‘%t%g i mge
feature to beuadas RERG gérerdlepdsaible ifi this %g% Adjust tR&Edifiradatidie Beanpl e the
smal | est possible circular product feature 38 (Jvmth a dianeter equal to the

critical di memiroal cObrastdbtermsinad py thierwpritichsespot ¢xposure onpelagrespordef i ned as
follows in the l?ngﬁiial. domati]i]}:f (2 when Xtﬁ +1YZ > Rs, [00163] where Rsharp is
the radius of°ffelilterayll nognelly 2t foyisduce e reitask cD).  Transforming the i mage
feat ure j t he i I i . .+ k zy kk xz
T 2 O e, o EXaRpIC ARl BRI fintioh i he spidl Pmaliis? 0 B The

sharpening filter 1104 gcorespondi ng)‘ﬁ = is exanple is then the inverse of
the anplitude frequency savhef e JFauRjgr transformof the smallest
t?iaga*:
0

possi bl e circul ar By i mge feature:
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

can be sufficient.

Combining Filters

[00172] In one example, it is possible to produce a combined filter that performs
the functions of two or more of the filters discussed above. In the case where the

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



Fsharp suer = Co Php when co < it 2/](co-Rhap Pf r Faharp filter (CO = -
when co > P P A Filter For Controlling The I mage Log Sl ope [00166] Figure 12
depicts an inage log slope filter, according to one enbodi nent of the
present invention. The "image log slopd' refers to the spatial dependence

of the dose pattern witten to the substrate and in particular to the rate

of change (&nrd §negselogsiongolilier§i208, thesqombinedgiltor igdhe spatiat damai i§sef ul for a
user of the f(%ljfr{eﬁ%graac%HVI SIII'QE)HBQIsbe able to adjust this slope for several
reasons. Firstly, Shal I oner I'mage | og sl ope neans that features forned
after substrate processing wll tend to have nore rounded edges, which can
reduce the risk of electrost@at i,cdﬁ]wd_i; ;:%arggph SPAT ks). Secondly, a shall ower
sl ope can nake it easier to &CHIE&Ve S&Fi st8&t or'Y overl ap between features
on different process layers on the substrate. Overlap generally has to be
contr ol 74 LN OURRLE RpRELS! OLhtBRE R (SRR neld BIPHERof eShar bl Y
defined’"In ahy one proces ayer (nl . €., having a steep Ina og sl ope).
Thirdly, in kpeifiacion). di APl Hes qohoelutienl byerhtidrhogitiafiéyy , theoprepedtypl e, 39
t he view ng angle i s dependent on the image | og slope of individual
features. A f8a+ efef , itheeerden vgvhirly e fdiers are sambined dogy Betrmakeciiyng angl e
(per haps at tt}_(geé expense of resolution, contrast ratio, etc.), which can be
desirabl e foff&&MC8i n  applications (e.g., in television or video). [00167]
The fil 8 ca d.rﬁlfl i H bink8 Wi hf this
pur posewatﬁ?s not@n gg%g%a f/’aéggsfgﬁgﬁeteh?%et éag(%a/ag ntteo Vggj?g%’t c%f ee“;(:}ontrast
above the el gq'NFt ¢h S b &E‘S[Z( Lt sure
i mpul se resggﬁigg%se)ggﬂ%ﬁg%fﬁﬁéﬁéw ﬁ n%%ﬁ% I;l‘ogtjé? ftao r dﬁgel '?_ e contrast.
[10_0r168]RSA2 eXSAR h SepdiRE FilteP G HAPKIEA teSbqldiRAldog DY dstBuswat i al domain i s:
ir.

[71= Fobinea tiver @ [KI"-[DI,
[00175] which results in
[£]= [KI" e * [D].
[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]" w.« 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



when x2 + y2 < Rsioa 0 when x2 + y2 > i [00169] The filter function is
determ ned such that the DC gain of the filter is 1. The radius R, ,e is
the paraneter that influences the imge |og slope. Alternatives To Filters
[00170] In one exanple, as an alternat4hve to mani pul ating the control signal
to be sent to the patterning device 104/204 using filters, it can also be
possi bl e to featereffprmpd after uprperssingnis algeh pradicidle amdopan benefi Bemer to

h th t shape. Different h 22 i zed b
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beam (i n casempleni®ited iy tRasimse GPEAR), iktreRAgahé OD)to fain eicker Ghsdor( by a

truncating aperture), a circular tophead light distribution or a
convol uti on decrasingthe Uiktoafoondhinh@dmeg)] | n one exanple, filters can provide
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Combining Filters ] I'n one exanple, It is possible to produce a
conbi ned fil teach shiabegmerdforadmtion Hendsutrc spreadt oof thevsloss aswcmtaf withe filters

di scussed above.. In the case where.the . conbined filter is formed fromthe
| ow pass fil t“(‘-fﬁ"lf‘ig2Pattseﬁh§‘ii’§WFﬁgWﬁ¥°F‘h@?dsltf’0ﬁ C gegné{)l ("gbemFrS@ses}sope filter
1202, the conhi f [ ! ik f >onvol ution
as fol | ows: %ﬁlgéb #lfeﬁagbgléh{égfsts’eﬁ‘?e?}ee?&?r écg’?%“’o&és oﬁgﬁtagﬁsin] where 0

represents " oeightofield))d Thistdnd s{roddrrappsrachadhavé thealrgiioack thdte chapgwinf i cat i on) .
As the convol ution operation satisfies the property f (r) g =g 0f , the

order in whi &P insiced ploag ene axis perabichtogthg suRStigk canehteacsApPaRypd PE@ence.
00174] | 1 i j LW h oth
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[D]) as toll %ﬁﬁi 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, lines, 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
providing 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 can be
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 example, the CD biasing

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



| 11= Fwnbined filter O IK1' [D] , [001751 which results in [1]=[K]'~0[D].
[00176] Filtering the kernel [K]' and not the requested dose [D] can have
the following atttributes: a) the dynam c range of the kernel is reduced
(kernel values are sneared out), whic4 reduces the word size; and b) the

context radius is reduced ( for a simlar imaging perfor manc_e] .

subst ant i al | yontfadsiusey, this camatilbheashieyed {asdn mask-bassd SKEeAD) PESRPIEN, | can be
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can be conpensated in the data-path; and the scan speed and | aser frequency
are constant ab@e)t ers For Applying CD Biasing [001781 In one exanpl e,
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needs. This %{aﬂ{bniaﬁcﬁlrrﬁ&pﬁﬂbg*oﬁéiﬁﬁnbﬁﬁﬁ%dimﬁbd&d'feﬂﬁiolnl The Wilgion of the
dose pattern can be predictable to a high degree, the actual |ine w dth of

the 41 f eat operation canchezpphed foragvatbenaiically de qbjestitoceanbs i tadidate.an benefit

from adjustnent in order..to achi eve tinmpal  perfarmance. This adj ust ment
can be 1l SREAPEE SBy> BRUSFRYOT feiserppetglo shitk, TACHRA aRT BAIRE { or m
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mask- based |ithographic’ systens, CD biasing is normally achi eve

changi ng t he sovaumdig elememn Thisymeathod daa be applatidigitaliy either inlfre areéfilisased
intensity for each sub-beam of radiation tends to spread out the dose
associated with individual pattern features, which |leads to a changed CD
(CD i ncr ease OnsThesBly FosupCerreddiog] ear aerial images, CD decrease is
applicable to dark aerial inmages - bright field)). This and simlar

SRR P S AT ST W R R A R
D shond e AP ol kSR ko tpofp a1
substrate table WT 106/206 is moved relative to the substrate 114/214/314. In
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 performed via a data-path (i.e., 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



but a higher level of optimzation would generally be possible if the CD
could be adjusted independently for each axis (e.g., change the CD al ong X,
but not Y). More inportantly, it would be preferable to adjust sizes and
densities on a feature-by-feature basé#3, for a sub-set of, or for all,
feature types (e.g., dense, isolated, lines, contacts etc.). [00180] Figure
13 depi cts a fastionasatiy[K]. | Thecontzoizignabseot taithrpatiermingdeviggd @f28hean of t he
present inveniion, l.ndependent X and Y. iasing is perfor b provi di ng
e basi ng 11 it B 93PER e iRE Pl ofeSTtiPal:" SelghaP oL fi SFoie.
patterning devuee4/B804rdfe the pbtasxpbdiadsiape will bel glighalyl widefhss nofngalchange t he
CD. This nethod can also be used to provide a CD that varies with position
(and, possi Oihg resulicefsuehlspaticorrpeiior g Hut focus car effastivelybstachicveditosy 214/ 314.
This can be .achieved through the use.of a CD biasing. filter .1302 in an

anai ogous. v T fFgee. TR AP duepHEuREnE et St tdion Gimitly b B asi ng
filter 1302 qRsiB&otin@Ridual spdPekpobulel ath@ahiesthe siz8 8B e RIS gti@) be i1 nput
to the data mani pul ati on device 500 (two such devices are shown for

i 1lustrative apdrmaobeby thakukén tesporisadime (er extraomevlranici] muovesienty ibe ar r anged
to be carried out off-J]ine as it .can bg. difficult to inplenent such

Functi onal | tyPeIIRE: 11T £ DS S Dt Mas nelchrb eI Fhe

| nver se- Opt | GendR¥N(61 sydiRing), hitndlth 3a6RiBH kBmphdRofdPhilaABHd N bEbdET 1302 1
posi ti oned be?ore tﬁesﬁéstg%ize#&%%G. I'n gnepexa%p e, ??&ln ine 42 control
IS used, thidoaddtistextrh clymciy im theddta(prth 5 10. Maoke basmplesipstecmtrol possi bly in

conbination with the offline nethod, di scussed above, by varyi n% t he
intensity of thigrgay ey allow? mephanical forus contol @pamtus,td he reMeyqdaes on/ er osi on

ol gor 0 (S5l Bl kAR LET0AHRYE! X108B0 1L BRI IpuR O 251 10

can be applied using Ica O0gy Op€rations known as

di I ation and sgsterai caf .be lde@ised lubing @nconthip@dtidhi ofimésalnibsl PR ¢odtrol Gasar
mat hematical |y defined object to cause it to dilate,  or grow in size, while
er osi on causeésospy adiustmentlandidata-patin focusenirectiem@s Aainerconirpl) Whoase t he

objects are cauysed to grow aor._shrink is ecified by a,so-calle
structuring é’Pg i ?'8‘}] senh\gfuhé%{e_%é% pﬂ%doiﬁgﬁﬂé/dﬁo&i 5%“511 ﬁ%‘l@?}%’eg“q nline or
of fline. On- PhatomiNarftBdiigh spatiaEGéduehicy correction respectively.

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



[ 00182] Focus correction can be achieved by varying the position of the
substrate table WI 106/ 206, in response to neasurenents of the best focus
position, as the substrate table WI 106/ 206 is noved relative to the
substrate 114/214/314. In principle, 441 or part of the projection system

108/ 208 can al so be noved to achieve the sane effect. In either case, both
transl ation 4#hle 1ef/20¢ ansksubgtrate 1)4/2 /214 cradedatesmingd abyaripus pointsiuy1 83]

cont rolayst afsbEs Fife SRS PRl sl b el BeciFlobRSr Pt RSB i on

the spatial tfaﬁ&ﬁicbﬂslrggidlgfatthaﬁdft@&ld@ PESPECKiBR siein | 19812081 dfRel réflechiéssd by the
size of the spot grid associated with a given M.A and optical col um.

Sub- sect i ons frsim thesubsiratg bm/Zk%:'blﬂrﬁndénmﬂbﬂtratﬁIE@ﬁdQﬁ@Oﬁabl e 106/ 206 cannot
normal |y ved ependent | h respect each r .an he

Cober r adeBERTy S Se Besdil SRARE Ridhs felfyihe HERBET g Bt T ity sucn
systems can r.erpRRG at&spflﬁfig?&lﬁéh f&rtlepo@ﬁ'é{ of B€ 'dﬁbé?ﬁ?é 11492‘14;‘3‘@1 iy the

inertia of the conponent that is to be displaced. [00184] In one exanpl e,
best focus |S)unnms‘a)comlmgaalailcdgtathpmﬂbo(hoﬁda,tathamsrﬂmalaadlmm tohe control
signal to be f t he patt.erning device. 104/ 5| bl e
because the feHS ﬂ?‘ﬂt EE(P&‘Ee‘itWé‘ Stem ReStioR a9 °Ft ﬁ? Jf@ HRYFoi nt

spread funct g Lé)[ab?eagg?ﬁgr?tan%p(?ﬁyﬁ&t%@]]%r I%CW &n&tlgﬁsﬁg{pm nts on the

measurenents o etru ocus position relative to par |cu
substrate 114;6&1161‘1&314/@&111 Eomtioliptl 1 4@és altidri dubatratenatlatpasitioh antifoe tioi nt  spr ead
The control signal sent to the patternjng device

43 function matri X L&]ﬂ
104/ 204 can cPRiRllesd40iars thus caesed fgerformdisnslation gdiargilt opgratiansafdicons on t he

than nor mal . PRa et R dsRa kR hu AR ST IBRAONG bpBE LRG|V W e

effectively bﬁe@?ianavme stisstrate 1h|492ller31d®<gns ﬁoMnﬁtolaqaodimen@wséﬂwtﬁeo t he
i ncreased spatial resolution (limted e size of individual spot

exposur es r atRgrfogusaianen eAetopding fo thnfeembﬂsil@e@p&ms igitheiyo-called “s@ar6ey by t he
qui cker responﬁt? 1t| me (no extra nechani cal novenent is perfornmed). This can
be achi eved ad %g any maj or new hardware (such as servo/control systens),

al t hough omé! ti onginCQRY! RlatHieAd Jiaﬂfévaafaepmmd)emb%dus ddatrdfigevidie extra
capacity in the data-path 5 10. In one exanple, focus control in
1402, after forwarding the control signal 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



this way can allow a nechani cal focus control apparatus to be renoved or
sinplified, thus reducing costs and/or space. Alternatively, a high
resolution system can be devised using a conbination of nechanical focus
control (as a "coarse" adjustnent) amdb data-path focus correction (as a
"fine" control). Coarse and fine aogj ustnent can refer to predom nantly | ow

spatial fr eqGeHEQ) signal sept lopnsion heky CWWI%W@éfIﬁ%%@ resyHaRict i on
respectivel y'ch%n%g}ﬁﬁf?){:\gsncag%% r@&%?ﬁ'égfrifi’a ctaﬁﬁ’ragglg fpfiion applied by the

dat a- path can e1n account ects t refmai n constant fromscan to

scan, f ¢o0199pnp! e If the embodididnBthowis tHerfodtscfisction daliSpassed th¢hd\dafa- | N thi s
scenario, the correction can be inplenented via offline calculations and an

of f1i ne adj upethema thestarage dryiastS02 prhaetiprovidas thesnotiasition R spetdPo used by

the inverse-qpti dat a. pani pul ati.on _devic 2 wever, the rrection
can a1'5o e St BateliiERl AER st P bR B G Rl e, T or

ef fects that (¢me iinaisé dptiesife afinipalHieadeviss!SID. The cbR6RionaREEhAIsBd W th
inperfections in the substrate topology or in the substrate table

transport. [ beiBempoFitediatoties intlipé paists amthe dafapathusitiaut degartingfoom the- t he-f 1 y
focus correction \fi a.a Qat a-path, according to one enbodi nent of the
present i nveftIP6R! BRINEeNt®”, odi ment can al so use coarse and fine control
di scussed above. Focus data is obtained by analyzing radiation froma

radi ation so ' - W3 C R ' fter reflection fromvarious
positions onqoﬁrgcsug?gle%\I?éﬁ@fﬁ%ﬂﬁ?%%ggﬁpﬂ}}gr substrate table 106/ 206, by a
radi ati on detector 1408. This analysis can be carried out by a focus

control (gRvife 14@3ch HehRhNA thyahdy of IRIAGSIK Rtreflatib elehi¢hfidaftiR 44 table
106/ 206 and substrate 114/214/ 314 can be detérm ned at various points by

measuri ng t hectivatedeto & $tateshafdependsamontantsehvekageni Whert thg elementsrinnor e
ultrasonic transducers rigidly attached to th roj ect.ion system 108/ 208

af tor 1o | ecHPEHEn O P RUTQRISE petataoandaketia Braed i BosehaXFe t abi
106/ 206. [ 00 I¥Gor! OPHS alltafioh B4R RBLR Med h@gys control
devi ce 1402 %gg cﬁ?’gfggggj bgg?r focug pos?ti on for a porc?lfrgﬁ)oof the substrate
114/ 214/ 314 padiculatiinglk of tdt. Clthetactivation gratd can bBo e sifedat toas a teflettiviy dat a

pat hways 1412 and 1414 to either or both of a lDroj ecti.on system position
and/or tilt &¥rnoin} ey exapple.qihers clements of variable réflectivity (in"a given

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)
concerned. The conversion between an intensity and a control voltage can be
implemented as a two-stage process. In a first stage, a multiplication 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. Alternatively, 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.



substrate table position and/or tilt controller 1406. The projection system
position and/or tilt controller 1404 and/or substrate table position and/or
tilt controller 1406 are thus caused to performtranslation and/or tilt
operations of the projection system 148/208 and/ or substrate table WI

106/ 206 in order to bring the region at the substrate 114/214/314 to be

3

exposed [IHO8] a podn nerexampleethe evergl copsersiongis earigdaABt VIACEBYYPSIg to this

nbodi nent, this i -cal " : 881 Fir trol i
oo e bRl VR G AP BR AR 510 4 b PR BTt o0t o T
forwar di ng t g6 gonperrmengiale 1tidniéisior O For¥pbeintensifAd cRARntlatfAfations

configured also to forward focus data to a data-path focus control device
1416, whi chstetd agueflactiyity seé-paint) andadenkuptabde daviced 18 ¢fopperfarming sagehe matri x

[K] in order, to take account of changes in t oj.nt  spread.function

per f or mance CFSEVEHSY F?O%SEWBL%@E%I%@MF 8 (lereeftz‘fltyosr%'p W?f%eéelaﬂﬁl ity of the
focus. [00183dnttd) veREes RANcBssell e reftBiiena Figite 9hb&rar se and fine correction
can be inplenented inthe follow ng sequence: neasure focus; carry out

coarse [@M98kct i ofin omesxanpda, irderisity men-upHomyityoean otcurandspendantly ofithel n t hi s
sequence, the focus _data sent. %.o. tg&coarﬁe device w !l be different from
that sent t oPEaRErtes oé thearayalindiuidyaly cqntgliahle € eﬁbents\%&}manvgngty focus

OO o S 2 el fciscOhnin B GhRAMY ke il GAYCSEndiled hiiEndiGr " ect i O

can be carried out siInultaneous IS case, the data sent to the

dat a- pat h f owvaiSativnst bedweahe indieidil 1§pat nexpusiess, tindividvahtopatalscgmahs,sent to the
controllers 1404 and 1406. The correction to the matrix _[K] wll then take
account of t Hdiddpaldasen systemsnste: (&) PaRciplsethsspvariations £aihpe takendntoos and/ or

jecti . | @il i . 5 trol
or ol ept L on, <akR AP ReERr F R b RS o Bt SR AL HERealy Boo Sont e
changes in f dataSestadlonethe darsidldl Althaughapdtértiatly effettel for rebdigOthel n t he

enbodi ment shown, the focus correction data is _passed to the data- path via
the storage #ueisiy vanations;this kindnfiagereaghansesult ipysundesiratdpncegsr inpoi nt

spread functi,on, inf tion (which can be at.ed, by the foc grrection
datay . to ndwualedh MRty icdh B serest P B A i bab s TS SifEd ! ect | on
data can al sgn ifeeads® a3l ated at other in-line points in the data-path

wi t hout departing fromthe
[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.



scope of the invention Correct Intensity Non-Uniformty In Data-Path [00191]
Each elenment in the array of individually controll able el enents can be
activated to a state that depends on a control voltage. Were the el enents
in question consist of mrrors, the a4tivation can take the formof a tilt
about an axis in the plane of the mrror. The activation state would then
correspddISh a peran eligraativentgl asljesting ithe lookhp tahde ivalues om dsvige 818,an al so be
referred to as a.reflectiwvit. set - poi nt, bfor xaml e,, where ?I enent s of
variable ref PRERIY: POTpRifomity Gamectir, ta popymalrneRted by manhulang " o

i ndi vi dual | ypas(g;rehwabm#élnml IF8M6 SFor ER@mple!the B&in (0r gins)) 84t iviafiBd fon a

sub- beam of radiation that has been patterned by one or nore of these

el enent s depdakgsiceount henercunifermityreffertat e of the el enent (s) concerned. The

i t i. nt iity.and t.rol volt b i | ted
R Y S S VIR S T
per for med 't 0 16QRUARE rdglheREhi1bPhofelscA B AP RATMAM ERhEY A'dafler Shpdees (e 0.

reflectivities). The second stage I's then concerned th selectfng

appropri at e ictirtdati-pathnl Thigesampleeanl elso helpdad raiuce tdvadmgedrnenent acti vati on
states fromthe array 104/204. The relationship between the control voltage
and the resulting el enent activation state is not in general of a sinple

| i near form Redermiing &laicytptionp Fer Vahes) That btkal!ﬂpert'lzgmiﬂb) Blask £ nal | y
provi ded to %?I e this conversion to be carried out. Interpolation can be
used to convelt'%al ues | yi ng between discrete points in the calibration
table. Alternatively, a mathenmatical function (e.g., a Chebyshef

pol ynom an be, £} by A 5185k b Brf cal i bration
tabl e arlgél)gggnver g?%né%’gﬁlpgée? ad’(;:}ar ?%ygé&oegg %%lg%%g%eagﬁéfhgr ?I?ﬁ(% ng
function. 46 byfldhOete-opticsideviex AR perfornisanaxie ralltiplivatives; Sheharddsvarear ri ed out
via "inverse patterning-device" data. manipul ation device 514. This can

conprise a m#ed i caFy ontihess pultiplications; i gpecifigpdly1tadensd dp dhebyre 9fr om spot
i nt ity t | i j . . f LVLtY.. - DO d
intensity to .o GiRo gg‘@é H.’rgitre& ggtr fs§ H@&p?m%«%cf %eelcﬂge%\éhvoétlﬁﬁﬁ nﬂn%%c}f and a

| ookup tabl e device ormng Sta rsron - om el enent

activation sthah€siultiply L€dunvilitys)pet sepond) (The Bardwarsif uestioR {wikith ol t age) , as
di scussed in reference to Figure 5 above. [00193] In one exanple, intensity

non- uni f or mi by & &SPoet ar mpred eprerdl APVY, cemprigs one or more FPGAs (Field
Programmable Gate Arrays) with a multiplication section that can be built up

from multiplication units specially constructed to carry out MAC operations.
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 each 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 requested dose pattern vector [D] will be O or 1 or, where grey
tone imaging is used, 0 and 15, corresponding to the absence or presence of a
feature. The MAC operation for these can be relatively simple (e.g., no real
multiplication is performed). In one example, the MAC either outputs azero ora
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.



properties of the array of individually controll able elenents due to a
variety of optical effects wthin the apparatus. The result can be unwant ed
intensity variations between individual spot exposures, individual optical
colums, individual |aser systens, et48 In principle, these variations can
be taken into account by incorporating extra calibration information into
the reqd@®98H dosén onfaxamplese dedicated privrergsser sarevided in Heddo obrierst i al | y

effective for, renpving the intensity variati.ons, this kind,of approach can
Fesul t 1 an BeauuiPaRE g P BEEES ottt R AR, pne hindlimhchki ABE ©
intensity rangftetafeaben Helreéqicsted A0S mapi ThemItipPAfp bQtioAMsésire@a@c&d | N costs.
[00194] In one exanple, the inverse-patterning-device data manipul ation

devi ce 514 inpubcensistiag predaminastly of the grey ateps/indlarequgstefl dpose maps whichy
-uniformty. F _..calibrati t b dt

catabl | sh . maNTebue-Tp ML kRSt Sfabe BB o Pa s FHPE i ount ot

only the propaski R AimbdSf MAC@&)?P%CQH@YA&Qh&QﬂJr@%1 o@ﬂttp%sﬁeaft@m ors

contributing to intensity non-uniformty. These calibration neasSurenents
can be carri eetluoed withoet liaving/a agadivhhtentgatied effiect (On. the imagdproeesaing i ntensity
influencing factors are active). For exanple, the system can be equipped
with one or LMHSe sensors, both to neasure the source intensity and the

spot in hty. T t i t . Lfd i intensity
on- unifapef Y, " EEE 1y Repietd SR bk G SolcBlRbR0: 1900 8 T ate
| evel that casducitig@aldtlatibhbadprtordinggo oRdmipmiiment@f (te)preséhttigvenddbn.vel y or
additionally, substrate base techniques _can be used, which consist in
printing a paht Bentiqned ahave, the Regnegessos 3800 canpisa broformed py amiptegatlensi ty

non- uni f or m &)Xﬁ%ﬁﬁfe%‘&i stics using offline tooling. Once the
non- uni f or m characteristics have been established standard interpolation

schenes can be used to calculate the new | ook-up table values. 47 [00195]
As an al ter ngdtove ik fpiptbibR9 the | ookup table values in device 518,
intensity non-uniformty correction can be inplenented by manipul ating
properties of the nultiplier 516. For exanple, the gain (or gains) can be
vari ed f@0201pke atgonsdéxatipld)@hodthighdaiibe prefuted; whicH i9QANahtedor §teGt i ng for

intensity non-uniformty at this late stage in the data-path reduces the
requi renent fight that meangees ko rengh dhe/subsieatd d14/2kd814t Thiardaneariss: Mes
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
(since less expense needs to be dedicated to avoiding ghost light suppression if it

can be compensated.



in the data-path. This exanple can also help to reduce rounding errors.

Avoi d Perform ng Cal cul ati ons For Values That Are Either Totally Black O
White [00197] In one exanple, an inage processing algorithm such as those
performed by the inverse-optics devic4d 512, perforns matri X

mul tiplications. The hardware wused to carry out these nultiplications is
specifically tailored to the type of calculation to be carried out, so it
optim zed t oCepelusivr an opti mal number of MACs (Miltiply Accumul ates) per
second. The hardware in question (which can be a DSP or a nore general CPU)

il Ui pt N8R0 o NG veris rabpdmens af e PR AR EISEPA HSPERun s

specially co u i etails of
he. 1 mge ¢ o pereyf A4 Be iflentof halihEy AR TEH RSt R A B o el 1y
desi gned.t o lbelyaidndt bintitpien Wtiwillhe apgaem to pére@ss skilledas theatlevahartgri d
positions defining the image. This requires a | arge nunber of MACs, and

t her ef or e exptahypyeusAaagesna fompanddgtal] gan be made tisraie wathent depertids, such as
t he inverse- ' [ , .1 e ' e d dose
pattern vect g’?ﬁ%‘?Sﬁﬁ{laﬁgg‘?#%oorf@éév,g&m;@j ut&’r{él;g% r%agﬁﬁeg?drr%cgﬁ%gﬂhg used, O

and 15, corr piRemahveatib®sioutd @i be lifikted by RiiyeSRRCEoRE-dascribedtxemplaryhe MAC
operation for these can be relatively sinple (e.g., no real nultiplication

I e.
i s perf or medpmbpdiments, butshenld be defenerjaalydn adserdanca vith the follosving Jaims
mul tiplicatign oefficigeng;, whi ch can be shifted a nunber of places to the
| eft and pa@% WiCHVIEPSs at the | east si gnificant side. Only the edge
regi ons [gj204fe  dgmi @@b@bﬁ&?&&t@d kHat E%%étm%&@ﬂ?ﬁ&{ sé@fioflraad nedtées for
which a'true nultiplication is perfornmed. The black and white regi ons may
not use the Suhmmary amt Abstnat is¢ofiops,dy irderdled yo b esedtotintetpretathe chaimsi t s. 48

[00199] In o anpl e, di cated. pre-processor is provided in_the FPGA
before the w&fﬁﬁf%anirrrlpﬁg @ﬁag straghseafiohs Seth selpfoBhotne o R do4al handl i ng
bl ack and "“é%érﬂ?ﬁ%ﬁ@ﬁxbb&hr{eﬂf‘s_ BP%@?&&%@H&: tﬁﬁ'p]as oGeMidib® by HR Section
uses a reduce nput consi sting predomnantly of the grey aréas in the

request ed doseventp(s),vdnidcthus, rasy notointended tdEinfituthle fresent inventiont yndthet he

mul tiplication units.. This arrangement
appended claims in any way.



all ows the nunber of MACs per second (and therefore the cost) to be greatly
reduced wi thout having a significant negative effect on the inage processing
performance. [00200] Figure 15 depicts a nultiplication stage with a
preprocessor 1500 for reducing calcul®ion |oad, according to one

enbodi nent of the present invention. As nentioned above, the pre-processor
1500 can al sdﬂié_m_iw Dd8: i ntegral part of the FPGA. Ghost Light
Suppr essi on 1002011 I n one exanple, ghost |ight can be produced, which is

unwant ed or strayl.|i giX lithogtaphpagmestud, oompagihg:t he substrate 114/214/ 314.

This can arise, for exanple, via internal ,reflﬁcti on. within the system
optics and/or via crosé- Prajegtion sysiem thafeproinstsr 2 Sgamief wdiion onie ac al

el ement s of %ﬁi&&ﬁ%{gg&{ﬁg?%’@sm&%t&g‘ i?ﬁog'r normal |y designed to avoid this

as much as possi I's extrenely rfficult to renove entirely.

[00202] In one exanpl ea pagemingadedideehdt modlaitesshelsutebeanist ofahdibtien toequest ed
dose pattern to the array of spot exposures, ghost |ight can be corrected

for by i ncospestantitHyprodpessa requesteddosp ppitarn op thepbstiatethedosemattere [ K] . In

t he case wher ei,ghborin X . .he i i R herently, it is
possible to %Slgllgr gléﬁl %‘Eﬁ’t“ﬁéagﬁ’%sgw 79%?#‘3 Sc}%g"rh\l/%rai;ll%ilgegihel é’@ﬁpg oﬁééer e

nei ghbori ng gpte sPHRRPONULS ar@hﬁag@élﬁﬁﬁﬁé’r’elﬁg'vdﬂtﬁxfe%@ﬂ{o cdathither aad basher | evel
correction can be achieved. This nethod does not use additional non-zero

terms in theofghe spot [exposuresyifipseduced &y ong of dbieisub-bermns ediradiationeat aand
accunul ates in Ihﬁ{gat a-path. This can result in a sonewhat higher cost,
but this canPBHH ™% on the one hand by potentially higher quality imges

or, on the other, by reqdyaashss aitSthallopdrfeLB bhfdrn Ukl ®IVEE FoaDthe( Si nce | ess
expense needs to be dedicated to avoi ding ghost |ight suppression if it can

be conpensat eehuested Goseqiattsinoim ot @20 Idrmh fileguenay-cbppeddatgetidoserpatienf t he
pr esent inve‘rgl%li on .have geen descrilbed. ove, it shoulsﬂ)&i)e un(iler st ood t hat
they have bedf!BredeRRARYY SRMRIAYS Gl BatiATeauensX comPARAS RSO 2 $819CIRd; on. 1t

will be appaqﬁgéhoq(pﬁp‘ﬁ{eﬁgﬁ%ngki Iled in the relevant art
a data manipulation device that produces a control signal
comprising spot exposure intensities to 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 1, wherein the threshold

frequency is substantially equal to 47 /3p, wherein p is a spot exposure pitch.



t hat various changes in formand detail can be made therein w thout
departing fromthe spirit and scope of the invention. Thus, the breadth and
scope of the present invention should not be limted by any of the
above-descri bed exenplary enbodi nents3l but should be defined only in
accordance with the followng clains and their equivalents. [002041 It is
to be appreciated that the Detail ed Description section, and not the

Summary and Abstract s i i !@E%M E]ﬂ:%,&g t the
clainms. The Sungfy aﬁgkkgst‘g’rl%dg?ca ctrons cgglﬁb%ﬁf%rl{ﬂ% on (ﬁ%ﬁor e, but
not all exerppasuyesdabonk ofnhexagbnal fermporasqiasi-hexugoital formas cont enpl at ed by
the inventor(s), and thus, are not intended to limt the present invention
and the appended clains in any way. 50 WHAT IS CLAIMED I'S: 1. A lithography
apparatus, conpri sing: | ect: e { j ect f radiation
onto a substrat e%as ar?%ﬁﬁ?@‘iﬁ?%ﬁﬁ“g%?%%ésn‘?%m} lafﬁ?g%r?%%r@e gﬂtg[g ea?Ini ng device
that nodul at empliiRleStdubeyssinsé acbstintially Qual 30 likdt &iTtthalalrity Pf epstce a
request ed dose pattern on the substrate, the dose pattern {I)ei ng built up
from an arragXpdsuggsot exposures in which at |east neighboring ones of the
spot exposures are inmaged incoherently with respect to each other and each
of the spot exposures is produced by one of the sub-beans of radiation at a
particular tine; & | owIhdishdgriph®d appamtusiTRIakheS fittheP8bhpfifingtat a deri ved
fromthe requested dose pattern in order to forma frequency-clipped target
dose pattern that predoharpgning)filtesthatisharpenmi yargganrodiict ffeatunednde conponent s
bel ow a selected, threshold frequency; and a data mani pul ati on devi ce that
produces a c g si gnhal conprising spot exposure intensities to be
produced by the patterning device, based on a direct algebraic

| east -squares fit of the spot exposure intensities to the frequency-clipped
target dose patte®dn. 2 TheéHahdgrapingapygznates applaimat8usvhefeirc tiwi shaipenidger ei n t he

t hreshol d

filter is defined as a mathematical function with a spatial Fourier transform,

~

Flyam iter » defined as follows:

~ |1/}~I(a))' when @ < @

F = ~
sharp filter Il/H(co = (oM)l when o > @,

wherein H(w) is a Fourier transform of the target product feature,

w= (k> +k}), oy is a selected threshold spatial frequency, and k, and k,

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 @,, = 7/ p and p

is a pitch of the array of spot exposures.



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 lithographi cSZapparatus of claim 1, wherein the

t hreshol d frequency IS substantrally equal to 7r/ , Wherein p is a spot
exposure pitch. 411The Thedipgraphis ap ﬁﬁﬁ&rqp%n&w@?@imapﬂkﬁ@ﬁ%‘#the array
of spot exp t parat us of
laim 1, whord SERAEE fuboe BRa Bl ey R b RO 2L
3p, wher ei n Romdin? SPOot expgsure. pitch, 5. ,Jhe lithographic apparatus of

low-pass filter

claim5, wherein thée rray o?‘“”spot éxposuf € has one of a hexagonal form or

2 duast - hexagonal i 7., T8 4 EbA'RRNIFrARRANA o She Hhblih Wher el !

the filter has an equency respons e su equal to that

of the array d%ve'iip?xto% ‘%ﬁ@g@@leﬁﬁ:d &ose &teh&l Psggr aph FBﬁ‘x‘ié}t Hém?fn claimi,

further conprising: ar peni meﬂﬁ arpens ar get

product feature to h | it hograp ap at us of claim8, wherein the
P hat peni ng. f FemresentalonaF i Sop pesoltiel ?@m. T OlriER APMafR SPERTEEBat | al

Fourier transfor Fhw fi,." defined as follows: |1/ HwI when w <_ W
Fra"nte = |1 P pnma@#ﬁbw\mmmmmmli%lﬁrd@n@rnmﬁseératmn@ﬁ#orm of the
target product feature, (ks2 -+k,) co,,, is a selected threshold

spatial freqneidy, daéawdewedaﬁrank the rqgn@st@béﬂseapatf%eﬂf@hcfyteaamm s
correspondin resp 0 |cular axes x and y lying in a plane

of the substglé hit Itf‘? %BWS ‘apparatus of claim9, wherein wM = it
/ pand p is a prtch of t he array of spot exposures. 52 11. The

l'i t hographi c apparatus of claim8, wherein an application of
12. The 11thographlc 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;

1
> when Jx* + )7 < Ry

}?s]ope =3 Rslope

0 when x> + 3 > Ry,

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

where x and y are

R, is a variable control parameter useable to control the image log slope.

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

domain:

~ ~ ~ ~

D = F,

slope filtered slope filter F;ow-pass filter * D unfiltered

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



t he sharpening filter is defined as the following nultiplication in the
Fourier domain: Dsharp filtered - harp filter ' Flowpass filter ' Dwihered
r wherein Dnrfihered is a Fourier domain representation of the pattern data
derived fromthe requested dose patter$8 Fow p,55 filter is a Fourier domain
representation of the lowpass filter, F,,,,r filter is a Fourier domain
repr esent at i o¢presshtatipeofthaleemassfiliar] figr. o ahalF @irier dpmain representationa Four i er
domai n representation of the pattern data derived fromthe requested dose
pattern aft eofthelimege log slope filter, and @, peni. ng a Folti@rdoarath tepeestututigrasts filter.
12. The lithographic apparatus of claim1, further conprising: an inmge | og
sl ope filter thdymttemndita derbred fronmhg eequesied daxsppattérmtakier fijpaitgdryrthé mghe f or ned
on the substrate. 13. The_ lithographic apparatus of claim 12, wherein the

i mge |1 og sklope fiftey andrthe lovippss{dieras the fol | owi ng mat hematical function in
the spatial domain: 1 Fslope = g Ra,oPez when xz + yz < npe 0 when V X
dope where x and y are position coordinates defined relative to axes |ying
in a plane of thelsubstihatlithogaaphic dppankis ofeladmMafirthel eoraiprisingl par anet er
useable to control the inmage | og slope. 14. The |ithographic apparatus of
claim 12, wherein an apg$pP merléﬂtebﬁhatqpl«?@tqsm&@nasgngi@@ﬁénwdft@n es defined

as the follown l,ti plj.cat. i ourier. d I s lL.ope, fiiltered =
Fsl ope fil tef equgﬁg%g\ésﬁé’glst&%ilpg gdrer fo ‘LFQ%E]OF elrme%e\;ﬁ‘%sggfen&&%%@&?oebg is a
Fouri er domaiffinfe@Rinahe hitdtraRn@fshirPen B &drg& proddidt featudleld the Paftérl Mafahe
request ed dose pattern, Few pass filter s a Fourier domain 53

repr esent at i darivdd frére theoneqpestes dose pattern., | filter is a Fourier domain
representation

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

domain;

~ ~ ~ ~ ~

D,

‘combined filtered — F, combined filter Dunﬁltered = (F;lope filter * F;harp filter * F;ow-pass ﬁ]ter) ) Dunﬁltered
wherein D, ...; is @ 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,, g, is a Fourier domain representation

~

of a sharpening filter, F,, g, is a Fourier domain representation of a image log

slope filter, F,_ .. iz 1S @ Fourier domain representation of a combined filter

~

F

sharp filter and F

comprising the operations of F; ow-pass filter

slope filter »

and D, .. . siereq 1S @ Fourier domain representation of the pattern data derived

from the requested dose pattern after filtering by the image log slope filter, the
sharpening filter and the low-pass filter.



of the image log slope filter, and DsiWe filtered is a Fourier donmain
representation of the pattern data derived fromthe requested dose pattern
after filtering by the log slope filter and the | owpass filter. 15. The

| i t hographi c apparatus of claim1, furdher conprising: a conbined filter
that operates on the pattern data derived fromthe requested dose pattern
in order to contrbl- anAilHBegraphyEPRRBEE, ¢AMATKE®attern to be forned on the

substrate and sharpen gpl%(%%gotn %ﬁegf'}’%ﬁ%g’??i%{*ﬁeﬂ L%Q@ Nop- Ity r&ng)agla derived

fromthe requested dose ern. ogr i C apparatus of claiml15,

wher ei n the abgirateas a@arrdyf of subebeamedf relthtibh] ter is defined as the foll ow ng
multiplication in the Fourier donain: Dconbined filtered = Fconbined filter

' Dunfiltered = (Fsl op&patterpiag device Higt mofinlates the suptheams oF sadigtionde

fil d i £l d i j ' f th
pattern dat o EPTUR POl e B el Brc Rt Tln ATl BGRRE bR o 1 4"
Fouri er domabéng BEIteHEInhl Sbaydf shhtexpestirddds &hichlat Rast nEighBorfind dres 1S a

Fourier domain representation of a sharpening filter, "lope filter is a
Fouri er domapfthe spot expasures arsrimegedingohgrantly sigth respepldo eadhtother ambeaghnedfi | t er

is a Fourier mai n representation a cophined filter. conprisjng the
oper ati ons O?P &eosggt F}f;qugrres s PEQ?&F??P;’Y PP%PPB}?OS"'%()W%S@ IF&IQB%I? at 3and
Deonbi ned fi L4 gEAG diMe;a Fourier domain representation of the pattern data
derived fromthe requested dose pattern after filtering by the inmage |og

slope filter, the shaapdata ngarfipulateon alavice thatl produesss af contesd . sigahl 17. A

| i t hography apparatus, conprising:.a projectjon temthat projects a beam
of radiati onccgﬂffllfl%g SRQY5XP sg{eemé%sgws g‘? g{?l?r C%@lﬁﬁamétewn% i ion; a
patterni ng dguwl ; g .Iﬁél‘{

substanti al |§%B§§33§&8@g%ﬂ6§§??§{ gtglggéggg??gé[ﬁ eg os{uﬁéeii su Sgit}rsgdtpg?tat he dose

pattern bei dgivedi fromuthef regoresied ajosapatiérns pdterednx pthe Uesss-squargdifithisat | east
nei ghbori ng ones of the s;l)qt exposures are i maged i_ncoherentlifi Wi th respect

to each ot hepPerfgimneddynmubbiplying agisedosianeriad ©sm; of ppoidiERrgadbjunstienof t he
sub-beans of mﬁéﬂé %'aor@olﬁﬁmavec?&r ;e'p?e%tﬁfngt {h'geﬁattem data derived from the

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,

by the following operation:

(K] fterea = £

low-pass filter ® [I(]+
wherein [K]* and [K]" fuered represent the pseudo-inverted form of the

point-spread function matrix respectively before and after filtering,

wherein F

ow-pass filer TEPTESENtS @ mathematical definition of the low-pass

filter in a spatial domain.



a data mani pul ati on device that produces a control signal conprising spot
exposure intensities to be produced by the patterning device, based on a
direct algebraic |east-squares fit of spot exposure intensities to data

derived fromthe requested dose patter$d wherein the |east-squares fit is

performed by multiplying a pseudo-inverte Qr m_of oi nt-spread function
matri x by a col ume%vectTg‘F?'rﬂ&ﬁI. %Rﬂﬂﬁat'%slécl%?‘ﬂgr ﬁ“ﬁ’&?&o@ﬁ?qlg%q fromthe
requested dose pattern, sthlaﬁ)eﬂgl'gpﬁlfe?%ﬁasﬂa%gﬁ'sca 'té}get]ﬁ?rg)ﬂﬁ@f eI toHeN9 g

informati on about a shape "an el at1ve position~o e polnt-sprea
function of datieds@efinetin bepatiekdrasan bpmathemativdlfuncaioe Ay  gnewbéreinhe
sub-beans of radiation at a given tine; and a |owpass filter that renoves
spati al frequensharpemigeofited sndothedowspags dllteneviacaps@tedcsffline imte gieol d
frequency, incorporated offline into the pseudo- inverted formof the

poi nt - spr ead-pendotinvertedeorm of the paity-spread funetionomatrixsiilatoformiatfilterady t he

foll ow ng operation: Hf]lcffi Irered = Flow Pass ei~ (r) [K]' wherein [K]' and
[K]' filth dpoitspreadfunctien praenird K] nweviathe following opérationsoi nt - spr ead
function matrix respectively before and after filtering, wherein Fow P.s
filter represents aldbaukemalli.calad®Kh  (Bn.ofad BFloumep8IK] filter in a
spatial domain. 55 18. The |ithographic apparatus of claim 17, further
conprising: a shampendimd,{.i..i-errepiesantsamatbematical definjéon efitheieombinesiat ure to be
fornmed, defined in a spatial_domain by mathenatical function F~hp fifw |
wherein t he 26t pfdhe I@VfasStfdwrmtfpﬁng@w&éygr injthe gnatigh domaRor por at ed
offline into the pseudo-inverted formof the point-spread function matrix
[K]' to forma filtered point-spread function matrix [K]'fjjt,~d via the

fol l ow ng operatiae; [HKihe lftﬁoér@?ﬂﬂ%})paﬁtwﬁﬂcm 17, furth@ tdshprising:Fl ow- pns MV 0
Fsharp fil=) 0 [K]+ wherein F.bi rj~ represents_a mathematical definition
of the combined acti orindmaghtog bapefiltes that centrols arlimage lonslopewiy filter in

the spatial dopmin 9..The,lithaogr i.C aratus, of claim17 .further
conpri si ng: é’ﬁg'?rﬁafé)e%f" SgTErd 52 ﬁel f"‘g’l%g?tﬁ’aggﬂg%eﬁlt _Pnol%l%e Splactfaiadé}énql%_gbysl ope of
the pattern fighdifatfcarl BeticH Fi e, S WhrtdiRite imdgs loB8Mpt Fillehtdaldwtl domai n by
pass filter are incorporated offline into the point-spread function matrix [K]" to
form a filtered point-spread function matrix [K]" fierea via the following operation:

K] fiterea = Fbined fiter @ K] = (F;ow-pass fiter ® F;lope filer ) ® K"

wherein F

" ombined filer TEPTESENtS @ 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,_ ., ,an image

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, , g, ,
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] aweavia the following operation:

[Krﬁltel'ed = F;:ombined filter ® [K]+ = (F;ow-pass filter ® frshaxp filter ® [rslope filter ) ® [Kr



mat hemati cal function F,,., wherein the inmage |l og slope filter and the | ow
pass filter are incorporated offline into the point-spread firriction matrix
[K]+ to forma filtered point-spread function matrix [K]+ fil~ d via the
following operation: IKI'fil.d = F.bi.8il~ @IKI+ = (Fl.~p., filt~
@~lopefilw) & [K]+ wherein F~bined fi]W represents a mat hemat| cal
definition of the"ﬂt?ﬁ%ﬂr?é’é Faginiaaia TEATCISHE Pdmtb%@thahd@éfntWOW@ shar peni ng

fllterlnthes n. T, t tus of .claim 17,
further conprPgy H}fdaﬁtl 45‘8&‘?‘??@’3?% eértlhf g&l’?ﬁ%ﬁgﬁggﬁé APEE° Neoduct
feature to b%lopgqirh@}ag”hgglgdtﬁggofngna spatial donmain by mathematical function
F.h. fil., an inmage |og slope filter, adapted to control an inmage |og sl ope

of the pattern to be formed on the substrate, defined in the spatial domain
by mat hermatical f ctlon wherein the sharpening filter, the

i mge | og slope fi ter Hﬂﬁg{aﬁgyf‘m‘ﬁ%@’fﬂppflﬁg are incorporated offline
into the point-spread fu X nt - spread
function matrix [K]'fil ﬁl%@iéc\fll?%rg?ﬁéﬁlftgkﬁwéﬁg %g%rmg?? %%&dﬁeﬁfoﬁ%nt@%

F~. bi ndf fl w @bdﬁiatcasa(nﬁmwo}ﬁmslsbédmsdﬂaaﬁsﬂrmrpfl lw (D F~1.1.fij,,)@[K + 56

wherein and represents a mathematical definition of the conbi ned action of
the | owpass filter, tW@aEIF’I&Pﬁ&qi‘ﬂ@laf”iYIcP@FOHaé}RFl?rﬁ@tF ﬂ’&b@oﬂblﬁteséheope filter
in the spati proj ection
[0S SPat i SO oo b SURLRAIN AL eSO RS 8 P O) et
sub- bearms of subgiiad, itl@reqadstadr day pafterh déingitailap Yverotirhe «ﬁiohﬁini errgf efrent s t hat
nodul ates the sub-beans of radiation so as substantially to forma

request ed doseotrxppaes, sach plethe spefsexpasuses boieg produeas Byorfoefthg stilber n bei ng
built up over ﬁémrrsfl&dlagéggtg {V%thg spot exposures, each of the spot

exposures bei B&" 8% he sub- beams of radiation at a gi ven
time; a rasterizer deviaGastéha d6viby Bat Condlaitaddieféfitingthehequesaddssecd dose
pattern to a sequence of data representing the requested dose at a

cor r espondi ngattguq-menweme plolata reprgisertting therrequestedalose atza eparespandiigoul at i on

devi ce that receives.the se ue ce 8f data and
sequence of points wi € patte

a data manipulation device that receives the sequence of data and
generates a control signal therefrom, the control signal being used to control the
array of individually controllable elements; and

a focus determination unit that measures a position of at least a
portion of the substrate relative to a plane of best focus, wherein the data
manipulation device comprises a focus compensation unit that changes the
control signal based on measured deviations of the at least a portion of the

substrate relative to the plane of best focus.

22.  The lithographic apparatus of claim 21, wherein the focus
determination unit comprises:

at least one ultrasonic transducer and receiver, rigidly connected to

the projection system, that measure the position of the substrate surface relative to

the projection system, at one or more points, by measuring travel time of reflected

ultrasonic waves.



generates a control signal therefrom the control signal being used to
control the array of individually controllable elenents; and a focus
determ nation unit that nmeasures a position of at least a portion of the
substrate relative to a plane of best fdcus, wherein the data nanipul ation
devi ce conprises a _focus conpensation unit that changes the control signal
based on neasur ed Devi 2 IRraphy ARRATAIS, | CORRISBELor ti on of the substrate

relative to the plane qqpé?t%ﬁﬁn%@&!i‘&ethgt%no&m&egiB%%P%tmalﬁoﬂ;Opar atus of claim

21, wherein the focus etermmnation unit conpri ses: east one ultrasonic
transducer and recei veraprjegiicl gysteanthatgirgjdcts the niddnlppedheaat ofoadistyet em  t hat
nmeasure the positiqgn of the substrate surface relative to the projection
system at orfftQf sykstratepidht s, by neasuring travel time of reflected

ultrasoni c waves. 57 %S%Débiggilgggg%ﬁg?%/(g%&qgsr%{rgﬁtensggmrdeﬁ{,%}g?no‘?lhaoat terning

device that nodul ates a beamo | ection sys at projects
the nodul at edefpesrd@ose pattent tiawis tortearansmitlaits diecpatentdng déhed)ivageing fil ter

t hat operates on 1pat_t_ern'data derived froma requested dose pattern that is
to be transnioontelscytiea dirpenstasrchpragteristiqs@éa ragiation dosestterspsoduced b al

di mensi on chqbacttgri.stidcs gf a radiation dose pattern produced by the
patterni ng de f RECTYAE ITHES i t hogr aphi ¢ apparatus of claim 23, wherein the
CD-biasing filter adjusts nagnification of at |east a portion of the dose
pattern wi thout adjusting Eosition of the portion relative to other

portions of the d pakhedithographic Fpparatis efodriaphy, ovhepginitle GB-tassing ai m 23,
wherein the bi asing fi.lLter adjusts the criti.cal .di nension .of ltiple
regi ons of t%}ﬁe&@_ S a'fnf‘%r}lhc%oﬁ : %{nlﬁﬁﬁ_tlﬂ B/‘?“C‘%Pf%ﬁeedf’?et B%[}Péﬁﬂﬁ’é’_uggpa_r at us
of claim 23, dﬁ?ﬂﬁﬁ Bodifién SE3nBpdfioATelafive foRthéPoHidng o thelddsk patterfll MENSI ON
parallel to a first axis in a plane of the doSe pattern independently of
the critical dinension parallel to a second non-parall el
25.  The lithographic apparatus of claim 23, wherein the CD-biasing
filter adjusts the critical dimension of multiple regions of the dose pattern

independently.

26.  The lithographic apparatus of claim 23, wherein the CD-biasing
filter adjusts a critical dimension parallel to a first axis in a plane of the dose
pattern independently of the critical dimension parallel to a second non-parallel

axis in the plane of the dose pattern.

27. A lithography apparatus, comprising:

an illumination system that conditions a beam of radiation;

a projection system that projects the beam of radiation onto the
substrate as an array of sub-beams of radiation;

a patterning device that modulates 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, each of the spot exposure being
produced by one of the sub-beams of radiation at a particular time, wherein the
radiation intensity of a given sub-beam of radiation is controlled according to an

activation state of a corresponding portion of the patterning device; and



axis in the plane of the dose pattern. 27. A |lithography apparatus,
conprising: an illum nation systemthat conditions a beam of radiation; a
proj ection systemthat projects the beam of radiation onto the substrate as
an array of sub-beans of radiation; a pa&tterning device that nodul ates the
sub-beans of radiation to substantially produce a requested dose pattern on
the substrate, the dose ¢aid manipulaliondevisithat tiapsformsp signal saypRsing pot

PP ot o 0 AbotleraRilon ERAT fe il the RIANUE APl AR MorkeP ©uD- e

of radiation ul"ar tr1ne, Ion intensity of a

gi ven sub- beaigmaf réprebenting activationritated défthearatterningdetioe am praduce tlad i on state
of a corresponding portion of the patterning device; and 58 A a data

mani pul at i on TEQUESEd 408t Paticams Mderen dhetianaformalinn icerrpgls SfoptinteRpBE ur e

radiati on dosgg Sl Yedd Hom gy " SAUGSLER, JORE BRALELBi bAoA GaRRr Of i onal

representing fvation states o e pa rning dev t0 produce the

request ed dos@mipdhéRs Bf th@iﬂﬁﬁiiﬁhtfoh%?létéﬁﬂﬁdﬁﬁti@ﬁtsbfﬂ%e@ eirrtB€ ilfurhiahtidrnt ensi ty
vari ations caused by at |east one of conponents of the projection system

conponent s ofsyste@, and compoaents of theqrattammingdeivieei on sources for the
illumnation system and conponents of the patterning device. 28. The
| i t hographi c apparatus of claim 27, wherein the data nanipul ati on device

conprises: a nenmorg deviiee Laloardphet appResoft e, 21,NeheRlR the el ation
devi ce accessing the | ookup tabl'e to convert froman activation state for a

particul ar ponanipatodn devecegantpeises:ng device to a correspondi ng control
voltage to produce the acti vaéi on state whelr ein the

th t.i ,
transformation is per fol'fifd™ evd%ﬁgqx%aiqoorkr.lgé%{le,gﬁéglgégpmgpu Ao val ues in
the | ookup taflge a%@essi_-ﬁ?ethk'lB&&ﬂf Bl o afRefatte & zﬁﬁi'vﬁii(gﬂ thte Ypef €I n the

data mani pul ation deviCe conprises: a multiplier that converts a spot
exposur e r adipattiomhar gogtentof thxepatiermnigideicelty a@opesponding aontpairvioltage af t he
patterning device to an activation state for that %orti on, wherein the
t r ansf or mat i gHoquse 8¢ rastpaipnpstatenion dhatpageth wherein the transformation is

performed by changing at least a subset of the values in the lookup table.

29. The lithographic apparatus of claim 27, wherein the data
manipulation device comprises:

a multiplier that converts a spot exposure radiation dose to be

produced by a particular portion of the patterning device to an activation state for

that portion, wherein the transformation is performed by changing gain

characteristic of the multiplier.

30. A device manufacturing method, comprising:
projecting a beam of radiation onto a 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 one of the spot exposures
are imaged incoherently with respect to each other and each of the spot exposures

is produced by one of the sub-beams of radiation at a particular time;



characteristic of the multiplier. 30. A device manufacturing nethod,
conprising: projecting a beamof radiation onto a substrate as an array of
sub- beans of radiation; nodulating the sub-beans of radiation to
substantially produce a requested dos¥ pattern on the substrate, the dose
pattern being built up froman array of spot exposur%ﬁgi n which at | east

f
nei ghbori ng one of t hefiFaRe RalfsHs dptadern PR EFUFRIEhEPSERAFE™AN: h 1 espect
to each othe / i of the
sub beans. of Pehie B A fubits.cHBRts GBRPaNE BRnak I EARERE SRl BRELYT (e
derived fromfietigence qoraporeatstter paeleeed thresholddesquencyf andn a frequency-cl i pped

target dose pattern that conprises only spatial frequency conponents bel ow
a sel ected threshol d f PEdyengRcontrel signalROEIDEIGING PO FXPOTWESIEERENCTSpr i si ng

spot exposur 53' 48 nezi bb"tﬁg m%8ula€1$§, sﬁ%ﬁ%ﬁﬁgugé 6@#&&&%&4@%&@%@&?&}%@ on a

i
di rect al geb Pr(?dfl% st-'squares exposur ensities to the
frequency- cl gpiedpésardiatendities it frrgiencBtlippeddergecéosepatéact uri ng net hod,
conprising: 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 reguest ed dose ttern on. the substrate, the dose
pattern being bui;2 ’ up%fﬁiea'h(i% an, ?ﬁlwgﬁlgtg%%tcog?&?& es in which at |east

nei ghboring ones of th9rc§mﬁlg@mgﬁw@ﬁiatﬁh@nidme&rdtasmﬁmtdfyuwth respect
to each other and each of the spot exposures is produced by one of the

sub- beans of beal efiradiation; a particul ar tinme;, producing a control signal
conpri sing spot exposure jintensiti to e pr.oduced by.the dul ati ng,
based on a direct al geB}oéliu tlpgi'éetsllg%ﬁlpégprfafﬁl%l‘a’?Poﬁ’l’gSt%%Bp& Sére
intensities gfle@d&%éda}ft% Jnrtﬂggm?rafe,eﬂlu%E@ﬁhteimeiggbwdb fryfiepei n  the

| east - squar es Is perfornmed by nultiplying a pseudo-inverted formof a
poi nt - spr ead afrayefl spotexpaturexinbyhiah adkastmeightatring onepofthe spotegpdsueespat t er n

data derived fromthe requested dose pattern, the paqint-spread function
mat rix conpaxegmﬁgeqt inperRty YihseReet tpﬁylgqﬁé%énéﬁ%hpgr%sp%xmﬁ% on of the
poi nt - spread

is produced by one of the sub-beams of radiation at a particular time;
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 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; and
filtering 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] fiterea = F;

low-pass filter

® K]

wherein [K]" and [K]' fera represent the pseudo-inverted form of the

point-spread function matrix respectively before and after filtering, and where



function of each spot to be exposed on the substrate by one of the sub-beans
of radiation at a given tine; and filtering to renove spatial frequency
conponents of a signal above a selected threshold frequency, incorporated
offline into the pseudo-inverted formé6Mmf the point-spread-function matrix,
ready for the | east-squares fit, by the follow ng operation: [K]+ filtered
= Fl ow pHs f iffid ks si-ICHTRICAt v pashemticplidefinitignkp i thecfikeringe By thsespptiglhe
pseudo-inverted formof the point-spread function matrix respectively

bef ore and afle®@pinéi|tering, and where 60 Fl.-Pm fi,.represents a

mat hemati cal definition of the filtering in the spatial domain. 32. A

devi ce manufacturing nethod, conprising: projecting a beam of radiation onto
a substrate as anjsarraw @vidhaniTatidngrhethad dhipeRingfrodul ati ng the sub- beans
of radiation to substantially to forma requested dose pattern on the
substrate, the request @tjesing ahgamef radiasion@nin g substyge aparearrayiofsuli-r om an
array of spoi\) exg)gffsure[si each of the spot exposures being produced by one
of the sub- bQSFRS QF@MBP% i on at a given time: converting data defining the
requested dose patternpiQubiting dWehbeheall of AlddatiofR6 SERMNtiANY t@rhaguest ed
dose at a correspondi ng sequence of points wthin the pattern; generating a
control si gnatquestedniosepattenwatbesubstratatthe rehutstddslogepattern beingheittaip t he

nodul ati ng; mneasuri t he position of at |east ﬁ ortion of tkllje.substrate
fel ative i oO¥IimRdrSH a5 aLAY o5 SHeL SXRREHTHD &R PHTE e EXRASEE PEitgnal based
on mneasur ed fhald F-¥ i .he substrate relative
to the pl anegg%euE%%W%%fgpg% %gﬂgﬁ%dégt?@%f% ct ll}?fnr% met hod, conpri sing:
nodul ati ng a beam of r adnwriingdatpdefijnieg tha gequbstedababa patierd tdo@sayuedcer adi at i on
onto a substrate; and

of data representing the requested dose at a corresponding sequence of points
within the pattern;

generating a control signal from the sequence of data that is used
to control the modulating;

measuring the position of at least a portion of the substrate relative
to a plane of best focus; and

modifying the control signal based on measured deviations of the

at least a portion of the substrate relative to the plane of best focus.

33. A device manufacturing method, comprising:
modulating a beam of radiation;
projecting the modulated beam of radiation onto a substrate; and
CD-biasing filtering the pattern data derived from a requested dose
pattern, which is used to perform the modulating, in order to control critical

dimension characteristics of a radiation dose pattern produced by the modulating.



CD-biasing filtering the pattern data derived froma requested dose
pattern, which is used to performthe nodulating, in order to control
critical dinension characteristics of a radiation dose pattern produced by
t he nodul ating. 61 34. A device manuf@kcturing nethod, conprising:
conditioning a beam of radiation; projecting the beam of radiation onto the
substrate as an adfay dfdevicampaipaiudls medPdtGoBIPTISHgHU| ati ng t he sub- beans

of radiation to substantial.Ly. pr .request ed dose pattern on the
substrate, the dose patcf’%‘ﬁho%lggﬁg’g%'ﬁi%lf?adﬁ%mﬁrom an array of spot exposures,

each of the spot exPosbe@&tpgim@bmdm&ﬁtimoﬁm@hengubtstliaae aSbakgpel of
radi ation at a particular tinme; controlling radiation intensity of a given

one of the sgib-beamsolondiatiendi ati on according to an activation state of a
correspondi ng portion of att erni.ng deyice. that perfor t he nodul ati ng;
transforming a signal é‘b‘?@*’l@gh@e S%"’gbb[e nga‘é],agop %?@F{agﬁ?lg&érggm’_e&eri ved from
the request edeflRs8d Badel fAiterrl ¢h fhe GOBYARY, thel ddB@pattePP bEIRL BhLIlNE A6l anat i on

states of the patterning device to substantially produce the requested dose

pattern; andmapadf ppt exposires,eacinsfithe spobexposenes being produeed yomeiofithensi t y
variations caused by at. |.east one qof conponents of the projection system
conponents ofY 'E‘éamngrﬁa’iah%f‘ttfnp% YHMeadi ati on sources for the

| 1umination system aRgnwOARARSHOR ifndd)3rREheRRL BEmIRh beymby, A Tl at
panel display manufactured according to the thod of claim30. 36. A flat

panel di spl ayadistionf aciontingl tacaoacivaton ctatdef reetdrogtpofiding pirtierBof.a 37. A fl at
panel display manufactured accor dith to the method of claim32. 38. A flat

panel di spl apaiteiRingdevise dhpt Rerderms the modulaiee:net hod of cl ai m 33.

transforming a signal comprising spot exposure radiation doses
derived from the requested dose pattern to a control signal representing activation
states of the patterning device to substantially produce the requested dose pattern;
and

modifying the transforming step to correct for intensity variations
caused by at least one of components of the projection system, components of the
illumination system, radiation sources for the illumination system, and

components of the patterning device.

35. A flat panel display manufactured according to the method of

claim 30.

36. A flat panel display manufactured according to the method of

claim 31.

37. A flat panel display manufactured according to the method of

claim 32.

38. A flat panel display manufactured according to the method of

claim 33.



62 39. A flat panel display manufactured according to the nethod of claim
34. 40. An integrated circuit device manufactured according to the nethod
of cl aim 33.

62

39. A flat panel display manufactured according to the method of

claim 34.

40.  Anintegrated circuit device manufactured according to the method

of claim 33.





