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l'i t hogr apfyir eAiteryi By refiGlcdes mask types such as binary, alternating phase
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Pl acenent of such a mask in the radiati on beam causes selective

transm ssion (in the case 0 ransm ssiv ) 0 eflection (in the case
of a reflective mask) of %QW@&H@?@Y%’%@N{ he mask, according to
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it can be noved relative to the beamif so desired. 100041 Anot her exanple
of a pat tI80Rk nkheqiresgat inpvention rglafasde p amathasd for aptipizingay Biumigyion source of a

lithographic apparatus. More specifically, the invention relates to a method for optimizing

an illumination source using computer simulation.

2. Description of the Related Art

[0003] The term “patterning structure” as here employed should be broadly interpreted

as referring to a device that can be used to endow an incoming radiation beam with a
patterned cross-section, corresponding to a pattern that is to be created in a target portion of
the substrate. The term “light valve” can also be used in this context. Generally, the
pattern will correspond to a particular functional layer in a device being created in the
target portion, such as an integrated circuit or other device. An example of such a
patterning structure is a mask. The concept of a mask is well known in lithography, and it
includes mask types such as binary, alternating phase shift, and attenuated phase shift, as
well as various hybrid mask types. Placement of such a mask in the radiation beam causes
selective transmission (in the case of a transmissive mask) or reflection (in the case of a
reflective mask) of the radiation impinging on the mask, according to the pattern on the
mask. In the case of a mask, the support structure will generally be a mask table, which

ensures that the mask can be held at a desired position in the incoming radiation beam, and



exanpl e of such an array is a matri x-addressabl e surface having a
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waf er) t
98/33096. In the case of a programmable mirror array, the support structure may be

embodied as a frame or table, for example, which may be fixed or movable as required.
[0005] Another example of a patterning structure is a programmable LCD array. An
example of such a construction is given in U. S. Patent 5,229,872. As above, the support
structure in this case may be embodied as a frame or table, for example, which may be
fixed or movable as required.

[0006] For purposes of simplicity, the rest of this text may, at certain locations,
specifically direct itself to examples involving a mask and mask table. However, the
general principles discussed in such instances should be seen in the broader context of the
patterning structure as hereabove set forth.

[0007] Lithographic projection apparatus can be used, for example, in the manufacture of
integrated circuits (ICs). In such a case, the patterning structure may generate a circuit

pattern corresponding to an individual layer of the IC, and this pattern can be imaged onto a
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coated with a layer of radiation sensitive material (resist) ene
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development, a hard bake and measurement and/or inspection of the imaged features. This
array of procedures is used as a basis to pattern an individual layer of a device, e.g. an IC.
Such a patterned layer may then undergo various processes such as etching, ion-implan-
tation (doping), metallization, oxidation, chemical, mechanical polishing, etc., all intended
to finish off an individual layer. If several layers are required, then the whole procedure, or
a variant thereof, will have to be repeated for each new layer. It is important to ensure that
the overlay (juxtaposition) of the various stacked layers is as accurate as possible. For this
purpose, a small reference mark 1s provided at one or more positions on the wafer, thus
defining the origin of a coordinate system on the wafer. Using optical and electronic
devices in combination with the substrate holder positioning device (referred to hereinafter

as “alignment system’), this mark can then be relocated each time a new layer has to be

juxtaposed on an existing layer, and can be used as an alignment reference. Eventually, an
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array of devices will be present on the substrate (wafer). These devices are
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[0010] Photolithography is widely recognized as one of the key steps in the manufacturing
of integrated semiconductor circuits. At present, no alternative technology provides the
desired pattern architecture with similar accuracy, speed, and economic productivity.
However, as the dimensions of the ICs become smaller, photolithography is becoming one
of the most, if not the most, critical gating factors for enabling miniature semiconductor
device structures to be manufactured on a truly massive scale.

[0011] A theoretical estimate of the limits of pattern printing can be given by the Rayleigh

criterion for resolution R as shown in equation (1):
A
R=k*— (1
Y 1)
where A is the wavelength of the radiation used, NA is the numerical aperture of the lens in
the projection system and k; is a process dependent adjustment factor.

[0012] It follows from equation (1) that the resolution can be improved in three ways: by

shortening the exposure wavelength A, by increasing the numerical aperture NA or by
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decreasing the value of kl. Al of these strategies have beeﬁ Bursued

sinmul taneously in the past and are expected to continue int % ANPARY 2007

[ 00131 The performance of the lithographic apparatus and its limtation may
al so be explained and characterized with the Depth O Focus (DOF), which is
generally viewed as one of the nost critical factors in _determning the
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MEEF describes how: reticle CD errors are transmitted into wafer CD errors.

[0015] As the semiconductor industry moves into the deep submicron regime, the
resolution limit of currently available lithographic techniques is being reached due to a
decrease in the depth of focus, difficulty in the design of lenses and complexities in the lens
fabrication technology. In order to address this issue, there have been continued endeavors
to develop resolution enhancement techniques.

[0016] Historically, the resolution limit of a lithographic projection tool was optimized by
the control of the relative size of the illumination system numerical aperture (NA). Control
of this NA with respect to the projection system’s objective lens NA allows for
modification of spatial coherence at the mask plane, commonly referred to as partial
coherence ¢. This is accomplished through specification of the condenser lens pupil in a
Kohler illumination system. Essentially, this allows for manipulation of the optical
processing of diffraction information. Optimization of the partial coherence of a projection

imaging system is conventionally accomplished using full circular illuminator apertures.
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5 09 JANUARY 2007 By controlling the distribution of diffraction
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i mge nodul ati on can be obtained. Illum nation systens can be further
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that the Beronttdilingthé distribitioh dffdi feictiomindoreteation an thedibjdctive Ling evithithe
alternative sides of the optical axis nay allow for inprovenents. Such an
appr oach 1@@@4&@%}@@%@%@%@%@@% 9 <an; e qbtained. {bmination systems - axi s

t11um nat ffa(?ﬂ) hebt&fin cf%géo%s d%Hn$¥aA4t oHE} ”@H'cﬂ%ufa?ﬁluﬁiﬁ&é% grt(n%%' Ation

that is at an angle oplca axi's eI Ncifaence of the

radi at i onsygient Where iBkinatibh Eobighély dscident bh tHeatihdkQit afianfle R thdt Y Y& t he
contrast of the image by transmtting nore of the diffracted orders through

t he | ens. arg firsdiffsaction @rﬁerna@ruecslwtnbléedmm qlmatwgémemf thecaptigelaxiomay akers ks

produce r ment effects s 0 ut on_enhancenent

I
ef fects ogotSr grflﬁ}&f e%eli?tﬁ I’%}?gsag 29 Rfoflf}? }‘?ggeﬂ%@{% reffrﬁeéll@] as \9§¢?’8i|§ WBHA¥ % nhancenent

t echni quefoi7padhayeilbatRatbRRIpARRE résBlutis b9 fﬂ%ﬂninaﬁ'n% fiRsAsktvifraddioh he DOF
include optical proximty correction (OPC) of optical proximty errors

(OPE), ph@m@s shirf arighgytorthe kpti¢aPskls of thedersu H‘heesejdmcne@tﬁ theesredlistion emther es

( SRAF) echni e used al one, in co nati on w th other

t echni que@a{i‘o i‘#&‘aaﬁﬁs Statfgwa}cg% ‘l"gnmlﬂm‘feﬁ ?otnﬁééirrggjﬁ]i’ﬁ m3geect i on tool .
[0019] O‘@arﬂﬂﬂt’ilﬂgﬁﬁré 8fﬂl%r&ﬂ‘f?akéd%fréer§"€fﬁufn thé’ Bapbirki ﬁ}ou%rﬁnht r por ate a

metal aperture l'ter into the eye [ens asse
proj ecti oueclsyqueemns@d Wwithicomtentiopmal ovdskls pigduaxesajutdon dadhamemmt effecté\smtater n on

such a net al ate woul d have four sy rically . arranged openings (zones)
with si zinesa)ﬁﬂloél ﬁrmjmaeatef? tsa‘PW@RP‘HWf‘f“PB%SMSB}f“B%H@F koverlap for specific

geon?t Yop L”Gf_%rghg % ﬁfch&eﬂﬂe&ﬂﬁ’cp%gﬁ{a? ee§ﬂ8€ﬁ(8ﬁlﬁdﬁ89ﬁ&%9t esults in

S|gn|f inin enS|ty aval owering t roughput

and maki n@sdlhteon afinthe DOF inehsle obcal pesdimith b&reonI(UPQ))@E bitical beoxfimity
ci rcul ar openi ]?@nneed to be desi %ned specifically for certain mask

geonet ry wras (PXiaphisg Shkﬁl%tnaﬁl?ﬁ( V2D @Wesubépmtm@sbfeatumsr@waonet ry

si zes an Qus wor k i thls ri bes t hod
usi g of (RER e mhe s ARHE TR ComBintihT v b St IR EhIaRES o PG B e
EP 0 500 RB&tutiordiShe Redo icPprafebtifibthol. 5, 673, 103, 5,638,211, EP 0 496 891
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oblique illumination. A pattern on such a metal plate would have four symmetrically
arranged openings (zones) with sizing and spacing set to allow diffraction order overlap for
specific geometry sizing and duty ratio on the photomask. Such an approach results in a
éigniﬁcant loss in intensity available to the mask, lowering throughput and making the
approach less than desirable. Additionally, the four circular openings need to be designed
specifically for certain mask geometry and pitch and do not improve the performance of
other geometry sizes and spacings. The previous work in this area describes such a method
using either two or four openings in the aperture plate. See, for example, EP 0 500 393,
U.S. Patents 5,305,054, 5,673,103, 5,638,211, EP 0 496 891 and EP 0 486 316.
[0020] Another approach to off-axis illumination using the four-zone configuration, which
is disclosed in U.S. Patent 6,452,662 is to divide the illumination field of the projection
system into beams that can be shaped to distribute off-axis illumination to the photomask.

By incorporating the ability to shape off-axis illumination, throughput and flexibility of the

6



By incorporating the ability to shape off-axis illum nation, throughput and
flexibility of the 6 09 JANUARY 2007 exposure source is mai A9 dANBARY 2007

Additionally, this approach allows for illumnation that conbines off-axis
and on-axis (conventional) characteristics. By doing so, the inprovenent to
dense features that are targeted with off-axis illumnation is |ess

si gni fi cagdposirbasurst tsahgiftaiddl Addit®nally, this sEirbavh. allbhe fpeilfuatin@iveahatt | ess
dense features, however, is nore optinmal because of the nore preferred
on-axi s i tquafnesaff-axis pad ontisisd congntipnad) chrsteristies, By doingsos 8uction in the

opt i cal  plaxhlidoh 81 SGEE ARUERR: HEDSE AR ihoot ALEHTARLIICS 1oss RbIATLAAT | ON
pendent on teature geonetry and nore untversal 1 um natl on
condi t i onghaf stfai Biet cTEhEE (1R ENMind06Y TThe Peffernidndd of Rsdddate fedtilres, Hole et 1sy

available illumnation intensity distributions or arrangenents include

smal |, ormpmeptisia hecagss ¢ the morg preferead qurx@ ilRmingisadpupebefeatre. Thy,  and

FIG, 5, with the ill.um nat.ed h i nafter. dt th
auasar (i e B L PR B RGPASRL BT Bl B,
i I'l'um nat Dg%‘rgiz‘ﬁﬁ&{‘is%@%eﬁéndeﬁi EBfeallr® g@nfet SRR &S uifveRfal fIRMiAatidd UM nati on

schenmes. 1 21 Small sigma illumnatron is incident on the mask with
appr oxi mataelditionecan be delegtddnat i on angle (i.e. al nost perpendicular to the

mask) and produces. goo sul.ts with e .shifting nmasks,taq inprove
Mot e 2 ST e e Sl A S T

i nci dent I -1 i%C @zq}”r' i ;Apr oves
resol uti o%ﬁg%‘%}ﬁ?{r;{%rﬁ{g}al?ggﬁ%gbt 103)1;% ocu(gl(g(lnjl) 1 %L%L%K%@e 'S Bg@?glrera]@;he'p hdent
t han ot heand qulasan FIta S, omitls tHea heminatgdadeas findreinafiet refeasdito hd therpaaiire@)) ar e
incident on the mask with_ four main angles and prqvide inproved resol ution

and i ncr eRO¥A 1 ESHSEHOR o dhe apml e avdrunyle and giasaryllpmination terBpioNatek . 100231

Referrin 1 WO: 1A um ' stens are schematically
illust ra?FeIS}.g' Eﬁegggﬁgg%zg?ﬁf%{srlg%rg@aﬁﬁﬁ E%r&lg.%gﬁ and 7 include |ight
col | ecti ngéepl $rhatbtigng iDphirasiod & incidentd%i th@Mvaglo with Approlxémdidly Afsl | i ght

integrating and projecting optics 14. The illum nation systens define an
optical aXiminggon anglg fi.¢. a?m%ﬁ’q@emsndlawgr te thesslp| aad @rodicestgeodaebdsrivisioom

o o SIS £ aP RG-SR BRSNS O
100241 FollluivtitieA$FineldestH 8 maak bt fipfes tBAMR: QrRIR]lyaSRhetFiba anli limpiodas | on
intensity distributions achievable at the pupil plane 18 are shown in FIG
8. The spesolgtianeandadncrbases depthof fdyas whde bsingtless paAlterndeperslgntthamgthey t he zoom
ens posi ih{n%?riati% rsr(izlleiranrels.y Qutagreupole and quasar illumination are incident on the mask with

four main angles and provide improved resolution and increased depth of focus while being

strongly pattern dependent.

[0023] Referring to FIGS. 6 and 7, two illumination systems are schematically illustrated.

The systems illustrated in FIGS. 6 and 7 include light collecting/collimating optics 10; an

axicon/zoom module 12; and light integrating and projecting optics 14. The illumination

systems define an optical axis 16, a pupil plane 18, and a mask plane 20. The axicon/zoom

module 12 comprises a pair of axicons 22, one concave and one convex, whose separation

can be varied. The module 12 also comprises a zoom lens 24.

[0024] For the case of conical axicons, some examples of the illumination intensity

distributions achievable at the pupil plane 18 are shown in FIG. 8. The spot size can be

varied between states A and B by changing the zoom lens position. Similarly, the

annularity can be changed between states A and C by varying the axicon opening

(separation between the axicons).



annul arity can be changed between states A and C by varying the, axi con
opening (separation between the axicons). 7 09 JANUARY 2007 [‘WB’]R‘LI%OM
improve the illum nation honbgeneity, an optical integrator 26 is used. In
FIG 6 the optical integrator takes the formof a |ight pipe 26, such as a
glass, calcium fluoride or quartz rod. A coupler 28 couples the

i |1 umi nat {082} aflo tithproya phd ilphamatiohtomogendityean optibabthtegnatdr 2o wsedt Ii magi ng
optics 30 e also.provided. |n FlI 7 ly's e el.ement, 32 acts as the

i nt egr at of fé"ént CPPS}‘P% I@Wa@FmﬁE’egﬁmP Q? %L%%/‘r%l’)"sz{éu?lb?%a g3 rlSiMRy an array
or honeygaaiir ERk bod. eA36le dduBles tRDIIIBRfiANRn|af BRGupADIARM 3htL@EP! et e
the projection optics. [00261 It results fromthe foregoing discussion that
nuner ous oypltd6pasd mrdeexivienagnigloptico3@ e alsorppedadsd. eindilGe @ fiyty eyieredereas 32g t he
resol ution of Elhe |it hogiﬁgﬁi [o gr oj ection apparatus and for maxim zing the
process wRATIRIBWhE yipgralgr- H& CYOEIFMERP 2 15 ACOMBOYEsT IPRY FRTBRIHENS ARRTY OTin a
sem condu ! i aG b £ : nsi st of
fosting  IRaehBBpr Rl R T Uty phiclie cheot 23R SEETBIAL meRb RS
sinply unogtidsi stic. As the product cycle tines in the sem conductor field
are relatively short, severe Ilimtations are put on the anount of tine that
can be spHA6] ok resulie oanhthg Aercaeins disswsin thymuarepsppiionpasdyatlable fether

ar ovi ng. | RPBSBpBRES Tar wB¥aThe Y FRRRRRGE bk ReR e Riod ShfilRyy " °

G ven t hefdr agdxirhizddg the pidtdssalindBwe X, divedinthe E6st aBPtilt& ipBGorrh BLptidneal
proximty correction features for a new mask test may only take one day,
i nst ead  Wfa segnednsiuglior frbaigpiean et (fan, hafppoachsihativarideessigref tedtiged t oday

as a usefyl tool to ai in the .devel opnent and optim zation.of ,|ithographic
appar at ustiess GBgab ferfis e bPisd® AR PRI e s BRBl BRPRHE! i or LT s
a devel oppRAkcticQAk tink¥ in el hlidonBN@bHAEIH REL RREIVEIYShoR ek Bledintitat RO GRS S€S,

and saving tinme and noney by reducing the nunbef of required experinents.

Si nul at i opig ondhe athguntaif timathatvanbe spent oh ressarchxnd developrent Sormgath mawy

physi cal &hﬁnogiena t hat .occur when pushing the limts of resolution to

achi eve fERAvF LN manhfacRiEing PIGESH or bel ow t he wavel ength of the

ext end £ hE bt e B B g e L BB ' The

|'i f eti messimiulatioh withindbe irmlusisy.eGpenshafadt that d simnlatiohleaperirerditsor 8ptimizing
the optical proximity correction features for a new mask test may only take one day, instead
of months with experiments on wafers, simulations are viewed today as a useful tool to aid
in the development and optimization of lithographic apparatuses.
[0028] It follows that simulations can be extremely helpful as a development tool, by
quickly evaluating options, optimizing processes, and saving time and money by reducing
the number of required experiments. Simulations can also aid in the research context to
understand many physical phenomena that occur when pushing the limits of resolution to
achieve feature size in the order of or below the wavelength of the lithographic apparatus.
Finally, simulations can be a tremendous tool to extend the optical lithography to the sub-

150 nm regime and to prolong the lifetimes of million dollar steppers and billion dollar

fabs.



09 JANUARY 2007 SUMVARY OF THE | NVENTI ON (00291 One aspect of the present

invention is optimzing the illumnation conditions of a |i08daNapaRv@007
proj ection apparatus by conmputer sinulation, The present invention provides
optim zation of illum nation conditions of various responses of a

| it hographic projection apparatus, including, for exanple, the process

w ndow (exposure/ dose | atituyfevweARYSOEaRIEINWENTRSNS) . side | obe printing
and mask error enhancenent factor. (0030] According to this aspect of the
present invention, there is provided a nethod for optimzing the

il 1 nat i diti f lith .aphi c .app. tus b ter. si | ati ,
er o s BBy ¢ BRE e R st O AR e BRRRE B Dl iiath Pl ot 0o
system tﬁ&ogfgﬁﬁiggnﬁojh&fdn Qﬁ%usqﬁ'fdoﬁiﬂﬁger%irﬁdl%mgr reseﬂmv@ﬁﬁbd{ ;gr?bﬁe@“ nted

on a substra ecting simil ation nodel ; selecting a gri source
poi nts i nogtirpizptién @f illnmirektiohkenditibnmdfiations respalseLid fat lithggraphiapadjectioasponses
for individual source paints, each of the responses representing a result
of a si ngfRPIFuS Ficlyling, foGX3mpie, ithsiroerss Mindone(cXpesredossrahiyde versusdppth

adj usting N BE)s i . éi?d]g Ll nat or based on anal ysi s
of accurru?gft%g ) g#%@sf&?%?ﬂg?ﬁ% e sg{)%%%r%%&é{agﬁ}i}gﬁ%g (00311 According to
anot her apps¢t Aofortiing tties aspecti sf\tepriesont idvieatian, tiserisprovided a msgidiofdr f or
optimzing the illumnation conditions of a |ithographic apparatus by

conput er SptHZEY theillugsinatipn eanditioas pE o litweraphigtapparatupbecemputes simylati@iyr aphi c
apparat us_} ncl an_illumnator. an Projecti on_syst t he t hod

her udi nggrer HF uRrden sy RandBlee R bRk i Rkl S el T e

sel ecti ngn@th"o@%o‘iﬁdiﬂ%?dﬁhhi al 1gfibgraghia pittdrel tdbe ?ﬁx\té@@n R@LBdtEate; Galebtitlgad | Ng
separate responses for individual source points, each of the responses

r epr esent simylagion exadet; selecting & gndpEsawrcespinte &n apupil plahaof thedllusinatprt he resi st
nodel ; and.adj.usting an illumnhati,on rrangenent bas on anal ysi s of
Rocunul at TR eBeR Tesnont far B sl EFEHONS. <ob a0 TRUCORE ng to yet
anot her agBRsintR aBGi1 SYVLHEAI0Br sdr8 bE sl oRY LSRE tiR TRLRGEN R del;QRET M Zi ng
the illum nation conditions of a l|ithographic apparatus by conputer

si mul at i omljustimgng illwoinetal awargemestef thajllunhinater bastden lhnilhsgpAptvumudgigaar at us

i ncludes an il | um nat or nd a projection system the nethod including:
defi ni ng %Sfscf 8l sepArate ‘iﬁ‘z‘i"ﬁl@msfto be printed on a substrate; selecting a

simulatio del .S i i > WAt el )l of the
7| T nat BAIP CBpcorRB e adilerdofit Or B pRAUKGR ALY, fetells Bt s mBhARTrD
each of ¢piEnizEgpEBRminaphedaditiongoba litheglaphiofapparsius Gy e otiputee sinfdatéin

simul ations using the sinulation podel; calculating a netri¢c representing
vari at i onusng fulaesigsalcatatiophapindhe ithogiaphic\apparafus gncludes an illuminator and

a projection system, the method including: defining a lithographic pattern to be printed on a

substrate; selecting a resist model; selecting a grid of source points; calculating separate
responses for individual source points, each of the responses representing a result of a
single or series of simulations using the resist model; and adjusting an illumination
arrangement based on analysis of accumulated results of the separate calculations.

[0032] According to yet another aspect of the invention, there is provided a method for
optimizing the illumination conditions of a lithographic apparatus by computer simulation
using isofocal compensation, wherein the lithographic apparatus includes an illuminator
and a projection system, the method including: defining a lithographic pattemn to be printed
on a substrate; selecting a simulation model; selecting a grid of source points in a pupil
plane of the illuminator; calculating separate responses for individual source points, each of
the responses representing a result of a single or series of simulations using the simulation

model; calculating a metric representing variation of the separate responses for individual

9



09 JANUARY 2007 source points wth defocus; and adjusting awiiAﬁnﬁnthgn
arrangenent based on analysis of the netric. (0033] Accordi 8 Rﬁﬁ? 0
anot her aspect of the invention, there is provided a nethod for optim zing
the illum nation conditions of a l|ithographic apparatus by conputer
simulation wusing aberration sensitivity, wherein the |ithographic apparatus
i ncl udes a&nurice poimtsisitio defapies; and pdjvjtingtandHumynstiemprrangsnrent basdd ion@halysingf

defi ni ng ghlithographic pattern to be printed on a substrate; selecting a
sinmulatio %%ﬁ%*; selecting a grid of source points in a pupil plane of the
i1 um nat ggo33)defdchidie Riyet fRtherABFecRBEME fiveRflon Sher & prohRc@hh&REd RR SYstem
cal cul ating separate responses for individual source points and for the at

| east one oghemzing thenllgwinatiemctndidnstdfe litksgrapisespmasinesecimpgessimebtiph of a
single or series of simulations using.the _sinulation del ; ..and adj usting
an P11} un ASTE SRR o SRR DREE B helrge S e e et BRedPt 01 the

separate %"ﬂrﬂ%tﬁ}d‘ Sem, (}Qggeﬁhod\ﬁﬁﬂ{]dgﬂ;]é? ?Sfriﬁn%gtlit}?dgq)ﬁﬂ?l% }t)cﬂ%pll?ﬁt%ﬁﬂﬁtg@ ona

i nventi on ere i $ provi a net pti m-zing nati on
condi t i onsulestrate; kélédimgrassirnunlatiag paxdal; yeledtingeogrilid fsousepolms irapupibplage ofas k
assist features at the_ illum nator |evel, wherein the |ithographic apparatus

i ncl udes & Hipmigatoradefining at 15ashpns abarragan sgtdorthe Projectiontsyeiam; Aelrlating):
e ! re o J :
Sl oSl PABYRRLF (AP AR Y W 67 R Rt BT R S50 70, °

_ _ assi's ures con ( pri nt
the lithogf &iéhrbﬁ)oﬁﬁstr@reseﬁﬁn% BeesalthThrsiighs or seféLtsimplatiofy ugin@fhesour ce
points in a pupil plane of the illum nator; calculating separate responses

for indi vistuditiagouedd; 3| adiusting en ilpmingilematangemsit based on antadysiswfes, each of
t he responseslrgfres §§§B? a Qgsult of a single or series of sinulations
usi ng the?gWWﬂ1%f BRI, i8¢ serarale slFYaie™y an i 11 uni nati on arrangenent based
on anal ysigsff Aresramy otyeeardotsddabpect 6f the I cAERR 1Rk €1sG7b fidbdh nRifod oP035(
Accordi ng to another ‘aspect of the invention, there i's provided a nmethod for
opt i m zi ngptihezing thanilymingtien canddtiariseie lidogaaphid dppgrasysH yoccaqprerssimslabign
conput er si.nmul atjon. using best. uniformty netric, wherein th

Tt Pogr apHPEE Ak Amiss S e HaBe BmIBAPT B beF TaHa L GC ISy st em ¢ he
met hod i nglHeB gn jIRBH M oP ShdPa k@ﬁ&%ﬁ@p&%ﬁ, R8BI intiRdiAg: MAdhes on a
substrate; selecting a sinulation nodel; selecting a grird of source points

i n a pupi lithpigeapaicgfatttinetoibelprmtadainos subdiedte ectegtiag p bimdbtidrymodelpdefarieg er s and
their range of _ variation; calculating separate responses for individual

sour ce polHEk 2w feapresenpigsredin delpirkt dicilijogsrriiapaiiaee epdhe ehekales the
her ol oo eI otk PRl irrllgj pibifliAE & B nﬁﬁ{ihealérﬁgm&ﬁygy sglf0s using

t he sinul atron ric represen I on
responses for individual source points with and without mask assist features, each of the

responses representing a result of a single or series of simulations using the simulation
model; and adjusting an illumination arrangement based on analysis of accumulated results
of the separate calculations.

[0035] According to another aspect of the invention, there is provided a method for
optimizing the illumination conditions of a lithographic apparatus by computer simulation
using best CD uniformity metric, wherein the lithographic apparatus includes an
illuminator and a projection system, the method including: defining a lithographic pattern
to be printed on a substrate; selecting a simulation model; selecting a grid of source points
in a pupil plane of the illuminator; defining a plurality of parameters and their range of
variation; calculating separate responses for individual source points and for each of the
plurality of parameters, each of the responses representing a result of a single or series of

simulations using the simulation model; calculating a metric representing CD variation of

10



10 09 JANUARY 2007 the lithographic pattern for the pluralit f par ers
and for the individual source points; and adjusting an ill um(ﬁaf"’t“{}ﬁ““{%%
arrangenent based on analysis of the nmetric. [00361 According to yet another
aspect of the present invention, there is provided a |ithographic

proj ection apparatus including: an illumnation systemto provide a_

proj ect i orthe ﬁ@aﬁﬁaahwrpamratfpbﬁh? piurality o paragctang ang for the indiyiiat sauresanaietfini ng

structure i 0 . i ecti m according to a
desired p%érﬁ?ﬁggrﬁlbgﬁg leoglggbapgél%%{tﬁg%eg%g%gigggf?%ergagmpr oj ection system
t o proj ectjodsbie Arbidiigwd/cheasithermispect of the@edsednbvéndion Othetelie praudiaits ate; a

processor to define a |lithographic pattern to be printed on the substrate,
sel ect a lghoggaphic preincten peirasatys inglusling gn Illysnigptéonotysteeto iTpvide a@rojestiony st em

cal cul at e ;separ.at g .. responses_.for i ndividual source, points,.each,of the
responses _bf‘ %‘%Pé §%cﬁ?tlloﬁlg 4 qué)ﬁt’fucé\"e E’ Supp %‘3?8 a@;mglglsfxﬁgtug:f ‘_’Vgicﬁﬁﬁﬁ? f Bshegqﬁs i ng
a sinul at 'p@ﬂerﬂQH@bro%'e%ﬂQn Bédnk Ut @n@fo PBESiFEH peferni 4 LubIARANEG tFhdl1aRgeMENT
based on anal ysis ot the accunulated results of the separate cal cul ations;

and a sel subsitaley apagjectivnesybienito povjeetdhd patteriedtbenm cattaptazgettporthdéfitie a cr oss-
sectional intensity distri ion.in the projectjon.beamexiting the

1 um nat (UTPGYR eatpaeror S E s anshOeieeic BHEB I PPEET Ph s A pErielect
arrangem%d%@'s&&l:é‘b&ﬁts% a:pﬁgilwa%%?% iflu %ﬁ@ﬁsfs@é}ﬁf itk 9%15'%?8& her aspect

of the present 1nvention, re 1's provi d%qd a machi ne readabl e nedium
encoded wirédponges iomadiewdmelitombdeepaints,t aavic bf tha sesbonses pipreseniingya egsultiof bum nat i on
arrangenent of an.illum nator according to a thgd i ncluding; defining a

i t hogr apMElsseEsTOisyNBlatipns HrgR S t@awﬁ@@, calgplata MRPENZedyy| at i on

model ; Seliﬁtﬁhfég %rﬁ az?fg.%fiilef?tf ba§9&'§ﬁ: fndt .'éﬂ'&fsthé Q%cﬁnﬁ‘th_éd Iegl!ll §t tﬂé sdoafate

i1l um nator; I°’ng separate responses tor 1 ndividual source points,

each of thkelchREMN)aesa bepdtasie vhfistde Bedn® Sottiollef that Biadgpted &y moaify @ srdek-
sinulations using the sinulation nodel; and adjusting the illum nation
ar r angeneiectiaslaatenyty dipfaibyseringhe pradeciion e gkdagtes ilumyingfon systegepar at e

cal cul atigns. .[ 0038 ccording..to vet another aspect of, the invention, there
o orovi darosgy rad SRR il e e R ARl L L B HE piat ¢ o med
beam of r agbAt iARBo@MoANbMESRpectiAthd Hascdt inveht@de thedd isipreVidtd QhadRASI ti ve
material on a substrate, wherein, prior to inpinging the nask, a

cr 0ss- sect¢adable niadiven sneoded mathrmaahineogxeruiablp énspruofienstfooeptibeizing an opt i mi zed
using a nethod.as described abgve. [00391 Althou peci f.ic reference may
bo. made | AR LT EGRERPT0aRinaloE SEEspaine e EheRd R HiTE: SEHRESF nvent | on
in the MRRACIHICE M e it diRfate RIdaht b intARSH08d; Lakingguch an

apparatus ha ny ot her possible applications.” For exanple, 1t may be

enpl oyed grid of source points in a pupil plane of the illuminator; calculating separate responses for
individual source points, each of the responses representing a result of a single or series of
simulations using the simulation model; and adjusting the illumination arrangement based
on analysis of the accumulated results of the separate calculations.
[0038] According to yet another aspect of the invention, there is provided a device
manufacturing method including: projecting a patterned beam of radiation onto a target
portion of a layer of radiation-sensitive material on a substrate, wherein, prior to impinging
the mask, a cross-sectional intensity distribution in the projection beam is optimized using
a method as described above.
[0039] Although specific reference may be made in this text to the use of the apparatus
according to the invention in the manufacture of ICs, it should be explicitly understood that
such an apparatus has many other possible applications. For example, it may be employed

in the manufacture of integrated optical systems, guidance and detection patterns for

11



inlthe manuf acture of integrated optical systens, guidance and detection
patterns for 11 09 JANUARY 2007 nmgnetic domain nenories, | i0QUaUaRYS308!7
di splay panels, thin filmmagnetic heads, etc. It should be appreciated
that, in the context of such alternative applications, any use of the terns
"reticle", "wafer"” or "die" in this text should be considered as being

repl aced byaghBife ddmR4if nfanRled] lidudd BB/stal &S Hay part D aiif &k mARRtic haddeSdtc. It
portion", respectively. 100401 In the present docunent, the terns

"radi at i oshoudd e dppremiited that,uis dlie ¢comtext obsyphsitternative appiestiafs, atyewserodthegnet i ¢
radi ation, ingludjnpg, ultraviolet radigtio e.g. .wmt .wavel engt h of 365,
235, 103, 1o HCleba WA Oh e v BdthsbRd bF ehis e et beGreRiae R ey kg,
having a vwayebaied erhdd "hlisk" @8 trRe2ohd ik gﬁ%&ic‘!ﬁ" {egécti%fyt.' cle beanms, such
as ion beans 6r electron beans. BRI EF DESCRI PTI ON THE"DRAW NGS [ 00411
Enbodi meni@4@f In the prevemtnidcoment, ke teows tredidscrand €tearyy aneaygedfo axcamphsss onl vy,
with reference tg the acconpanying schematic drawi ngs. i n which: [00421 FI G
1is a scﬁﬁﬁa&teﬁ e? Flpthm%@ﬂlwdg%ﬁoaswﬁ tﬂgi‘{l‘ﬁ%‘@?labwahatlﬁpgf~éc‘fflt%ﬁ appar at us:
100431 FI j tidgs | i : bQ

11 arm nat s aehfh 33658, 165, 131 P @b Sk LD EfCrhe wlifervipB MR ey
annul ar ohhviax h wavblebigth i theGangy 3-30 @ ERtwell dGdticle bedms, 4udtasdof BEEABSH C

illustration of an off-axis quadrupole illumnation arrangenent; [00461
FIG 5 isckcembemmsic illustration if an off-axis quasar illumnation
arrangenment; [00471 FIG 6 is a schematic illustration of an illum nation
system 100481 FIG 7 is a schematic illustration of another illum nation
system 100491 FIG 8 is a BRIFNBESCRIFTION ORITHE DA WINGS nati on
arrangenments obtainable with the illumnation systens of FIGS. 6 and 7;
[00501 FIG 9 is a schematic illustration of yet an illum nation system

100511 FI G | i §5.a sch tic j.llustration of.. a | ti pol e node nerati ng
ol ement - ofoee ErboRpfinTe B ripelienival het e destrivghdy i Sagpi oA
schemat i C yjifhl bRtdnel ide Qéco?nﬂéklkrfn'gl%@ﬁ&ndiféfiﬁaﬁ%@?fn%hi@ﬂ: el ement according to
an anot her exenplary enbodi ment of the invention; [00531 FIG 11 is a
schenmat i c [00o42] uFIG.dt is asclidmaticniibstrytioh @f apletotjthographicyojet toreafparaes; or di ng to
anot her exer‘g)l ary enbodj nent '?f the i venti on; _ ) ..

[0043] FIG. 2 is a schematic illustration of a small, or low, sigma illumination

arrangement,

[0044] FIG. 3 is a schematic illustration of an annular off-axis illumination arrangement;

[0045] FIG. 4 is a schematic illustration of an off-axis quadrupole illumination

arrangement;

[0046] FIG. 5 is a schematic illustration if an off-axis quasar illumination arrangement;

[0047] FIG. 6 is a schematic illustration of an illumination system;

[0048] FIG. 7 is a schematic illustration of another illumination system,;

[0049] FIG. 8 is a schematic illustration of illumination arrangements obtainable with the

illumination systems of FIGS. 6 and 7,

[0050] FIG. 9 is a schematic illustration of yet an illumination system;

[0051] FIG. 10ais a schematic illustration of a multipole mode generating element of the

illumination system of FIG. 9;

[0052] FIG. 10b is a schematic illustration of a multipole mode generating element

according to an another exemplary embodiment of the invention;

[0053]) FIG. 11 is a schematic illustration of a multipole mode generating element

according to another exemplary embodiment of the invention;
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12 09 JANUARY 2007 [00541 FIG 12 is a schematic cross secti il lust ion
of another illum nation systemand the resulting illum nati ON%M@S
obtai nable therewith; [00551 FIG 13 is a flowhart illustrating a nethod
for optimzing the illumnation conditions of a |lithographic projection
apparatus in accordance with an enbodi nent of the present invention; 100561
FI G 14(a)i06s4 Flechiisatschematpr aosareatiorolusifationef esetheridiumination system and
illTumnator with a.,low.sigma illumnatio rangenent; [00571 FIG 14(b) is
2 senenat (e Vabad upite i ioaenb s SblBP BB e | 1 ni nator with s
quasar ar ng@ege Gt 13 sQ0RSchati@lustfating a it RHbpiRRihd HeSiRidafien t he val ue
of the normalized aerial image |og- slope (N LSS} as a function of source

poi nt | ocaphditionsorf aditbegreplic prdjédtivngppghius upaicostancg $8h anrenibodinadnt df thenes
printed with Ia.Chr nel ess Phase Lithography mask); [00591 FIG 16 is a
f1 owchart PIPSFYSEYEPRy a nethod for optim zing the conditions of

illum nati o] i =Tela TNfel j i : | : :
erbodi mont el thg [{GNE M AR R PR TR MMM i
t he net hodovdsarailiedliraniofr bffangeent;] 00611 FIG 18 is a flowhart illustrating

a nmethod for optimzing the conditions of illum nation according to an
embodi mentd0%87 Fie. 14Dk eisshematisospresentation pd 2ickosy setiogrod AR BiNpHRAtIIGVItR AL h of
Focus (DCFLa‘é?Lu‘.l’ﬁ-% ljul ated with various trial illumnation conditions to
DOF val ues obt ai néd W th the methods described in FIGS. 16 and 18; [0063[

FIG 20 i $0038]s TGN is@ coapue grptilistatingthetvaliesd Ve @drmaliketadrial ifdage log-
arrangenments used in FIG19; [00641 FIG 21 is a table conparing DOF val ues
for sever &lope (NI aafifenstian o popErepeIst logasion; faee spacill lithegnankic ordgmEPIrul at i on

software (Pr.oli M an i th t enbodient. .of  the pr.aesent invention that
aes we oRPRsa LM BRte Wil ol P AE S hiBberr b mBE8” D51 Fi G 22 1e a
di agram c s’ FRG. 193k aVRvBart 9idistiafifsla WietHbdFo LSBTz Gigathe Shiditigid in  sof tware
using full illumnator calculation to DOF val ues obtained with the nethods
descri bed illymipptE® ofadlithograplg c boyjectivn appirais aedording & amegbodintest eftbon in FI G
20; 100661 FIG 23 is a diagram conparing DOF val ues obtained with a
comer ci al™§MfFati on software using full illuminator calcul ation to DOF

val ues obigkdje @1 tA1s bLR8nidaE HRAPDbtained with the method described in FIG. 16;
[0061] FIG. 18 is a flowchart illustrating a method for optimizing the conditions of
1llumination according to an embodiment of the invention;
[0062] FIG. 19 is a diagram comparing Depth of Focus (DOF) values simulated with
various trial illumination conditions to DOF values obtained with the methods described in
FIGS. 16 and 18;
[0063] FIG. 20 is a schematic representation of the several illumination arrangements used
in FIG 19;
[0064] FIG. 21 is a table comparing DOF values for several illumination arrangements
obtained with a commercial simulation software (Prolith™) and with the embodiment of
the present invention that uses weighted dose and interpolated source measurements;
[0065] FIG. 22 is a diagram comparing DOF values obtained with a commercial simulation
software using full illuminator calculation to DOF values obtained with the methods
described in FIGS. 16 and 18 for the illumination arrangements shown in FIG. 20,
[0066] FIG. 23 is a diagram comparing DOF values obtained with a commercial simulation
software using full illuminator calculation to DOF values obtained with the methods

described in FIGS. 16 and 18 for the illumination arrangements shown in FIG. 20;
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described in FIGS. 16 and 18 for the illum nation arrangenent hown in Fl G
20; 13 09 JANUARY 2007 [0067] FIG 24 is a flowchart illust r@t‘fﬁ%”*é“ od
for optimzing the illum nation using isofocal conpensation in accordance

wi th an enbodi nent of the invention; [0068] FIG 25 is a Bossung pl ot

showing multiple CD vs. _defocus curves, each_ curve at a different exposure;
[0069] FI Q967 g 1Ca i lovelpriddusifating sragtard o PpamiFag HedSuBREPREMNG t h
resist c j ri L . L ane 26Cc represents
the. 11t hoar aare S0 Pe Rl deEordyRRAFr B S At o B el Pondi g Lo &
pattern ofjoid® rHIGh2S &2 Bossangplot shawipg haiitipld Q7ds] dEfoCEs cuidves, asvh e ane

i sof ocal curvature nmaps obtained with resist calculation and aerial inage
cal cul at i Shifers XPPRI¥er ati ng opposite i sof ocal behaviors within the

il lum natqQr: o | 2} .F 8.1 Ll VB i hte.i.sof ocal
behavi or glﬁlogwi r?glega%?an%&tzﬁé Beégetsgltﬁ?%%&lﬁ%tl oﬁéggga%%%g%t% !lfhcgr&l%the specific

pattern stoduRéof 968d sétal hphgscalculidnpun pitch); [0073] FIG 29 shows the
variation of the CD as a function of defocus for several exposure energies

aft er opt il#7¥lathlon26Gs repregents thedithegrandic piohieim stodisd if BT L6rpm] 268Da is a

cont our maﬁ illua.trfilti n%%t he %]Bntr%gut.i o f ea]g .source point located in
the i1 umHEEHIPEEHE PRESIMBEAY SFHBEET 8 4 00 P BE ax- EL; [00751 FIG 30b is
a contour [§@p IFIGS:sz"faaetddrmtali*@isswamrduwme&hagé oBREHEdSP fRisPeilAflatiRcaided i n
the illumnator to the dose-to-size El:I; [00761 FIG 31 is an illum nation
ar r angenereridtimape cgapationdrand usfating @ppdsditaniofertab behavérrs withirbiha @duminfor;nat i on
related to isofggal_ conpensation, exposure l.atjtyde and dose-to-size;

00771 FI Q00755 HE"25 ROUpe iR Ao e Mt PR tsir Pl ST Sa e RinR b
arrangene 4 i : 4 : Wi RO, Sitkigt | t ude
obt ai ned \?\;htnﬂﬁl? E%Wﬁ%ﬁh%%ﬁéﬁhe[a ?éﬁég%% St%gheg\%g In ﬁéﬁ%—iep(Sl; 1@8&71@1 FIG 34
shows t he [80as]i #GO20 sHowsitke exptourod theafD tasid dumnwitioh odl db foc us for e¢vetkilfek posand
illum nation conditions; [008% F| GS. 35a-d _represent, respectively,

si nul at i ofprgks pter Grmyzaian 9fdhe H@RgaLePAItions;t i t ude, depth of focus,
depth of f S 9% - af . j - Cur ure
for o pat 17 E80, 368k oG PRGNl Bk Uoffol OFedol A5  hoinE B

[ 00811 FI G th3GHumhaYs t6 tHathatimum &gt fatildevhagElLhe vari ation of the depth

of focus at 8% ) ) i o )
{0075] FIG. 30b is a contour map illustrating the contribution of each source point located

in the illuminator to the dose-to-size E1:1;

[0076] FIG. 31 is an illumination arrangement at the pupil plane of the illuminator that
combines information related to isofocal compensation, exposure latitude and dose-to-size;
[(0077] FIG. 32 is a focus exposure matrix obtained with the illumination arrangement
shown in FIG. 31;

[0078] FIG. 33 shows the exposure latitude obtained with the illumination arrangement
shown in FIG. 31;

[0079] FIG. 34 shows the variation of the exposure latitude with defocus for different
illumination conditions;

[0080] FIGS. 35a-d represent, respectively, simulation results obtained for the exposure
latitude, depth of focus, depth of focus at 8% of the exposure latitude and the isofocal
curvature for a pattern corresponding to 75 nm holes located in a 400 nm pitch;

[0081] FIG. 36a shows simulation results showing the variation of the depth of focus at §%

of the exposure latitude (DOF@8%EL) as a function of the pitch for different types of
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of the exposure latitude (DOF@%EL) as a function of the pitch for different

types of 14 09 JANUARY 2007 illum nation arrangenent, whi ch09daNshaxr2007
FI GS. 36b and 36c¢, for a pattern corresponding to 75nm hol es; [0082] FIG
36b is an illum nation arrangenent at the pupil plane of the illum nator

that conbines information related to isofocal conpensation, exposure

latitude amgnihaséen ir@artpedRnt, aichay sREvRin(FI6S. 360 a3k, doriss@m | | | um nati on;
100831 FIG 36¢c is an _illum nation arrangenent at the pupil plane of the
i |1 um nat ¢prrespanding dpbimedoless or mati on rel ated to i sofocal conpensation,

exposure | atjt d d -10-8i 7 and hayi.n 0.4a +.0.97/0. 4 guasar

TP oo nat it #6805 AR S BaRbf Srro RBRCNEN W i1 oF e AfinBnito e

opti M zi NGomBes aifeimdtNSelated tb idofsdaDedrhhsatibn2 6GVsHR1GEME hid dste@bRREI Nent
of the invention; |[00085 FIG 38a shows the CD variation of a double |ine

pattern f@ndhaviagaDeoses. 988 hquasanidiumanation; wavef ront aberrati on created by

| ens aberrations, 0861.FI G 38b is a sch tic.illustration.of the double
| Tne ot r udPBila HGeTPe i iaeEon HEATERRRYAR FIRAYGH RIEE Q1ahT UREHRI R | one:

[0087] Fl GomBARs infon#RRIreMfed T8 Rotddat&dnhantkatdnl B&os@tihtitl hRNIRE-16358

source point located in the illumnator to the depth of focus cal cul ated at
8% of expasdhavihgb Dtdadie(.97 0 @BX&EL) lusmdition). cul ated for the double line

structure shown_ in FIG _38bh; [Q088]. FIG 39b is a contour illustrating
i sof ocal dfBdatilPeSaiid %Y‘g‘ﬂﬁéﬁ‘éﬁﬂm;l% af‘F?éhOddrB{JBPtém}zi“Fget?’gtcP’irEB%SeOfs hown in
FI G 38b; ; L F bl .of the double Iine
structur ellglg{r?i%'? orlglglc%cg%g%é&g&@%g?%@b%(ﬂﬁgﬁ%g%g@%#@%’I um nation (a=0. 25,
a=0. 15, anobsgnal@. 3BAshdws tleeOD Majiatien of & dowbld liie patternbay efreolRhsaalaear at i on;

[0090] FIG 41 shows the different illumnation arrangenments at the pupil
pl ane of d#retion of wayefEars pbemritongreataddydenseberations, al of FIG 40, i.e.

a=0. 25, afo%aéygglé%b%?%gnheﬁf%ﬂg&%gl;g of e ol Hne SlriutAded i PsifiOilOte TP

representin varl atl ons as uncti on urce pOI nt

| ocati on IOD a&&@IbHANE & Whi lberatioidodi ment of the present invention; [0092]
FIG 43 is a contour map representing the variation of Depth of Focus

measur ed #087]3%Gf39ipa sonteut map illngtrating the contobhidon of cagh sewree poinhlocated at i on
oLt R o b R 1% S RSBl e 11 FI
(DOF@8%EL) and calculated for the double line structure shown in FIG. 38b;
[0088) FIG. 39b is a contour map illustrating isofocal curvature and calculated for the
double line structure shown in FIG. 38b;
[0089] FIG. 40 represents the CD variation of the double line structure for three lenses and
for three types of illumination (6=0.25, 0=0.15, and small CQuad + ¢=0.15) as a function
of wavefront aberration;
(0090] FIG. 41 shows the different illumination arrangements at the pupil plane of the
illuminator that are used in the trial of FIG. 40, i.e. 6=0.25, 6=0.15, and small CQuad +
0=0.15;
[0091] FIG. 42 is a contour map representing CD variation due to aberrations as a function
of source point location in accordance with an embodiment of the present invention;
(0092] FIG. 43 is a contour map representing the variation of Depth of Focus measured at
8% of Exposure Latitude as a function of source point location for simulations done for the
same double line structure depicted in FIG. 38b and for a Chromeless Phase Lithography

mask;
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mask; 15 09 JANUARY 2007 100931 FIG 44 is a contour map representing CD
variation due to aberrations as a function of source point | 09JFaNOARYR007
accordance with an enbodi nent of the present invention; [0094] FIG 45
represents the CD variation of the double |ine structure for three | enses
and for three types of illum nation (Phase shift mask a=0.25, CPL mask
0. 80/ 0. 55 (6dyfs G 34Y is adddlidulknapBeirefinBns CrPPar(ddea Alie fPdbeRtidnd 44NCfuh&ibrof
wavefront aberration; [0095] FIG 46 shows the variation of the Exposure
Latitude a@fseuréapainilopatoh inlecaidgch vath anfepheslirhient of e priesemé invgplean; of

illum nation arrangenent sh in FIG - [,0096]. FIG 47 .is.a flowhart
11 st at 1009412 FIG Ftrorese g ghe b Dndiesin il e eHHS e stBhotitf forhies ereeren
accor dancgo\htdl ks SFNRAHIAENN @hald\Gist PUSINELED5, CHORAY 5186/0. $8QlskaR30°
schematic {11 usttfﬂe%tsi on of a ga?{hgrn of trencﬁes’ V\nﬂ?h mask assigt feat Ures
(ant i - scathé CPLngadid).8Y/0.6D hused SHrshduhctmnddwayt freatcdbetratorgh; 100981 FI GS.

49a and 49b are_two contour nmaps representing the variation of pt h of
Focus and [®80d e4q_§h°|“tsl}9‘°ev§§atléinf°g E’@HS‘HF%@BB%dééS B@W‘Op@égﬁ%?ﬁthf‘?fr

sinmulatio : : i L 8,and for a
6% at t enug(?célg?%ﬁgégﬁg MJ?S érrf;lggﬂﬂ%ggggﬁ%é%q%ﬂ{bﬁoﬁsmﬁ}héﬁvari ation of the
exposur e labéjt FHE. 45isa flawubhaitdltusiiatifg phdetiald Hooptémizingy the @6nditisns of

Anti-Scatterring bar pitches and for various size and | ength of CQuad pol es;
[00100] Fillmningfiorginpggongdpneesyigh aembeshmsufrofifbpivertitiesent i ng the vari ation
of Depth Focus,and r itu ncti on .of ur i.n
Pocation 18P HARRN ynPih 878 pRTert of HofsP WP oL M

(wi t hout Q{ﬁftii-scaﬁéﬁhgfbﬁisﬂﬂis?@deﬁbn%ﬂ;sfi@é’s of B éricghuat ed phase shift mask;
[ 001011 FIG 52 shows the CD variation of the trench as a function of

def ocus wilaops]t FEGS t49% a0l 48k prestand ceintoyr maps GResdntangthe varatian ofiPepsh 6Hn t hat
has been sel ect usin i.sqf ocal. ¢ epsation.anal ysis. [.001021 FI G .53
Cepr esent Sopang PR e ke fdE 3D RSP EO &1 St A 1aeA R aer HROOBR R i
Focus for @by ddpictsd BARIE B8 ahd ?d}gi%%i&&én@?édgﬁaﬁgslﬁfttrﬁhskbe embodi nent  of
the invention represented in FIG 47; [00103] FIG 54 represents the

vari at i on[0$9] EXfosifr showvatthe vatmtias oltheemposuonlatfudbep  Humdtionfed depthoi dwiung t he
ef fect of _bias on Exposure Latitude; [001041 FIG 55.is a wchar.t

i |1 ust r at fHfg2HOWEAAY %%meﬁgml%g T XY e1E5Red dineth o é&i‘ﬁg?‘?]% wi th
best CDU gl #1686 AGGAE2HGR Wo ddn@ir RIEBOFPRBARY thE BErADSHD P of

Focus and Exposure Latitude as a function of source point location for simulations done for

the structure depicted in FIG. 48 (without anti-scatterring bars) and for a 6%-attenuated
phase shift mask;

[00101] FIG. 52 shows the CD variation of the trench as a function of defocus with the
trench exposed with a 35°CQuad and 0.1c illumination that has been selected using
isofocal compensation analysis;

[00102] FIG. 53 represents the variation of Exposure Latitude as a function of Depth of
Focus for the two illumination arrangements selected with the embodiment of the invention
represented in FIG. 47;

[00103] FIG. 54 represents the variation of Exposure Latitude as a function of Depth of
Focus showing the effect of bias on Exposure Latitude;

[00104] FIG. 55 is a flowchart illustrating a method for optimizing the conditions of
illumination with best CDU metric in accordance with an embodiment of the invention;
[00105] FIG. 56 schematically illustrates a 50nm double line structure printed on a CPL

mask;
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1001051 FIG 56 schematically illustrates a 50nm double line structure
printed on a CPL nask; 16 09 JANUARY 2007 (00106] FIG 57 DgJaNvary@007nnap
representing DOF@%EL variation as a function of source point location in
accordance with an enbodi nent of the present invention; )00107) FIG 58 is
a contour map representing CD variation as a function of source point

| ocat i on igd16% FOGISNEQ ddntdur b refreqatiie DOFSYJFe. RiRE8R ks & AMRAbA BN Shown in
FIG 55; and [00108] FIG 59 represents CD variation for several
i 11 umi nat isewrcapeighlpeation ia ageerdinse witlati gukodimentadites presediEivention; DESCRI PTI ON

) 00109) Fi schematical ly depicts a-lythographi r.ojection apparatus 1
Jccor df ng D8 ETCRRL B Rafier BePe e R UBA P I APRE o Suioh ! FHET 08 o

radi ati on |sfbe de¥ordahcCRNE tHGhIRAIm &N G f H RBERHink EntfdHPMoWnan FIQ) 55 bh®N
beam PB of radiation (e.g. UV or EUWV radiation, such as, for exanple,

gener at ed [(9y08hI@x9 represénts €D vpetian forgewtraldllwenmstiongtlangdfmendSandrfor 193  nm
or 157 nm or by a l|laser-fired plasma source operating at 13.6 nm. In this
enbodi nenﬂ’f“n?tﬁéyafaé’&‘?t%ﬁi on system al so conprises a radiation source LA. The
apparatus also includes a first object (mask) table MI provided with a mask
hol der constructed and arranged to hold a mask MA (e.g. a reticle), and
connected to a first positioni DETAEVEDEDESCR{FIONhown) to accurately
position the mask with respect to a projection systemor lens PL; a second
obj ect (substrate) table WI provided with a substrate hol der constructed and

arranged ; g resist- : il nd
conneot ed 3D Fikuf £ MCHRRIR: ke O L o SR S bt S L adlBiditg o
subst r at e eibblinteBs pRIBE idventie The gipasdtusinclayst £mdkioh efgeEx, Mheonstrajtedt i on
systemor |lens PL ﬁﬁe.g. a quartz and/or CaF2 |lens systemor a refractive or
cat adi opt An¢aEanged g SUPPH Ao tien pean PBrofandiaforye.& U gr EHYf radiation.sych s

constructed .and arranged to.image..an {rradiated portion nas onto
2 target . ol el 28GRy TR IRRR LGRRCRNEE PR ot of 28 B S W e
proj ecti ofm YIS em, Bk bly S 184¢RPiedd SekrNscuirdeRSpRrAing at 13.8%n)Rn tHi90110] As here
depicted, the apparatus is of a transm ssive type (i.e. has a transm ssive

mask) . Howmbediment, thperadiatibn systermnalso abmpripes aghdiatipmfduzet Lie Thgpppargiysg. with

a reflectiye. k).. Alternativyel { appar atus may .enpl oy anot her .ki nd of
patt erni n@lsﬂé‘?Fﬁr‘?‘%,s %‘gﬁgﬁtbb?t ’Ba%sffé?eal}ﬁs?df)ﬁaﬁé ror 2dre o4 erég?%’é%@ eferr gd
to above. a&%&%} hdld& AAYMA A, Q?etgz-le),aadd\éoﬁﬂé‘dté@t% dﬁ%@ﬁosi@dﬁiﬁ@@éﬁ&tﬂﬂ or

w ggl er provided around
(not shown) to accurately position the mask with respect to a projection system or lens PL;

a second object (substrate) table WT provided with a substrate holder constructed and
arranged to hold a substrate W (e.g. a resist-coated silicon wafer), and connected to a
second positioning device PW to accurately position the substrate with respect to the
projection system or lens PL. The projection system or lens PL (e.g. a quartz and/or CaF,
lens system or a refractive or catadioptric system, a mirror group or an array of field
deflectors) is constructed and arranged to image an irradiated portion of the mask MA onto
a target portion C (e.g. including one or more dies) of the substrate W. The projection
system PL is supported on a reference frame RF.

[00110] As here depicted, the apparatus is of a transmissive type (i.e. has a transmissive
mask). However, in general, it may also be of a reflective type, (e.g. with a reflective
mask). Alternatively, the apparatus may employ another kind of patterning device, such as
a programmable mirror array of a type as referred to above.

[00111] The source LA (e.g. a UV excimer laser, an undulator or wiggler provided around

the path of an electron beam in a storage ring or synchrotron, a laser-produced plasma
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the path of an electron beamin a storage ring or synchrotro

| aser - produced plasma 17 09 JANUARY 2007 source, a discharg@gégﬁWégnﬁnqgn
el ectron or ion beam source) produces a beam PB of radiation. The beam PB is
fed into an illumnation system (illumnator) IL, either directly or after
having traversed a conditioner, such as a beam expander Ex, for exanple. The
i || um nat ¢purce, axligchargeponie of as gleeompt ipnbaarn apirselrraduess atbean|BE obr  an

adj usting device ..AM for setting the.outer and/or .ji.nner. radial,ex{en
(commont y, PEFAFEF JHfeso PSR e o B oA R ap BT By, 2yp iRy

i ntensity odiafiérHalitol tRivets8d hlkBndifa#8r, dueh asldbkaRRxpdddeMEk | fop@@hpt] Yhe CONpri se
various other conmponents, such as an integrator ?N and a condenser CO In
this way illurhimatee damRB comprisg 2 sejeasably Weriahds heamconimllsr dewi adiustingidevicei ty and
intensity istributhon in ugs Ccross-section. 100 12% Stiill referring to
FIG 1, tHMIPojedtng o oulspandiprianey radiaf extent dernmorlyfefeged ihis o-epier ahf €n rmay

be progra t td L far gl . 14,
16, " 18, T e R f ORIl 1 M B oL Srtl P o7 o
conponent omiprisdearidub bihegcanporena) pechalks Wa integrawn Dethd dicoRddnsef COhén this
invention, control unit CU may include a processor that is configured to
control tReyaliebsanAP waungag pvthsmaskMidpsydesired wpifgmuty pad interslly i nt ensi ty
di stributi A N . pr i beamexiting the illumnator IL. 100113] It
shoul d becﬁﬁ?ggmﬁﬁfﬁpfgéggéhgg'Figure 1 thgt t he source LA may be mﬁth%n t he
housi ng ofjool 12§ SkilltrbReiaPldi FIGP 1 0the gtdj&tionRPpdratuti slsb dtclides Afdogiftol it CHSE when
the source LAis a nercury lanp, for exarr(gl e), but that it nmay al so be

renot e fr ovhicthmay be prograapnedto gxeelte the wethag plustiated, for prampldi iathlel. bedfm whi ch
it d i d.ipto.th t Q.. th the aid of suitabl

i r bt ng 1 o4 aroy S, 55 e en SPRRRNST 1o b diBete ettt our ce
LA i's an gxtisfphid #pefatusI N8 aR tRBEMmcnDYLME RN oS RBRASESt GOIhyOhclubese

scenarios. In particular, the present invention enconpasses enbodi nents
wher ei n t peocessadihat ismonfgweeé ho &atrol theiadjuatingdedca ANV aphloymedifyr the exdss-on beam

of radiation having.a ..wayel.ength of .l ess.than abou 0.nm such as with
Vet onat R GRS agsify AigahHion Ghe Ricciog b exiaedhe gmitetor B ol

[00114] T%l%fmgﬁd%‘é%%@ﬁﬂ kéga}c%%%&@tﬁhét% SBRce Mo yCHhid ael d on
the mask ‘table MI. Having traversed the nask MA, the beam PB passes through

t he | ens Bbysingwithe lifhogrephs grhecti@ampprBatenhoisaftearthetasp ovien dire Guode ItAés
substrate W Wth the aid of the second positioning device PWand
interferoﬁé‘i‘eé?“rylka,mlf’lf%rml?)aggtﬁﬁbﬁ@aws% TPt pEHhe Jihagr aReq y, €.g. so

as 1o posildofofllabp 0! tht Ad@ionREM!ASh (¢ pkdliubOendiRl RdGhtolthEadiapiiudB:

(e.g. with the aid of suitable directing mirrors). The latter scenario is often the case when

the source LA is an excimer laser. The present invention encompasses both of these
scenarios. In particular, the present invention encompasses embodiments wherein the
radiation system EXx, IL is adapted to supply a projection beam of radiation having a
wavelength of less than about 250 nm, such as with wavelengths of 248nm, 193nm, 157
nm, 126 nm and 13.6 nm, for example.

j00114] The beam PB subsequel}tly intercepts the mask MA, which is held on the mask
table MT. Having traversed the mask MA, the beam PB passes through the lens PL, which
focuses the beam PB onto a target portion C of the substrate W. With the aid of the second
positioning device PW and interferometer IF, the substrate table WT can be moved
accurately, e.g. so as to position different target portions C in the path of the beam PB.
Similarly, the first positioning device PM (not shown) can be used to accurately position

the mask MA with respect to the path of the beam PB, e.g. after mechanical retrieval of the
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Simlarly, the first positioning device PM (not shown) can be used to
accurately position the mask MA with respect to the path of 09 HeNIaRI2PEL
e.g. after mechanical retrieval of the 18 09 JANUARY 2007 mask MA from a
mask library, or during a scan. In general, novenent of the object tables
MI, WI will be realized with the aid of a | ong-stroke nodul e (coarse

posi ti oni ngaskanA fom & hgdsk 1ibtarpke dE L b 8cdnl ITH @ei@8l] fioRBinBAt)of thOYE¥& I tablésn t he
case of a wafer stepper (as opposed to a step and scan apparatus) the mask

tabl e M MY, Wswilbee realigedovidithe gidoighlong-strelie mreéulg deasaseositioningagnde i xed.

Th k th b te. Wr | i ' k_al t k
e W andneisget et e TR ER o PR R e 3 o IR I nppar at s
can be Us%pbd%dtt@ﬁsieﬁ'ah@%ﬁ%p@ﬁ%f%ﬂﬁ%d&@méMll?m'a 6k 88 cHRRBted!th 8 sHRSK

table MI and the substrate ta are kept essentially stationary, while
an entir e spake atuatompamay e fised. h"EhgmoskeliA and the anbsitrstepWopacbealignetd @siagt ar get

portion C.in,one go (i.eg. i ngle static exposur e substrate table WI
i's then Sﬁﬁlqu{(éB%I,i ent&‘??ﬁ%@ﬁn@@ﬁd?‘tﬁfr @@ﬁ%‘ﬁg%tdn‘_l‘rﬁgp"y;di fferent target
por tion Csafy, h%e%_éﬁ@i%@%p@r@tﬁ%@xﬂ’bé@&%dn tﬂe*l%ll&%iéi%ﬂggfeﬁ’ea%d&(es:t he exposure

field limts the size of 'the target portion C i ina single static
exposure. 12. [mstsgamdapiie mask éabiabi dndithe sudbtratedalile) 8V E atestepaewenttaddlye WI' ar e
scanned s nchronoufl y while a patterg inparted to the projection beamis

pr oj ect ed SBHPRATY, Whiteht entise patfcsh mapgrieddo tle RIPKSEHIQN BRARLISIRECIEKS® 10 tarefhe

vel ocity - dikectio T b | il . . tabl e
VT (s et SPoRaEonerheP it B AR elbdtuldh e k@ Bt (P71 Pkl iR

char act er itikd X@fd/ef Yidieecio®p@that 9 diffey&it etz dtlportich G eanberedsed. N s@Epxhddem si ze
of the exposure field [imts the width (in the non-scanning direction) of

t he t ar getthgysaximym sige af theiexpestraijeld imitséhpyzupkihe fiaetawstiome imagest in 20f t he
scanni ng rg%ti?osrt]atdeéxerg&rges the height (in the scanning direction) of the

t ar get porflg moons PR

_ _ anot her node, the mask table M is kept essentially
stati onar . holitlidas ndodePheah ARMEE RITPd tBE Bhbdetafetthble tWT @re stafinddhe substrate
table W i s noved or scanned while aqjﬁatter n inparted to the projection
beam i s prpichraneuslymthblea nattegeimpased toothe proj¢ation heamrippeojecteseonde altargeta pul sed

radi ati on _squrce,.is enp] oyed and the prQqgra bl e .patt.er ni structur is
Updat ed 28T g SPES BEABIF Srovaireh o eey ao ORpeea bedy sy taie,
between  SYEcAPIME thdRhé 1281 Mi§ 8SeMhid Sy Mhe$8AMhaghiMcatidPAR) Rlageper ation
can be readily applied to nmaskless lithography that utilizes a progranmabl e
pat t er ni ngevetsalidtamacesristocdf the pejeqiioo gysiemihl. dn istay opda theamaximsn sigpef as

referred to above. . : . T o
the exposure field limits the width (in the non-scanning direction) of the target portion in a

single dynamic exposure, whereas the length of the scanning motion determines the height
(in the scanning direction) of the target portion.

3.  Inanother mode, the mask table MT is kept essentially stationary holding a
programmable patterning structure, and the substrate table WT is moved or scanned while a
pattern imparted to the projection beam is projected onto a target portion C. In this mode,
generally a pulsed radiation source is employed and the programmable patterning structure
is updated as required after each movement of the substrate table WT or in between
successive radiation pulses during a scan. This mode of operation can be readily applied to
maskless lithography that utilizes a programmable patterning structure, such as a
programmable mirror array of a type as referred to above.

[00116] Combinations and/or variations on the above described modes of use or entirely

different modes of use may also be employed.

19



1001161 Conbi nations and/or variations on the above described nodes of use
or entirely different nodes of use may al so be enpl oyed. 1909JA3BARKRE02007
[001171 Referring to FIG 9, the illum nation system nmay include |ight
collecting/collimting optics 10; an axicon/zoom nodule 12; a nultipol e node
generating element 38; and light integrating and projecting optics 14. The

conponent ool i7¢ Raf@fiflg toOPIG. ©athedfinfinkfo@ Bt thayis@dudlight! uni nat e the mask MA
| ocated at a mask plane 20 which then produces an exposure pattern in

resi st on Cﬁlﬂ@tladpelrhmmw@ptlﬁ%l%raajaé@pn/@ﬁorgym@ﬂﬁ b%; a rewkipolelmodehgenerating

il lumnati Hs ted| Fl.G.. 9 art .0d. | i ght

i nt egratorf)§§n §§I’he oﬁbllgrztﬁ roé%%%% olpﬁ r%eﬁ‘@ ? ﬁlé)élgto pr oduce
a more Copa akis!l8haatd @ad t&MﬁﬁrﬁHﬁte E&%&&]MAno@t@dfﬁlﬁhxsl@ﬁmﬁéizmkhof the
mul ti pol e hode generating element 38 is showmn in FIG 10a. The el enment 38

has four thenpnerices athéxpdewrespatterin rest on the wafer Wabiladhé pitogectibe sydtemior feas h at
the pupil plane. 18 and which forma . ese cross 40, IS alsoreferred
to herein® E{s?g ﬂﬁ‘ﬂl’é%t’é’néﬁﬁ?’f‘ﬂh@“fﬁ%d‘%@@)&@)mﬁééﬁ qﬂﬁﬁﬁw té‘ﬁ‘e%rﬁ@i 28ngl e 0.
FIG 10b Tﬁ@@ﬁ@catl Beis 'llﬁlsH@JvH?ﬂ FRP 9 Q&Pé'tsfoidéd%g pé’& &ag& b i e %9&1 the
conmbi nation of an annular illumnation node uce t axi con/ zoom

nodul e 12systaint he MAB 40. The distribution has four Ilght beans or poles

45. This errbodi ment e abl e}s) %ontl nuousluit Oia“ abl e quadrupol e il lum nation
nmodes to H8SH6a ufe‘éfalp empadiment ofdae multipals mede gensarting elemenid Héslwn ed by

adj usti ngf e, 35h C9. ABLfiS32Ras fggﬁ{@gﬁn@mm dub, £ 4836liRokieRf e varl ed

by adjusting the zoomlens 4 an tangen i al can be changed

by i nser beangpathat hepupitiplaie 118laade@idtafoma Malﬂrtsfefcﬁfseﬂt) whRK ia8Igb eefddd such
as Maltese cross 40 shown in FIG 11. By renoving the bl ades altoget her,

the il | unfnber¢iags QMQIW apatuseblagde MABY e@hblem h@r?éll apgnengle ParfiiGh 20b modes,

again vmt QuS 191 Inte S of a dlfferent
Apex ang! STt (R Rah P oY et paner ToohPhE HERT L LomeERn o of abhhad
steps. AcqpidlhatniRod@ Solede YR hTESH/zddim hmuremzedﬁult@@MAan traggent i al
pole width can be cont’inuously varied by each armof the Maltese cross

conpr i si ndistibstian ha&)ﬁounhglhtzmems or polas 4Dl Bhlwnﬁ0dmecmah1@ @athuatsher about
D P el 5t D RS ML LB LT R e 001200 e or 0
g il gy tbotem g rlerecd gk pe, 2
9. One of viried Uy adifleting the zoom lens 24, and the tangential pole width can be changed by

inserting another set of blades having a different apex angle 1, such as Maltese cross 40

shown in FIG. 11. By removing the blades altogether, the illumination system can be used

for conventional and/or annular modes, again with continuous variation.

[00119] Interposing blades of a different apex angle permits the tangential pole width to be

changed in discrete steps. According to another embodiment of the invention, the

tangential pole width can be continuously varied by each arm of the Maltese cross

comprising a stack of n blades, rotatable with respect to each other about the optical axis of

the system where their vertices lie.

[00120]) According to a further embodiment, just two blades are used as the multipole mode

generating element 38 in an optical system which includes a light pipe, such as a

rectangular quartz rod 26, as shown in the illumination system of FIG. 9. One of the blades

is oriented parallel to the short side of the rectangular cross-section of the light pipe 26 and

the other blade parallel to the long side. Due to the multiple reflections in the pipe 26, the

resulting illumination mode is a mixture of annular and quadrupole. The two-blade system
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is oriented parallel to the short side of the rectangul ar cross-section of
the light pipe 26 and the other blade parallel to the | ong 99danNuRry 2097t he

multiple reflections in the pipe 26, the resulting illumnation node is a
m xture of annul ar and quadrupol e. The two-bl ade system 20 09 JANUARY 2007
can produce an illum nation node including a quadruple conmponent with | ower

ener gy- | 0ssn ptdaale A BluMEhiRHENEdLRSIuaHANHRIRMe cRASHInBAR! WitR i fvdr @By b Rdes
obstructing Fhe | i ght beam |In one exanple the bl ades are trlangulg?, and are

li ke two phanptbedialigbaerosy arsangément)ad thesare femes blades ohstrinctmipthediphtibehmt2 shown
in FIG 1Qa. One or, hot f the blades .,n this enbodinment can_.b

Conposi teqﬁpﬁﬁgm? aﬁitﬂ%‘%ﬁ a’éettéléﬂg‘g?r adarg {élfe%%ﬁxﬁﬁ EUAT LS Oggi'kg@%ri bed
above. 10Q1Zdle Jyideall ¥ind B8 sSRAVAEIESFIRS, €0R0BhL Epﬁ/m@ﬁ o@hfet a@sriﬁgﬁ]&,ons

correspondi ng to orthogonal [Iines on the nas , SO at t i ght pol es

45 ar e | ocatbedinant eache goadpesite blddelindedihg p stack bf §maltar trbtatabid Hladeraal |1 nes.
This orientatjon can produce optimal projection of the lines, particularly
for dense 48Gibed APRE: such as for DRAM | ike structures. The orthogonal Iines

are gener gig,y, ¢ ﬁ%{lfgﬁtﬁa 3 gglao;fcisﬁ%%%hloﬁgﬁi%ﬁ{ota%g%#esﬁ@ﬁ iﬂg% G %a%@ ures

d
decrease in size, p ocated 1 n“eac ant Wi th cent®rs 90 from

t he ort hogdaeabdn theneskDdapsethanhe dight siley 4€ate 100atdanhdibd uadtaevith@enters
quadrupol e il lum nation can be estimated fromthe fornmula: Q= 2/(,r NA
pitch), add’from the pohegamabling. rIbisareataiondanpsdacd epiimal@rojectiyn of thialings, t ch)
1001221 A fuyrther variation on the abov i ment s _usi bl ades.i.s to make
| the opadieelify RS uRkuGR P ARy PR e Shiete” mhE crppemPh liron
system so a?é‘g”éneﬁah? ré¥estd 100} REHzbRG) ardefifcal 2Rs PR idrR tahRds dd QL2 3 siRef erri ng
to FIG 12, anot her exenplary enbodi ment of the present invention includes
t he axi conighosoiesiochtedindath qaadeytanitdednteps PENir&A thsortivgonsll liriep beeomade

generating elenent. This al so enables conventional, annul ar and quadrupol e
i |1 um nat meie preferppd. pFlriortzaalsige o5 quadiupale 1Hpaminaionoan befestipat ther| G

12 shows the optica onents of _an.axi con/zoom nodul.e. The right hand
col um infm?:lcrs%v@o NAepite Mﬁﬁiﬁ%ﬂmﬁe LhdriedAuedrupgia froms “at t he
pupi | plane_ r varjous positions of the axicon pair 22a, 22b and zoom
| ens 24. ﬁéﬁé@ﬂﬁpﬁﬁ}f}r 22 conprises a pair of elements having conical

surfaces, Q05 S\O{&%kéreva%%ﬁon ph C%%\’z?ém%ﬁ une"nfé ﬁfn%?t#gdaets ¢4 @&Hh@é alﬁ{ﬂg b?z[&t@%' ar
iI'lum nation ba erns. e four row shows the ect "of ‘'separating the
pyr an d- s hep@ble aBbutIAe 5Ptidal Bk ¢ Y the iRInATRbN Sydiem $6thab tde gftiohhe tiEeONVeX
el enent 22b facing the
poles can be rotated.
[00123]) Referring to FIG. 12, another exemplary embodiment of the present invention
includes the axicon/zoom module with a pyramidal prism 50 as the multipole mode
generating element. This also enables conventional, annular and quadrupole illumination to
be produced with continuous variations of the modes. FIG. 12 shows the optical
components of an axicon/zoom module. The right hand column in FIG. 12 shows the
illumination intensity distributions at the pupil plane 18 for various positions of the axicon
pair 22a, 22b and zoom lens 24. The axicon pair 22 comprises a pair of elements having
conical surfaces, one concave 22a, one convex 22b, to produce circular and annular
illumination patterns. The fourth row shows the effect of separating the pyramid-shaped
prism 50 from convex element 22b. The side of the convex element 22b facing the
pyramid 50 is concave pyramidal for receiving the pyramid 50. The convex element 22b

and pyramid 50 comprise a second axicon also known as a pyramidal axicon or pyramidon.

The pyramid-shaped prism 50 has a four-sided base, which consequently produces
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pyram d 50 is concave pyram dal for receiving the pyramd 50 he can
el emrent 22b and pyram d 50 conprise a second axicon al so kn%}r{AQEAﬁY%&
pyram dal axicon or pyram don. The pyram d-shaped prism 50 has a four-sided
base, which consequently produces 21 09 JANUARY 2007 quadrupol e node

illumnation patterns, such as the four spots illustrated at the bottomin
t he ri ght quedrepelemagds illyminatpn patterng euchas thmBupspdoiussead aoidabettonh ir g 12

allows th ei . | F n(gtghqn m)%l?%tl% be varied continuously fromconventional to
annul ar o qlﬂl%{g ﬁ% T IR 2301 | ens 24 sets the spot size or partial

coher ence foafi The akid6n2¥omAModd 6f A%, d2hBows NRSIlimmaton ulodeitd Ye vadll t he
pyram d 50 determ nes the quadrupolarity. In addition, since light flux is

redi st ri beprithuopsly fiiem ednyantidngt foeainulan o guddsupaile. t Tl 20pmmleng 24 ets thespot so
that a high thro out can.b i nt ai ned 00125 he t hod of .t he present
| nvent i on e P RE AengrERn oG BR =0 Ot REF 77 ERFRArS B BBk rBhLEor ¢ e

|'i t hogr aphi GinA@BeUalkHAINRY R{uediuboRriA) 13RBAABA, @ 13hf ARY K RAstriutddhe

il lum natof by conputer simulation. I'n an enbodi ment” of the invention,

opt i m zat iratherdhan blhekedothere is wirtuadlfy nollighhiossg tso trat ahighcthiengbdutwianfbea net hod

including defining a lithographic pattern to be printed on the substrate,
sel ecti ngn%f""g?‘ﬁﬁ‘il-ati on nodel, selecting a grid of source points in a pupil

bl ane of tfie,d} RO Einé BleCth AVERGo D RRRI AL obEIRARSES il pushiigivh dual

source points, eac esponses representing a resu a single or
seri es of cosditiotisaifitiithugiaphic tapparatusbly s¢leaingrandppropéian Acingsmentpfale

illum nation arrangenent of the illum nator based on anal ysis of

accunul at E¥RIBAQT bY copptEesiBliion: & amembedimienief the oyendin, refimizatiggof o FI G

15, an exenl A eRIRPHL AL Rls RRLICH ! PhoARhELAg L Agn SOl ELa0S O

illumnation o ographi c” apparatus w ] The

net hod beﬁbt’t‘éin kbShited Hh theuBEteatd sklebidd SpfiltioRmadtct Velcttifieh bngds The
| i t hographi c problemrepresents a Hartlcul ar pattern to be printed onto a

subst r at e sourgg gointsan & rpil plane o thesllumuatar ocalquidtimgseparhte rpspoasestfer s of t he

|'i t hographi ¢ . aratus and t hoose a proper configuration of the

11 um nat Pevidbd cefied ety ercdiofis RemrelaRii b8 Aot ret Agep Soxaes of
confi gur akjnfifatiohs hibide thd BmblioNRRddel, A% Uljustitl & FRMiRRion RfanSAXAIR 0? the
features wth 1:1 to 1:20 Iine to space duty ratio or a pattern

si mul t anedlmbiyatgr baspd ng addpseof aaumutded madtsiof theadeparafeeaml anlamns| 001281 The

TeLhod Uhed B BSReds {\Gnt 69 (%) wher e LUg sl allon el Lhal cal oul ates
conditions of illumination of a lithographic apparatus will now be explained.
[00127] The method begins in step (A1) where a lithographic problem is defined. The
lithographic problem represents a particular pattern to be printed onto a substrate. This
pattern, which is used to optimize the parameters of the lithographic apparatus and to
choose a proper configuration of the illumination system, is preferably representative of an
aggressive configuration included in the mask layout. This can be, for example, features
with 1:1 to 1:20 line to space duty ratio or a pattern simultaneously grouping dense features
and isolated features.
(00128] The method then proceeds to step (A2) where the simulation model that calculates
the profile of the pattemn is selected.
[00129] The simulation model may include in an embodiment of the invention an aerial
image model. In that case, the distribution of the incident light energy distribution onto the
photoresist will be calculated. Calculation of the aerial image may be done either in the

scalar or vector form of the Fourier optics. Practically, this simulation may be carried out
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1001291 The sinul ati on nodel may include in an enbodi nent of bbﬁéﬁl nvenid gn
an aerial 1image nodel. In that case, the distribution of thé’ i 0 ght
energy distribution onto the photoresist will be calculated. Cal cul ation of
the aerial inmage nmay be done either in the scalar or vector formof the
Fourier optics. Practically, this sinmulation may be carried out 22 09
JANUARY 200t thejaidofiaeonanercially avaitamhesimiubatdrysucly ad Prabitld™MsSotid-afYor thedtkeas

ProlithTM . Solid-CIMor the |ike. In i s,..enbadi nent, e characteristics of
the di ffer’é‘rﬁ%lséf@%}{??“’ © fhata l§\“*“E‘ﬁ%‘ﬁ@F’Eﬁ’ﬁid CIEHLS: ?"é%_%?‘t HQF&I@’%&R@ meri cal
aperture Aatug NBEI the GuRadida hPSur A @zesp%&?l@ !b@l@erﬁs'i mhd)BH ent@Rl §RIpGE S for
the simulation. 001301 The inage calculated in thi's énbodi nent may be

eval uat ed pasnsts ortke sipudedisner mi ned criteria to judge whether the inage has

enough contrast_ tq successfull rint the desired feature in photoresist on
Che wa or 0UHIG Themape sAaaed thg*é‘%%@i’&d?aﬁbﬁedabﬁteg VEFE§8Fange, to

provide estifiplGhelleritdha tgﬁ‘%%ﬁetﬂ&mé igfe!xge ﬂ&dexﬁcggl? @%gﬁ%?ﬁ ﬁ%@&?@pgg{iﬁ@” be

performediteratively to a e at the t opt ons. I'cally,
t he qual i ttye ddsired Fataein photoresigteonthy wagerd@he bevid éflagy/canbenghabyzed)nhioagh a or
normal i zed aerial image Ig%; slope (NILS) nmetric (nornmalized to the feature
si ze). Thifecugagngs. Ogrpwdp stiamatesotthe cxpaspes latgudg snd PREpdithe aisspduye casy
aerial i - - i i fi : I et I ters
o run aort SrrtpiRaatehliel bu S RIEL biek oRTRPCL IR s PRI MR BN 82

pl ane of tieacEalinsdgs Mdy BRARtdndied, by USRRN AGitbétor dbEhAnea abfaltilegplopne wher e

the best plane of focus exists, as determ ned by the geonetrical ray
optics, omslophéNHenmstriqnpsmehzadiodiie featramiasi Thsriadue eomespendsite e slapgr ce.
These par agﬁ,lt ers rral_ﬁ\( al sg incllude a> measure of degree of spatial partial
coher ence oM A8 IFTHY K4A°BR' &P&Fkm the nunerical aperture of the |ens

system i | Wi osgebitic hTBIBARILELGEIcPMP LTRSS 10146 BRETEONS of the
a e

optical system an ul | description of spatial transm Ssion function

r epr esent ismgulations optyi includerthekdistdr®e 18241 thetfosdh pland ob theBalssiah amegd plane,

sel ection of the si.mulation nopdel, in ste A2 is by no ans limted to
an aer| al THeHEE HOBRTCeARdR PBREMhaisdRF BT pRas bf RakpeoPas BB NBIRT or a
Vari abl e E%rﬁahe+1qa i o TRE Bent BBV RAHRIHSE tHS Qishs]-ProRbOED %Ebﬂ hi®Qie. of the
invention.” In all these enbodi nents, the nodel "I s sel ect egl ecause It has
been mat cMaesetparaneotgrs mayeddoainclddé a mdafid 38flegrte cftspatial patttad cbkeremedat theood

that the use of .simulation in ste is not limted to. the cal cul ation

A2
of the rediuringtionsystems the nuspgrica] ‘?E)ﬁﬂ(“&ffi) frike leng systep Hiumigagting thet o ext r act

semiconductor substrates, the aberrations of the optical system and a full description of the
spatial transmission function representing the optical mask.

[00132] It should be understood that selection of the simulation model, in step (A2), is by no
means limited to an aerial image model. Additional models like a Lumped Parameter
Model or a Variable Threshold Resist model may also be used in other embodiments of the
invention. In all these embodiments, the model is selected because it has been matched to
experimental data.

{00133] It should also be understood that the use of simulation in step (A2) is not limited to
the calculation of the resist profile and that simulations may be carried out to extract
additional/complementary responses like process latitude, dense/isolated feature biases,
side lobe printing and sensitivity to mask errors.

[00134] After defining the resist model and the key relevant parameters, the method then
proceeds to step (A3) where a grid of source points, representing a discretization of the

source beam, is defined in the pupil plane of the illuminator.
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addi tional /conpl enentary responses |i ke process |atitude, dense/isol ated
feature biases, side |lobe printing and sensitivity to mask @9 JanyARYQDD341
After defining the resist nodel and the key rel evant paraneters, the method
then proceeds to step (A3) where a grid of source points, representing a
di scretization of the source beam is defined in the pupil plane of the

i 11'um nat Q40133 362 spAINUARY, 2RhinatiROHIBS bad¥brepres@iftinigfanGadividual flid/paiRgtieon
files, each representing an individual grid point, are generated and | oaded
in the siraaneeted and pdohinghe vhaulptiophiofisaig: cEhedight seurevpeiatsmontainediinghe i | es

cr oss- sectlbront uipa? SoPre ek s SRR Rl S Gl bR R nat i on

syst em sh@Wininator kGRe p¥ipi? plahBe § of GfAfISa8bn bREerh AR IAPIGS 7P9.0TREL | ON
apparatus is calculated for each grid point. The results of the individual

r esponses respyndsenfpheolithegraphic rejecttamappanapys iscmé¢nlatsd fdreaph gnd poiGt. The.
Quantitative. an sis aof the individual, source pqint results allows
conpar | SofP Uit OBt ribudbal RS T Ghont PAHEBHR U SRR RiCan
opti mal i likugRatiiaRe a{amwrfﬁ@fndivi&@m&ﬁk? PEIRt RENE ARl BRfphSh & each

| i ght source point relative to the full illumnator aperture is set in the
i ndi vi dualdifferemt¢ealpbumimtibn hrasgethentsto khletemamiead ogepahdiungnatior dreangelagnmtee of

accuracy desired. A small spacing, hetween each |jght source point wll
provi de il arip BhYSeh foreBPar ?aﬁhq@# %%cegwté%lag‘é%w& géulﬁuﬁu%@ﬁmhot ably
| nerease thgnfalaut AlhOthditibiR spROYSHAC K and PO CarRRALLBRIRELIREN €aCh
|Ight source pol nt may proviae Pess accurate 1 nformati oh on e source
response lggrewiol hocatagpiédiedntd ymalksyergdetneaticlijiatsomme pbintevill brovede
enbodi nent of the invention, the spacing of the grid relative to the full
i |1 uni nat srorapetpilediafarmaipp pp Mhensouegeyresponse by mpaymetabdyinstasehesaloplatioyr i d

Ta(0) e SmeERERPRSE Flate dtink ety cARNRAC Sl BBELP%Y bRy Bt nat or o

whi ch a gntérat irfortifRnRAl thé Soutesredpaie Bierliadighificanitly| ddciehsd BE calbatible
present invention, the response of the projection |Iithographic apparatus is
cal cul at edinfeorln ag guhodiment pothadnventien by sneeingof gie griskrelativs do tedllon of the

i |l um nat i . ted by. ci , i | i tes.th t f th
Ful b1 e SRR EP P b i o e e T B SR “Source
grid 2 is,3)80mAnye38Mbed.i n these figures. [00138[ In an enbodi ment of the

present invention, in order to estimate how a trial illumnator, i.e. an
i |1 um nat ¢ro137p Refeengtd FIGS. l4@) amdi14(b)faisghenadsicaepriesdntativa dfiatdnosyrsagioneof

8:,2{, Fg} :jogwaiﬁ %E%&ql}l%h !:1!1 a%gafo?rsgﬁrcé lt}oelnétsrhlagjl {)eelnI ngmai aig ?lius rg%eEi.e rlrpthles
present invention, the response of the projection lithographic apparatus is calculated for
each grid point. The perimeter of the cross section of the illuminator is represented by
circle 1, which delineates the contour of the full illuminator aperture (maximum numerical
aperture). The light source grid 2 is also represented in these figures.

[00138] In an embodiment of the present invention, in order to estimate how a trial
illuminator, i.e. an illuminator considered for use and configurable with the lithographic
projection apparatus, will perform, the trial illuminator pattern is overlaid on the grid and
the calculated responses are averaged in some way over the included grid points.

FIG. 14(a) illustrates an intensity of a projection beam having a circular distribution while
FIG. 14(b) illustrates an intensity of a projection beam having a quasar distribution.
(00139] It should be understood that the grid of source points may be defined differently in

other embodiments of the invention. For example, as an alternative to illumination files,

the grid of source points may be specified parametrically in the simulation software.
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t he cal cul ated responses are averaged in sone way over the included grid
points. FIG 14(a) illustrates an intensity of a projection [99amMNRARYZIT
circular distribution while FIG 14(b) illustrates an intensity of a

proj ecti on beam having a quasar distribution. 1001391 It should be
understood that the grid of source points nmay be defined differently in

otner e %Hﬁf I@Flg Sr?iferrﬁ#gto'ﬁﬁ? 4 'tﬂ@meﬁx%ﬁ ﬁ%@ﬂ@l&%éﬁﬁ@ﬂg@é@?é ?(Zlfd"cev §f 5 0

illum nation grid of source poi

par anet r i digldgyaphit procsomappatatodpraededuey gep 244)Gched ADIPARYe AHfonsed 481401 Sti l |
referring to FIG_ 13, the nmethod for optimzing an illum nation source of a

| i t hogr aplsrleulatedjferceach grid spurcaPoidt.pr oceeds to step (A4) where separate
f i jnt. 1001411, Nor e.
poci 11 oal i1 MR byl Blon SR Fplrs TGS PRl Phnsr SER M BB e of

series of resuRsof digubtiofs Rih@tHeGRbuldGbNHolElS, PhbihidtrépdnsBRGed Sinclnas, g6t i al
responses may include, for exanple, a critical dinmension of the pattern

st udi ed oexamplerft @itisal fimensiesiodth pattemssietisd ernn igtensifethré¢sholdaregessargito on t he
substrate., Ln anot her.enbodi nent of . the present. i nvention ot her. responses
may 1 nel et BTICIE Pr RO SHPr ERBOUTIR! PP PSS EHoP e dept h
of focus. BincBfinstREERIEde (hé BEHBE RELOMSORF ik bosdERS fuddFLy Ahat e
feature bias, arbitrary feature 'size biases,” sidefobe printing, filmloss,
si dewal | depthef favas kt &6 By (DEREAKTH et dbswetoasizd KEEREnsd fiorisdated ésbirat i on, or

absolute resolution. 1001421 In order to aid in the optimzation of the
i |1 uni nat bws, asbitrant featbes sizhbiasasstidelebayrinting, filvalase| sidawablsanglen makle prreve

visual i zed ,b | ot t.in ont our . of the responses as a function of
sour ce pof’m%F%E%titf%cﬁ& @8%%@3 m??éir%slgﬁﬁ’ﬁﬁ’ ?roa%is—‘?l erg%o?utécﬁl' exenpl ary enbodi nent
of a cont Quise{BPorabt @iEsh fhe ogﬁﬁmﬁaﬁapﬁlemmﬁinhh&l B&dshsOfhe rERItR bEARNT
invention is provided. FIG 15 corresponds to the upper right hand of the

i |1 um nat oslcdatianseap thenlbepliswabizadhy plettinghdeontmemaprofithe ssporgas asa t he
source poi.nt . rifl has a.0..1: 0.1 spacing relative to the full aperture of the
i |1 uni nat GRCtioREQE SQULERAIRNIOFALO, hs * onl'y the upper right hand quadrant of

2 OR8N giel

studied is a pattern of 65 nmiso ronel ess
Phase Li t hagrdapbyw{tthhe mathel of the frédent iantraminieptovideie i@y B esrgsporafs tb he

R M E S R I T O N
def ocus. Eh%%égéklglr)% Pﬁg g%ﬁ? 8910TP Bfacidd ik AEle il Fturd 3f tht RRuhRSRPNS e

studied is
For symmetry reasons, only the upper right hand quadrant of the illuminator need be

visualized.

[00144] The lithographic problem studied is a pattern of 65 nm isolated lines printed with a
Chromeless Phase Lithography (CPL) mask. In this embodiment, the wavelength of the
projection beam is 193 nm and the numerical aperture of the lithographic projection
apparatus is 0.85 NA. Simulations are performed with a 0.2 um defocus.

[00145] In the embodiment illustrated in FIG. 15, the response studied is the Normalized
aerial Image Log Slope (NILS), which corresponds to the log of the slope of the intensity
image (or aerial image). As can be seen in FIG. 15, the contour map represents the value of
NILS obtained on the wafer as a function of the source point position in the illuminator. It
is shown that only the source points located at approximately 45° (relative to the line
orientation on the mask) and a radius of 0.7 to 0.8 have a significant contribution to greater
value of NILS and, therefore, to the depth of focus. Illumination emanating from this

region is favorable for printing the isolated lines and illumination from outside this region
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aerial Image Log Slope (NILS), which corresponds to the |log of the slope of
the intensity image (or aerial imge). As can be seen in Fl @9 JANUARY2007
contour map represents the value of N LS obtained on the wafer as a
function of the source point position in the illumnator. It is shown that
only the source points located at approximately 45 (relative to the line
ori entati qg Qe dtan BRI tlﬂe?éfoﬁe x?@étb'étlﬁf tH@ pfodeSs WirloWAHE tis ﬁérﬁ&'xlﬁn‘ cant
contribution to greater value o and, therefore, to the depth of
focus. |l |lithographioprobiramatil hg mfaxomzedivith ar@gsamrarnasge&mmw &bt perffgmapeé off | ng

the isolated lines and il m atjon fram putsi de on 25 09 JANUARY
5007 L EE e prprement LG he detbmaned St arlnk ot FidE BB RSP on 1 or

this part'cﬁwt@ he lh&bgﬁaﬁmk&ﬁ&pkﬁmaeuwtmumﬁmlzed Wi th a quasar
arrangenent . e performance of I's quasar arrangement can then be
determ nedomﬁq IR efraing beck toyFlak @ 8 ahe ngptlicdefor egtpozagsthe domlitionst dféllumthatioual
source points captured by the illum nator. [001461 Referrjng back to FIG
13, the meffdih %?p%moaﬁ%lpﬂ@pﬁ%@u&mmsé%t%@ﬂ Vhere tha illygmingiong

l'i t hograp p

i1lum nat wgﬁdlﬁ}lgg%gﬁ%gnﬂlﬁgﬁﬁ Ee%q%a o?nt%ra %ﬁ%@%&%séd&on anal ysi s

of the resgsbvdftent loﬂtlﬁrpre@ﬁbmdbﬁtﬁimt thi istdoge, foresaitiple, lbyentyingthetposisionsofione,
for exanple, by varying the positions of the axi con pair 22a, 22b and zoom

| ens 24 sHbéwxiben paic22a 22b zcmjll@@%ghwnmﬂ(} LRy dhe pastingefihpe carri ed
out, in an,enhodi nvent.i h r It 01471
It shoul d 1B\érnmqg)é|1%aty 5d a{rhe%[eout Haa eop ’ﬁ%entﬁg #h ﬁrﬁ‘ge%géno‘?’ltﬁlﬂ}eﬁog%t#gm nat or
need be qgyimted, calculation of the responses is perfornmed for the source

poi nts captured by the aperture of the illum nator. These source points are
schemmat i c&bd1y7] rleﬁwoekiebﬁladletﬂyoqdﬁbatbime thg peefoimarnck G8a traliHymiatbrnge¢dhe | n

t hi t I th f f. th t d,
For  ex ampl GBSO PRGOS B8 TR r PHASEE AR CHTPAGY TFdual
source po'aBEﬁure b@%‘&ﬂ&mffrﬁ&r Whege §oqrdélp%-mtslﬁe sehdiBitRaty e RRlH By ZhdWladihe

conditions of illumnation of [|ithographic projection apparatus according
to an enbahbtsrmrFﬁGSflét(hl)eananéh)t ilnthisvparticwlencdse, the pgpif@maade of nheulﬂmmnewnodl ment
of the inventio optl mzatlon o%)éthe conditions of, illumnatio

achi eved BY2X FREICXATBIT. B FYrpagRg therespprses dup &,1hges ARtHip h & met hod

i ncl udi ng 19&(&(1{1!&1% ael Omggr aphic problem selecting a resist nodel,
sel ecting a OP ource points, calculating separate responses for

i ndi vi dual [O(erKafernﬁ'g td BIG.€&ch mmthotdhbr optanipingshs comiti@saftiilngimtioesfil t of a

single or hstl?or éraepshlcOI];rOJselctrlrglll glgll)a?args gcsttzlorn ngt trz)eanselmr{)lgd?l;[llelgt of the invention will now be
explained. In this embodiment of the invention, optimization of the conditions of
illumination is achieved by computer simulation using full resist calculation with a method
including defining a lithographic problem, selecting a resist model, selecting a grid of
source points, calculating separate responses for individual source points, each of the
responses representing a result of a single or series of simulations using the simulation
model, and adjusting an illumination arrangement based on analysis of accumulated results
of separate calculations.
[00149] As shown previously, it is possible to define the best illumination conditions of the
illuminator and to select an appropriate design of aperture by simulating the incident light
energy distribution onto the photoresist surface. This quantity is defined as aerial image, in
reference to the fact that the intensity of the light is in a plane at the top of the photoresist,

prior to entering into the resist. The calculated image can then be evaluated versus some

predetermined criteria to judge whether the image has enough contrast to successfully print
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nodel , and adjusting an illum nation arrangenent based on anal ysis of
accunul ated results of separate calcul ations. 1001491 As shd@SRIANUARYGM7y,
it is possible to define the best illum nation conditions of the
illumnator and to select an appropriate design of aperture by sinulating
the incident light energy distribution onto the photoresist surface. This

quantity itfe 8&fideht@s iR BhdtblesisNBfhe vdler. rﬁfeeaéﬁﬁlqﬁla?é’ciﬂ"@e §:B%zeld bprob iR
intensity of the light is in a plane at the top of The photoresist, prior

t 0 ent er i mytimates of the expsdust latifide apnd ldepth af éstus avd)theqaocedhencabdegedbmadde d

Ver sus song redetermned criteria to.judge whether the i mage has enough
cont r ast tlE?r§B'8g'et§§‘fr&‘fq‘}}tlberli’?§f Opt%‘?ﬁg‘d ARY 2007 the desired feature in

phot or esi spo;8f) ANQsdeHo%n eprga%uﬁg,gg@g%%ﬁyeﬁhg%g?mma 9{%@9 dbRrRlrRY b€

estimates of the exposur atit dept focls and the procedure can
be perf or methg d ieemalizededeyial image logrslopd (NILS) begic @pthaladed cotidi feataresize).001501
As al so shown previously tg}e qualiity of the aerial,i mage may. be determ ned
by using HUh¥HResqrEsponds o e lpggtheisinpe of Hisdnierfibgmage ey eriehinags)- i Bed t o

t he featurg S| Thi rLe E{th t 0 he
intensity tﬁlrsf;agéﬁ%%hf t%%%%‘?fﬁwngagte%?.seﬁﬁg%? g?ag Eglﬁ) r oa(%:eﬁ%n?%eéi %gng 21nl #’I%lt}'?rgsr?gt ion
setting oracilldpRgemetrtins (elgf NIIB oetbntiasthg samedhal dsfctuofalu@eThé@best mage
metrics (e:gc; NILS or contrast) at sone fixed defocus value. The best

| i t hogr apHiteogsadierrocesadatitudremanye fand sthed ththaaial eaggequelily is Righle qual ity is
hi gh. 100 lln order .to.sipulate.the agrial jmage of the mask pattern, the
par aret er 471 R @Rlet i it TR B Pk Bhask SR o grzphia: abSr at us are
requi red agfférmtlerReit 2B hhotolithobPhi| a@?&aaﬂs QFt REPFEBISinpdtiRsandias #et er s
typically include geonetric gar aneters of the projection systemand the

i 1| umi nat dhe sisauthtiop tpregakmp ail agpetparasnetars typically inscludergpometric papuetersrad A of
the projecti.on.system a t artial ,coherence factor a,of the.

phot o1 1 hagpaRiT iR o TR HEh 3R G BPDRrerh ARy oguiEisel red to
adequat el %Pex@'&‘rk Nﬁbf‘ﬁetpﬁﬁe&fo‘ﬁfs‘ykt@m%dttﬁ@gﬁﬁﬁl' RhercAROB R oldfend Op of the
photoresist, the theory used t0O <calculate the image is well devel oped and

i s based ghotohiéhogcaphiceappemtiisc Aldionpke many patametramay be ocaquired toaddqoately 1001521

Final 1 st RO o Phactial BUp 81 WL ey RacT e DAL ESediias thi s
opproach, SHREgNg i el heral IR AEEARTpih A  sol
phot or esi s ve@bsformef erred to as the vector effects, and the physical and
chem cal characteristics of the resist, for exanple, are not accounted for
in the calle52tA Gre acrial image” approach may not, however, accurately predict the final

image printed onto the substrate. This is due to the fact that this approach disregards the

effects of the image receiver, i.e., the photoresist. The interaction of the electromagnetic

field with the photoresist, also referred to as the vector effects, and the physical and

chemical characteristics of the resist, for example, are not accounted for in the calculation.

Basically, in order to match the predictions of the aerial image calculations that use a fixed

intensity threshold to determine the printed CD, the photoresist would have to exhibit

inifinite dissolution contrast with zero diffusion of the photo-generated species.

Unfortunately, such photoresist processes do not exist. An accurate photoresist simulation

model includes the effects associated with diffusion of the active species (which “smear”

the projected optical image) and the finite dissolution contrast of the real photoresist, and

gives predictions which match experiment. The reasons for differences between aerial

image predictions and real resist processes, and some of their characteristics, is discussed

27



Basically, in order to match the predictions of the aerial ir@gf:
calculations that use a fixed intensity threshold to determ “}W%%Q‘Wed
CD, the photoresist would have to exhibit inifinite dissolution contrast
with zero diffusion of the photo-generated species. Unfortunately, such
phot oresi st processes do not exist. An accurate photoresist sinulation
nmodel i nclmddbe ResiseY ¢atort SCassomgthe devink Image té Bsaloy,”dfro¢. IPIRLY dlv 46X eci es
(which " the finite dissolution

S . he projected optical inage n
Cont rast - o108 @e et Rpftsian el wiieredh dBRorBe AR BRE RIS mat oh
experi ment o BRETE S0 RNH bider @ b GaRNAHEdBEHYBRR A8k Inbw dfBERoRESAL Cti ons
and real resist processes, and sone ‘of their characteristics, 1s discussed

27 09 JANUABRNEs20D selent thEbestREumatativie etrangemEot) adull resipt chleulapon mlay berage t o
Reality,"” Proc. SpP] Vol . 4690Q, p. 366 (2002), the entire contents of which
are i ncor porEeRle Ejégl@i' ﬁhlﬁﬁalF%lPE?’é%P@fd T“bé)ﬁ%fgc?ﬁ’étrtg? 8ters of phalorgdlst ¢ o
accurately. J : 2 f L aphi to

el sct ¢ heoBRSfe ol AR AbaEaE KB AR Rlort Ao POp R PRocRBE IRl D) be
desi r abl e.odcagaitey, thd phofectiah bedrachaiges the theinicakeatumetod tikcesisnby ddtieatsigeths of
phot oresi st _ exposure, photoresist baki ng_tgPEB) and phot oresi st devel opi ng.

Phot or esi sTolegpesefythe resist mrakerigh eReramding ) tee paibie Pehniesifhngeconvrrionbini cal
nature of §fiSeli Sheitafly bR R0 Airdt Bl HidleRcaRlneldS o inilardBE ST 21
pendi ng on e nature e resist, 1.e. conventional 1- Trne resist or

chemi cal | yineepgtibh beskees Hieprojetiidid Bfagnind e edstst GRRere anb R aldulaé telcabngget he
interaction between the fprpj ection beamand the resist material and to
cal cul at e affiec dramiien coetiicisat abiboresist B1taEi@bf fi ci ent of the resist naterial.

The 11 ¢ noBnAB e R Bieinbip' B RS R B e BIRAPh Gy The *a pat fer
to be pri rlltﬁ@%r%ﬂié)pﬁ)bléf@flﬁg -reﬂr@&ﬁ5§baﬂi@tﬂaﬁ§={oﬁ%ytdf@ﬂbaﬁél‘iﬁ?t@%g%)rf_hﬂsdd%tn&pa (B2)

where a resist process to be used to print e ‘pattern is defined, nodeled
and | oadedwvafer.t he sinul ati on software, such as ProlithTM Solid- CTMor the

i ke. Preferably, th si st nodel shog ake into accoun in.the

cal oul at 1 dio'en Yieaelfed e bropiy iooip e hHER rieshPraroe B e PO RS | on
with vari ?&kt@ﬁl i U6 S mdASIRd 3Ad 10l &F HhSthe LiRRIAIAIBRARES budrRIYE™ [ Nfid-

phot or esi st baki ng and the photoresist devel oping. Qher responses, such as

dense/ i sol Geat thehkair Rrefiratdp dhe smistemoddleshpuld takiengtosardourdsin the calculation of
enhancenent factors, e. defi ne nodel ed ation sqftware.

[00156] LitRetsisks cvﬁ@mﬁg%ténrﬁea@?ga%g@ ﬂan%}w?gﬁtﬁ@a Igaeh B doskce unt, in
22u§gtd)og;, rftﬁﬂies fh%‘;?g%gees%s‘g ?éféﬁsgg‘ thelgABtor &l bakih D dnd® fnelfiG i Sb &G d00BAgL I ¢ Tield
Other responses, such as dense/isolated feature biases, side lobe printing and mask error
enhancement factors, may be defined and modeled by the simulation software.
[00156] Likewise, the resist model chosen in (B2) may take into account, in an embodiment
of the invention, the scattering of the electromagnetic field caused by the inhomogeneity of
the resist, a nonplanar topography and the vector effects. The vector effects refer to the fact
that the electromagnetic wave propagates obliquely when high numerical apertures are
used. Although these vector effects can be accounted for when calculating the aerial
image, a calculation of the vector effects in air greatly overestimates the contrast loss
obtained on the wafer. This is due to the fact that the incident rays tend to be straightened
when they propagate in the resist because of the resist’s refractive index. Therefore, a resist

model with a rigorous electromagnetic calculation may be preferable to accurately

determine the resist response.
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the resist, a nonplanar topography and the vector effects, The vector
effects refer to the fact that the el ectromagnetic wave prof2dangsary 2007
obl i quely when high nunerical apertures are used. Although these vector
effects can be accounted for when calculating the aerial inage, a

cal cul ation of the vector effects in air greatly overesti mates the contrast
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then proceeds to step (B3) where illumnation files, each representing an

i ndi vi dualandrdigidpeli gitd poanteatgesaerated and inpdedndbe simplatien soifaret Tomlighdf t war e.
The light _ source points .C ' in i fil for | i.aht r oi nt
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the pupil cpligN@osb&e&iont drahé {1lunitharat ataRe §1Y;ﬁ1£llﬁﬁe Bhefhe i Murftin®Fon fystened 9.
[ 001591 The nethod then proceeds to step (B4) where separate responses are

cal cul at egh¢wn in Fl6th. Viaad&@ source points using a full resist calculation. In

t he enbodi f the jnvention, repr nted in FIG 16, each of . th
separate. IR AReocliod (R Practls & SRRIBP™Eire sharue rospotseS gl ddfion o
of si mul atjRRFusSoRe pBitsh Ahl1PRsIP R ulatibae I 8RR m Skt RN IE ¥ ion

i nclude, for exanple, the Depth of Focus (DOF), the Exposure Latitude (EL),
Dept h of rémresgstedtin 8% .off6, Eaqhioxfith@sdpataid tesipnbEREBAdRsenttaresulbsmeseties s z e

El. 1, dense Fo i sol atfed f eat ure bt'basq rbitra(g)% &ﬁature bi ases,, si del obe
printing, STEISRTISEEES © Sigulatens Wi @e s giiongpedgl. ERA Zeseenses stugied regy ( MEEF) ,
linear re i 8, bsal f Ehg;.&] be
vi sual i zeglg!tl)%ﬁébﬁgtef(l ngl%f ﬁlg I%f)pﬁ[% %ﬁ&%gbgp)’t@e Hesu e’?‘ssa?lglg&a rLﬁrﬁget. oﬁpof t he
sour ce | oFatus 8% OOEGidsuiediatitude( D AR@EYEL), Iile dese-toxde(H €, dbnsa t6 (wolased Nap
obtained with this nethod is

feature bias, arbitrary feature biases, sidelobe printing, film loss, sidewall angle, Mask

Error Enhancement Factor (MEEF), linear resolution, or absolute resolution. These
responses can also be visualized by plotting the contour map of the results as a function of
the source location.

[00160] Referring to FIG. 17, an example of a contour map obtained with this method is
shown. This figure represents the upper right hand quadrant of the illuminator at the pupil
plane 18. The response visualized is the depth of focus in microns. As shown in FIG. 17,
the source point grid has a 0.1:0.1 spacing relative to the full aperture of the illuminator.
The lithographic problem studied was a pattern of 65 nm isolated lines printed with a
chromeless phase lithography (CPL) mask, a 0.85 NA and 193 nm radiation. For symmetry
reasons, only the upper right hand quadrant of the illuminator need be visualized. This
contour map represents the depth of focus obtained on the wafer as a function of the source
point position in the illuminator. It is shown that only the source points located at

approximately 45° (relative to the line orientation on the mask) and a radius of
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shown. This figure represents the upper right hand quadrant of the
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applied to,the . a al ue, of the respon . The first .order correction
oy b doronp i F; oy Mt Engs dien prass 0L aH G A heCruPi S PARFhREdS [ n
the circl GpblicdRARE b hed ¥l of HOLEBEILONTRENHsRURR: BirdlABE nfl oliofit BOLALT ON
to make extra grid points. In a preferred enbodinent, the frrst order
correct i orsimple averagt, izl by chmtiohgiee pointa insdudpdtin tige ofcld hel' edimt srdetbased on
their cal cul ated sizi ng, dgses, | dose wei ght ed aver ag"irfgg. The

.e. b
li t hogr aprﬁoesrectbqrbﬁnéx_eﬁlisghe&9%%{“@%?%@(%@@%% 1SS doss. rPelreed! at i ons,
however, g uoglgrh&{t%@%r& on‘i’e”r%'brrg&%% rﬁgfdstﬁ?ﬁéb %%%Bdi%:%elgufil?g PALBboink/en 1

a point Ihthe circle 1 provides a vi dual® response, if
its dose ilmsetbén tlepeelcutdduizing doges,aw tedodeywdifieted avdiagingphe lithographic

>

projection apparatus may use only one dose. The calculations, however, may determine a
best dose for each individual grid point. Even if a point included in the circle 1 provides a
good individual response, if its dose is not close to the one provided by the lithographic
projection apparatus it does not contribute favorably to the response obtained with the real
illuminator. Individual points may thus be weighted on the basis of the difference between
their individual dose and the dose of the lithographic projection apparatus. Those points
having smaller differences are weighted higher than points having larger differences. The
first order correction may also be done by a combination of interpolation and dose
weighted averaging.

[00163] In an embodiment of the invention, the refined values are obtained by increasing the
number of points contained within the aperture. This is done by diminishing the spacing
between the source points. In another embodiment of the invention, a linearly interpolated

grid may be used in combination with a smaller grid spacing. The interpolated grid
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projection apparatus it does not contribute favorably to the onse
obtained with the real illumnator. Individual points may tﬂégi%gA%&%ﬂHFed
on the basis of the difference between their individual dose and the dose
of the lithographic projection apparatus. Those points having snaller
differences are wei ghted higher than points having larger differences. The
first or d@roedﬁswqoébﬁr@ﬁvaamg@rMSWOWI% T angharaesodniont griditeat seduges on
and dose ] venti-on, the
ot ned variecd oBEEARA opRP e et o e BB ofinab Bt N EBHE e

W t hin theo@@ep@hm&qﬁmué i s done by dimnishing the spacing betmeen t he
source points. |In another enbodi nent of the invention, a linearly

i nt er pol ati®d64] @Vhléﬁ ?’rﬁgﬁt prder sesgedtion hastbienappbed wthha‘eprgmemnsgwlwletpém ng.
The interpo ed ARY .2007 i de moot ragi ng
process by h‘rath H“*q‘%ﬁ ﬁ.‘}‘l;l 15t PHRe E&‘ﬁﬁ?s‘fﬁ%ﬁ'ﬁ b‘tPeésSLo‘ﬂé rical
errors cays@ésiyd ﬁialtglaﬁmlr@ igpRAth R b@gmrsﬁécﬁh thé Hémdilqnﬁitra‘t?é?ﬁﬂgil(}g ife
specific source points captured. 1001641 Wi l first order correction has

been applﬂéd?1é7mhé5§verage response cal cul at ed mnth the method illustrated
i st cglculatlon it sh?uld be understood

in FIG 16, i u5| n

t hat a i iones ?‘§ 3%@%@&%& tened pathatpmercial serylainysqiivage os
13, %Zm 1@%5@5 1cdi30dPat ¢ m&%reﬁ't@gal&ﬁa&l?obﬁ?necﬁkﬂyltl?etrfx ?dé)bt ai ned
W th a conne cia S|nu ation soft using a resi st ca ation are

conpar ed ftdesceiabd inl BiGS06 anthtl 81 Qabtulatibh is dumeifet eodal edbsdinchasdet forthl GS. 16
and 18. Calcul ation is done for several enbodi nents set forth  above, That

i's, the dépe¥s ofhat Bethe deptheoifeensas elcwated ertherasing theyB Ofalveefjindiyfdual
i ndi vi d“a'sourggg&ﬁ% BRI I8! d‘a\%%g éﬁﬁ?g m"rﬂxl?f)azgﬁrsft pfdé} abge egﬁogir']% a

first orde rrectlon ("dos tom

I nt er pol at(elds@iveighicdi avpefroraliftradmapd, aavmtexpdlhtumgndrmﬁte)p&ateaaﬁ@ i fidirhon of
an interpolated grid and a first order dose correction ("interpolate and
dose wei gmapj)ormnﬁenatm@fwaﬂ@temlqt%grcﬂ angraafiist efsleedesstcorigetioral ue of the
dept h of ocus w L h ] t f\aneous 8% exposure | atitude constraint)

obt ai ned a\}%?réﬂ %f‘F eﬁ n)Ents of illumnator. FIG 20 represents the

different | @ﬁé@%@ﬂ@r@tlﬁtﬂb%ﬁﬁl%rhﬁ repreSent fHedlalue DTEhLARHUS of FRES {v@iih of the
projection beamat the pupil plane 18 is shown for each illum nator. These

di fferent snmultammat&"/mnxmsmdgetnéﬁc@Stramt)bvé)taymcbwﬁledeverdraneneﬂmres ofpy

appropri (’Ml?umlzril%.Jo}J 5151'83 r}b rggregerr]l?s tﬂwd ﬂ"e?e%lt S egre(rarll’e%%s us r{rs?trllllal 3’§hé (r;]rols:sI G 9
section of the projection beam at the pupil plane 18 is shown for each illuminator. These
different illumination arrangements can be obtained, for example, by appropriate
adjustment of the multipole generating element 38 in FIG. 9.
[00167] The lithographic problem studied in this trial corresponds to a pattern of 80nm
holes with a 200nm pitch. Simulations of the hole size in resist are made with a
commercial software (Prolith™) using full illuminator calculations and the results are
compared to the averaged results of the grid simulations. The comparison of the different
averaging approaches discussed above to the calculations obtained with the trial illuminator
allow a quantitative analysis of the accuracy of the averaging methods and selection of the
best illuminator. As averaging calculated grid points requires less time than running
simulations of various trial illuminators, the present invention can more quickly determine

the best illuminator for a particular lithographic problem.
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100167 The |ithographic problemstudied in this trial corresponds to a
pattern of 80nm holes with a 200nm pitch. Sinmulations of thehnaysz200M
resist are nade with a commercial software (ProlithTM using full

illum nator calculations and the results are conpared to the averaged
results of the grid sinulations. The conparison of the different averaging

appr oachesjosissRIGS e9 it ther Bolite theaérpithyakrofISMRAlcaI oA aid tHe dah@ildtioha!
illumnator allow a quantitative anal éSI s of the accuracy of the averaging

met hods arﬁbt%@ft%‘@tth&w ra¢thpdedespralaad in [FlGd Heansr 18 eeacaniarthgthmiceafdnstat ed grid
poi nt s re t han. 1 si mul ati ons of various trial
illum nato %lgh F‘fln 81[3«@ f?rqs%h?sygﬁmygﬁoﬁnre qui ckly determ ne the best

i || um nat qpo1k§) rRe’ferPﬁargttb eud ar) ?kédh&?i%@@f‘t!h@ Umobmértsn%&1t&}%odﬁ91u&%¥ra%%%o
[001681 FIG 19 indiCates that both the Iengthy ProlithTM cal cul ati on and

t he cal cul aiidast® emmmmbdtuﬁlﬁ) bastden ﬁ'@t\mglﬁeabl endintdpolated sPiGS mebSuraments 8
concur in the choi f dos ht d n n for .the best

U1 i nat G SOmATEb P the pisd: Rt R e o aghon sy al e

(si mul t anegushyrg O @at&%qsﬁocam latmd}e?@)t D SRRARME & rélibhaeodaspdien the
wei ghted and 1 nterpol ated source neasurenents are conpared to the

pr edi ct i onthehicthoded ti firbsert nivehﬂﬂi\ﬂatﬁﬂaeton@rmatch stepredictimdebthimed wdthver al

trial illumnators (shown in é Data indicate that predictijons
obt ai ned WireRth™f hEh?ﬁstr%lérs @me H‘ét thatd %methoﬁ@émq Rfﬁseglémvgnw Byerablyrsteh ¢ he

predicti Onthg I{eﬁfcﬂggs talge Wlt‘ﬂlthuib%lthll lg'ﬁﬁgttoﬁlgr?&'hge .f8f§ori'ﬁceoslé ech fi‘t the met hod

of the preser |nven avora € predictions obtarned with the
actual ill 2tioh, ﬁmcaeuf‘g@d for source selection, optimzation, and design.

1001701 Referr &Q% to FIG 22, predictions obtai ned with a full resist
cal cul at | dPP17tdRederding do FiG 32 pregistinpriokiained wiba ful rﬁlﬁcah?e}atlan éacepiding ed to

t he predi Li,ons L he al ar f i t ffe ent

def obus vap dEURRPY BrREedIniicEa 8 & Fmo R0 i tne WREGTE shlafddi it » iidihe
process waaﬁﬁa\ﬁhﬁgénﬁﬁi@itmlmreﬂ deffecub 98lued (NTUBFRahd NILSPI)diThe@Rfocas Bsed0. 2 M
(NI'LSF2) and 0.3 m (NILSF3). The |ithographic problemstudied is the sane as

above and foommspang shet proeesp attindavnanst deggmning dlqelseswlhlmlaatmomdﬁmps ach and
the trial S hose, descri.b n FI G 20.
Rocul 15 1 i e PR i d N S i g et o aaieE: i (b SEF B nat or
to al ess%%o%&rﬁ%rre&&%iz ida Faterh bf 8@nihtoldsGittPa20@nsi flich@hdtd @a1 @S in FIG
22 is carried out for a different [|ithographic problem The |ithographic
probl em stilidnadtorsudeldiase identidal cothossirsorteedtin FiG. 2htResutts ofdi@ie thianthkol es wi t h
a 300 nmpitch. Both NILS and aeri eﬁ i.mage intensity at the

aerial image metrics predict the best 1 ummator to a lesser extent.

[00171] Referring to FIG. 23, a similar trial as in FIG. 22 is carried out for a different

lithographic problem. The lithographic problem studied in this trial corresponds to a

pattern of 80 nm holes with a 300 nm pitch. Both NILS and aerial image intensity at the

mask edge MEF2 (i.e. with a 0.2 um defocus) miss the best illuminator predicted by the

full resist simulations.

[00172] Results in the trials described in FIGS. 22 and 23 indicate that NILS measurements,

which may be used to maximize the process window, less precisely predict the best

illumination conditions and further do not quantitatively predict the process window. The

fall off in accuracy is expected to be worse as NA increases (stronger vector effects) and

for certain processes which have moderate contrast and print far away from the aerial

image limit.

[00173] Referring now to FIG. 24, a method for optimizing the conditions of illumination of

lithographic projection apparatuses according to an embodiment of the invention will now

32



mask edge MEF2 (i.e. with a 0.2 smdefocus) mss the best illum nator
predicted by the full resist sinmulations. 1001721 Resul ts i A9JANUARYR097
described in FIGS. 22 and 23 indicate that NILS neasurenents, which nay be
used to nmaxim ze the process wi ndow, |ess precisely predict the best

illum nation conditions and further do not quantitatively predict the

process W.ndauey Tﬂ%hiJeﬁMod%% t! é%l&ﬁSHBPﬁ%fihémﬁfé{b‘%%ﬁﬂ drferl? §s M{ess%.tﬁ;ﬁt#’*
i ncreases (‘stronger vector er}ects) and for certain %rocesses whi ¢ ave
noder at e Hthograpkic peovdsyotitaihed Bisubstayiafly sofdchleovees peldetetmimgé rdnigabf defddi31731

Referring_ now tQ FIG 24, a method for optim zing the conditions of
i 11 umi nat Moan gmbodimens fathei iaventione dsofesal sppacnselicnds Acigyed Mitht @ mgthod

enbodi nment,. nf: 1 he 4 i ik AANUAR 7 AL ai . this
enbodi msn{n,CR]g é'{ggg?i?xg}r{lg (Q);lftlﬁ%ééﬂth Ilffir?n"(‘l')r[%llatto§jr% pggl} angene;létsa'lgtg’ T (l)éra?éﬂ gsﬁg? mﬁ:e

| i t hogr aphiodelpseteteing a @il af staglcd st bsd mipiliptdnley f traflon latopMalcutating egpatas M ned
range of defocus. In an enbodi nent of the invention, isofocal conpensation

i s achi eveespausesforinditidisd soyrprpaiats Rgch elthe FAspRRses 1epieReying prestlt pha siaglaok o be
o e o SR SR R il Ao BB B A L uBibt,

I esponsesthbQéparAeiespshses fof aidiGRuA bkt Spoi RBGHHAIEAS,; a8 IFANGRSNIBRAREAEH | Ng a
result of a single or series of sinulations using the sinulation nodel;

cal cul at i a;angementrbiased epawdysin ¢fithe mgtricat i on of the separate responses for
i ndi vidual source points.wf ef S,, and adj.usti i.l lum nation .
arr angerrem”f)];]é’etﬁe &Ftlg}{g}l%ff%f fn l‘c'1 ﬁdé e OP IE‘}Z.#IBB ff ﬁ% ’ﬁﬁ“‘l‘ﬂ@‘oﬁp‘ﬁﬁ‘gﬂlonf 18
i 11 ustratgded Bn fhdFacPthat ﬁﬁtmﬁﬂyzmbgapm phdiferhd tWdTbPsit0 iR Hhdch@isné
based on the fact that for many |ithographic problens two opposite failure

mechani sndefocus atést.odiss prinaple i¥ hilustrpted rio iFiGe25,swhich wepiresenésda fotuFle@ospify
whi ch represent

a.focus exposure. natrix at fixed CD on the mask. This
matrix, Dl firgd C %@@@%ﬁpﬁ&%m%ﬁﬁwﬁﬂﬁ%%w Plot; ¢apBY FHgMogtant

i nformati %]??ﬂ £n chdd ;dt iR€al i att.of ion of
f ocus fofrmgl erccliarﬁ) eit%glé%éde er?le S%Iegéxﬁ%%%%ﬁ%ﬁegﬁ) %?ﬁtﬁ]ﬁgmltl?ftq%g%s?aphic
usef ul dofoe dffederft @gpissusy enetigiéd. ned by their ability to equally print

structures of the desired size. In this graph, the |ithographic {)rocess wil |

be deened®¥8bRdiG; 25,4hq lifhegraphie paafilsiess sndiiseusaredrfingd bu theitabHuy oeapathact s
range of S SpehRE s bgrelNa, I LR, LR, NGERADNE pRicel Bl BEaH G 7o
by the CO®baaify lafedafigioriafoclsahedoseiniigBndll)imphcts t)targbdeR] Ppactitédiysthis obust
process V\:elcpllirebseto gerptt{lg I))/r?rclitecll3 thhi?hi'r'llasra(.)lfggg?gc"ce;tg lg%rgs. Al%islrgnéehii sgl%ilsa?iga lypI ot
illustrated in FIG. 25 by the CDs comprised between dotted lines (1) and (2). Ideally, this
robust process will be portrayed by the “isofocal” segment AB in the Bossung plot.
[00176] As can be seen in this graph, errors in focus and dose can lead to two opposite effects,
which can trigger a failure mechanism for the lithographic process. The first effect is
characterized by a CD increase outside the range (corresponding to “smiling curves”) of
acceptable CDs while the second effect is characterized by a CD decrease outside this range
(corresponding to “frowning curves”).
[00177] Therefore, in order to render the lithographic process substantially isofocal (i.e.
insensitive to focus errors) optimization of the lithographic process is performed in an
embodiment of the invention by compensating one effect with another. More particularly, this

is achieved, in an embodiment of the invention, by balancing the regions in the illuminator

producing failure due to high CDs with defocus with the regions producing
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[00176] As can be seen in this graph, errors in focus and dgﬁg can Ieak% 50
two opposite effects, which can trigger a failure mechani smP?dANUABY 200

| it hographi c process. The first effect is characterized by a CD increase
outside the range (corresponding to "smling curves"”) of acceptable CDs
while the second effect is characterized by a CD decrease outside this range
( cor r esporgliurg dii®to ' sidMODEgvich dafests) By dAdgst, Chhedréftione within thegescesso r ender
the lithographic process substantially isofocal (i.e. in ensi({i ve . tq focus
errors) optingaw ate destisplly ﬁ"érfqu?ch@@Pﬁﬁﬁ?t@llpjﬁ%@@%pﬁ'%eﬁ&vﬁbﬁﬁé’de eteryined
enbodi nen f I i : i f A . More
parti cul atrrﬁ%,e o??‘%su 5 %?agq}gc%%ée%adggﬁ%ﬁaéﬁ%ﬁ%&ﬁ Ofg?lc {Vﬁ}e%ittﬁevg%ﬁr%ﬁ{nnby

bal anci ng at&eptdbegis @igmented.he il |l um nator producing failure due to high CDs
with defocus with the regions producing 33 09 JANUARY 2007  failure due to
smal | CDs,[00A78) MerefspeqiBicallmythg sretledser optomizing the ilbmaingiiemeonditipnspigcess

o oot e R B 580 ERR BB AR Bl AR ARt REARSAR Oer Lhe

predet erm ( _ tarned, ocUs range (DOF) over
whi ch t he JEIRmtsaBRibe vaAsEaRiAMEal et eDoNBNESPcus] Otk t8driln thispabodimead | Y,
the method for optimzing the illum nation conditions of a |[|ithographic

appar at us cpicolafedefor pachasaureipoiht sitwatedin thédluminaiar, itlenCR ate\givestdeferus had

accounts for the variations, of. ¢ ta i th defocus. K The.metric in

b < enbodPmees Wiaresat s Bane ot oiaibat dhs et s, TEeatbustoR i he

i1 um nat Qpsel G Peitdratdd Sre@iNhél §61264!50iAR Jocaf AR MESubithator. E8&btm¥ht bf t he CD
obt ai ned at the bést focus. This conputation is subsequently reiterated for

all the sohgitlenpativhsohditaned then penformbd omihedtasis of fAwj aosipaeinon of the résalts
illumnation conditions is the erforned on.the basis qf the conparison of
the resul CBGITSEar 56h Spwee asidh mwcxﬁﬁw adyysiment aé%eflfleramay?n adj ust nent

ot rangemeSt A SR G SR o Bl ARAR, BenB TG oo i et BT, e

condi ti onillihi@atoCPodasing )i theibebadee conditiorg héghsCD$ on theesubbtratdiwitht f¢as of
producing small CDs on the substrate. [00179] The nethod of the present
i nvent i on the flgpénatesrpreducing gpalbDsonthesubsigatef the pattern and nore

general 'y r[,&flw‘i R4 '}rga%pooc{' 8% B{eﬁéﬁ%{/eﬁﬁyﬁ G Ofol Eal?%laﬁcl%’rng%%lg :g%s;%he:t{}%%%s ed

[ 00180] I n an’enbodi nen invention an aerra

to cal cul ah@mokrdgerRENF AR eSS S Sact $oukdd foikMHYQBiiPRNr sirhilatibiici dent | i ght
energy distribution onto the photoresist surface is sinmulated. Sinulation

of the aen0330] imayemhedimisat efdhe inpention #eacgiabimage neasiehBrayibglusgd ovcaiduddst e

st mul ator %hess%ggra%sregoglséé hI};I\{in%remtbrg)girrlleinlﬁﬁihe ﬁl%ldgrelﬁgéh? Izaggrgy distribution onto the
photoresist surface is simulated. Simulation of the aerial image may be done with the aid
of commercially available simulators such as Prolith™ or the like. As mentioned
previously, the models used in such a case are well known and are based on the Fourier
optics either in its scalar or vector form. In this embodiment, the characteristics of the
different elements of the photographic apparatus, like the numerical aperture NA or
specific patterns, may be entered as input parameters for the simulation.
[00181] Also, in this embodiment, the calculated image may be evaluated versus some
predetermined criteria to judge whether the image has enough contrast to successfully print
the desired feature in photoresist on the wafer. The aerial image can be analyzed, through a
focus range, to provide estimates of the exposure latitude and DOF and the procedure can
be performed iteratively to arrive at the best optical conditions. Practically, the quality of

the aerial image may be determined by using a contrast or normalized aerial image log-
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previously, the nodels used in such a case are well known anqﬁﬁéf baseﬂq@p
the Fourier optics either inits scalar or vector form In tHi nt,

the characteristics of the different elenents of the photographic

apparatus, like the numerical aperture NA or specific patterns, may be
entered as_input parameters for the sinulation, [00181] Also, in this
enmbodi mentslope ITReiFa {regmalizggbtorthy faslire siae)y diisivalies cqrEespeRds to theatietter ni ned

criteria to‘?éﬂe”iﬁﬁgeﬂ?&{sﬂgr(oﬁa{éﬁai ]}E%%%)r has enough contrast to successfully
d photofr

print the desir eature 1 n esist on the wafer. The aerial inage can
be anal yzeqeb182] fin chigbmbodifneat) she megmse stadied doti cdeh emirtapdiasmay bt ke vaxiaticur e
| ati tude and DOF and the procedure can be perfornmed iteratively to arrive
at the bedtithodpfoqusiof thsrateppibnduesppldafithaacrial image gijung theytaiget Cbhe aeri al

i mage may 1N b o E : no. | i rial, isage |og
34 06 AT S HOFSUR e PP SREh ol iRk aRR A Bl p PR )
Thi s val ugfiidresROAD Wih HERCcS AR lintbMetyithRER1d (1tec 8 tHadintedkitpikdshbld

i mge). 1001821 In this enbodi nent, the response studied for edch source

poi nt may oféheraseialiaraga givime thaitargetdePbcus of the intensity threshold of the

aerial i i.vVi ng, t he .t ar get . Alternativel. in a her enbodi ment of
the | nvendiian] 1 AEtpaRLREH aleprhary T B SRRl ity e FBOT i ¢

def ocus afeafH soRebel poiftRah by péﬂféﬂﬁaqlsggd fufl resilcalcORtibAL BN dpprdUcasiel d  of
the aerial inmage giving the target . [00183] In another enbodi nment of the
present i rffecttafdlme inpigamécatvienn.cofhetphetoressyh.cand aesort specifecatlly thoeffents ¢ tntthecan be
perforned.using n this

a |1, resist calcylatiqgn. | .approach, the. effect of
Phe | nge MEEERYL e clectamaE el eeit e nitprosin av D BB ARFEd 1 i ECer f ect s

due to the, B%ﬁgﬁ?fh@ﬂllﬂfeﬁgﬂﬁ'o@ésggﬁﬂlﬁmq{% I Qsd {e%t%&&uhhﬁe@ g%f esi st

wi |l be accounte or int conputation. The fu resi st proce

si mul at i ophowyesast Bakih@hel phtaresistodewalopingethstebp sosideriplgaho e fsdts ludtakiong and
phot or esi st devel opi ng,. t hereby considering the effects due to non- zero

di f f usi on 26t AEbTIQROL¥YE PRYSICH) sRGCERs %rﬁnftpgise@um%wt@ﬁ-on contrast. [00184[

'n thi . : . o " .
(o RSk 14 Ao A G BB FATRASE SO bORRRREIELE R s
par anet er M(cq&ufnfdﬂalmﬁrg- AP del FJHENGN&Ad %r)gm% patanfiers QliffudBRhddghigat i on.
rate constant |Ka, npT), and opticai“parameters (DIl B). [00185] Referring

back to Flyrenchér cotberfta@BR @Y, YanfyliFR et tefte @nstant TR, NOD, {r okl phr&héters t he
illumnation conditions of a |ithographic apparatuS using isofocal
conpensat (PNl B).I |  now be expl ai ned.
[00185] Referring back to FIG. 24, an exemplary embodiment of a method for optimizing
the illumination conditions of a lithographic apparatus using isofocal compensation will
now be explained.
[00186] The method begins in step (C1) where a lithographic problem is defined. The
lithographic problem represents a particular pattern to be printed onto a substrate. This
pattern, which is used to optimize the parameters of the lithographic apparatus and to
choose a proper configuration of the illumination system, is preferably representative of an
aggressive configuration included in the mask layout.
[00187) The method then proceeds to step (C2) where the simulation model that calculates
the profile of the pattern is selected.
[00188] The simulation model may include in an embodiment of the invention an aerial

image model. In that case, the distribution of the incident light energy distribution onto the

photoresist will be calculated. Calculation of the aerial image may be done either in the
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[ 00186] The nethod begins in step (C) where a lithographic problemis
defined. The |ithographic problemrepresents a particular p8?JaNHARY 2087
printed onto a substrate. This pattern, which is used to optim ze the
paraneters of the |ithographic apparatus and to choose a proper
configuration of the illum nation system is preferably representative of an
aggr essi vecatant veutonformrofithecFaioeed opticst Peaatialky, tiby simulati@On8y be Tardedetthod

t hen proceeds to step (C2) where .t simul atign e . C ul at t he
profile ofiihe pdiofarch r‘él\é\ﬁ%&‘t’aé]&&%fﬁﬁ‘i 91 S“\‘*%e“?&&&%ﬁ%"ir@ldﬁgjg\gf“ ﬁﬁ?ii?ncl ude
in an enbggdi : 1 I i J . ase, the
di stri but ?@?\ﬁgg tSt Jgtliroﬂgq eﬁ%ﬂFlpg%ﬁglﬁgggf%&{ns#é}? ut ?%%ﬁglnltn{ oa%te tﬁgﬁﬁ%ﬁ%{%or esi st
wi || be calagibmpsisk thedistatcatfionntheffotdplane bt e Gamgen Mmygeday neeaping lsr i n

the 35 09 JANUARY 2007 scal ar or vectar. formof the Fqurjer optics.,

Pract i cal Histanepijosthe plane atheesihahgstplans of focug ewigts. 45 datermupedshigthggegmetrical
comrer ci al L\ Al I I P [ . I d- he |1 ke.
[00150] AL sl Golts MAVERBENR B ARshOh LM Coled) Phesk1® | Crge

si mul at i opgram@teys @aYBEIsb Sclidea Hessutefietrea Bf bfutiafl partibl @haracobf thee Gaussi an
i mage plane, neaning the distance to the plane where the best plane of
focus exi dtuminationgeysiemptheatimsricehaperfatsradithe lens systeay llwminating e t he center

| h of i- h i i.aht .. T
a0 §nol derdean e SRR e PhEPBiong gL Db Heién <08 RIRL BEFRD REE™
i1 umi nat gomasislsisidh@nbisiehfaént BRARS YtRaPhadie | ens system il luninating

the sem conductor substrates, the aberrations of the optical systemand a
full descruiopoi diteofativély, the panulation madel maydiedasédinenpther empodisent ofthet he

optical nask...[0019 Alternatively, the sinmu) at.ion nodel .be based in
ot har SSRGS B s ClG Jh st ettt DR gy AR B ACORRL such a

case. el dThitehis O oI edt A ash B O QA CARE by bl RORIh GlcnBlly 8}:) jHehe

el ectromagnetic freld caused By the non-honbgeneity of"t otoresist, a
non- pl anaphdtogesigt, aphy-pdanat epogmphp or e fvectbseffebie Thesesst modidIshakidulsd al so

preferably take intqg account th hot or esi st expaqsure,. the, photoresist
baki ng an8ref@ably ksanpasrmt Hl?\lg'iogﬁ?%ﬁ.ex{"{?@i@ﬂ}e nbetqresist Bpkingranddle event t hat

a full reﬁhﬁgﬁeﬁ:@bﬁ&hg}ﬁ%di s used, essential paranmeters to run the

sinmulatio and |l oaded in the simulator. These paraneters may

i ncl ude, peosiifdaturdly, iethe @Vemahameul reisy 8gldulation Resed; leb@ntibF@EMSteriltb at i on,
the dissolution and the bake paraneters. [001921 It shoul d be understood

that sel efinthesigrulatipn willhe dafingd angleaded inthesiapmlater2) Thepe paypmgters may
include, besides the set of parameters used in the aerial image simulation, the dissolution
and the bake parameters.
[00192] It should be understood that selection of the simulation model, in step (C2), is by no
means limited to an aerial image model or a full resist calculation model. Additional
models like a Lumped Parameter Model or a Variable Threshold Resist model may also be
used in other embodiments of the invention. In all these embodiments, the model is
selected because it has been matched to experimental data.
{00193] It should also be understood that the use of simulation in step (C2) is not limited to
the calculation of the resist profile and that simulations may be carried out to extract
additional/complementary responses like process latitude, dense/isolated feature biases,
side lobe printing and sensitivity to mask errors.
[00194] The method then proceeds to step (C3) where a grid of source points, representing a

discretization of the source beam, is defined in the pupil plane of the illuminator.
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means limted to an aerial image nodel or a full resist calcul ation nodel.
Addi tional nodels like a Lunped Paraneter Mdel or a Vari abl09 JANUaRYa2M07
Resi st nodel nay al so be wused in other enbodi nents of the invention. In al
t hese enbodi nents, the nodel is selected because it has been matched to
experinental data. [001931 It should al so be understood that the use of
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repr esent ijfigmmatod bt ?gir)ﬂ a%ajge 18 Qf i BuSHAiEE sPea shdwn HEFIGEd-9 nakhe pupi |

pl ane of the illum na . JANUARY 2007 ~ 100195] More specifically,

i |'l'um nat inpemtibn¢dem, the forbgaiep dissssionyig sizuld belindedviadd that the Eoidntf soace
generated and | oaded in t sinul atjon software. .The |ight source points
cont ai ned PPH!} &Y g? H%tlé“qddﬂ&?rﬁn{{;ﬁh‘?&’%rcfﬁﬂ%é’@l’ﬁ‘ﬁﬂt%?f é?i“%]"ep ge- %q)qag}pﬁ)ey 3 overs
the entir 100 Of: il L : i ne 18 of the

i || umi nat ?’Sgihgi’g?ﬁtéﬂm’ﬁpﬁh I@%&h@#@‘_&%&ﬁ;ﬁ%ﬁa@dﬁ : ér{Jet" ﬁigaf or egoi ng

di scussi omaraiietridadly ligltHessimoldgos sefowarehat t he grid of source points nmay be

defined differently in other enbodi nents of the invention. For exanple, as
an al t er nd801% Sti¥ referring dtliCo At fthe msthodder eptingzigg agdlivmnagon sewcotsinge

7 o1 or 1 ng e GRSl FLTtAbAR: AR SR ASR ST e Ui ng

i sof ocal casgm@NBRMukpIditoceeds to step (C4) where separate responses are
calcul ated for each grid source point. [001971 More specifically, each of
t he separ 440297 ddgreBessiicailly] cach of dwessparaterespanses arill gepresent o tesuites geries obf

i mul at i i . S| nul atii or ls. B i al Lncl ude,
For exanpretS ol bl CnfhShaliRs fingti.PRishfo s RRREE R MRehdinai't)
threshol d .RaREIS SRt daPdinttbioR & f tHep atRAOREdi 6 004 TnbsFyReéshdlEnecdBAA81 Af ter

cal cul ati on of the separate responses for individual source points, the
met hod t [defingthe tareet<’ID onshegubeiBateo estimate the variations of the separate

ooBOnoes st AT LR eGP Pl B OB 00k BB o
SroLE Shaol SO M oA Atk AU Ol B Bl
wi t h the sespopses widl defbatsed at best
[00199] In an embodiment of the invention, this is achieved by a metric that calculates
another set of responses for the individual source points at a given defocus. The metric
will then compare the responses obtained at defocus with the responses calculated at best
focus, and generate a metric-response for each source point. In the event that the response
is a critical dimension, the CD obtained at defocus will be subtracted from the CD
calculated without defocus, or vice versa. Alternatively, if the response studied is the
intensity threshold, the intensity threshold obtained at defocus will be subtracted from the
intensity threshold determined without defocus. In doing so, the variation of the CD or the
intensity threshold with defocus may be established. The value of the defocus may be set
within or outside the range of depth of focus initially sought. In an embodiment of the
invention, the value of the defocus may be within a range from 0.02 to 0.4um.
[00200] In order to aid in the optimization of the illumination conditions, the results of the

metric can then be visualized by plotting the contour map of the metric-responses as a

function of source location.
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focus, and generate a netric-response for each source point.

that the response is a critical dinension, the CD obtained %%ﬂﬁgﬁg%ﬁgml I
be subtracted fromthe CD cal cul ated w thout defocus, or vice versa.
Alternatively, if the response studied is the intensity threshold, the
intensity threshold obtained at defocus will be subtracted fromthe
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FI GS. 26a .ﬁnd. 2t6b e(ﬁgnﬁl arl%ngnbodi ments of a contour map obtained in

accor danc é THMPAf REGRS HEH 6Pt he present invention are provided. FIGS.

26a-b  cong@eRang 1k driihid PR8lent stidied Rand pafterh b 90 nhi/Rd18aIn0s 36 nh icpupI |
pl ane 18. As can be seen 1n these figures, the source point grid has a
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map of the tric-responses obtained with resist calculation. In that case,
t he netri doas))c Gt 26b iand ezanpleroda cohteurmap,i wlabh ti sbémsedwitbfacriglnmapat t er n

obt ai ned at bhest focus and defocus . (i.e. best focus + 0. - best
focus)). mMieulae, Indhigsxamplepths TR OBy eﬁlﬁﬁr}swﬁr@ﬂhqlg Oheuforgaew b
aerial | - S QD). tHNi e, h Gy C i nsity
threshol d a ‘%@E‘?y #hgiéggmafﬁggot erﬁidﬁfé&gﬁgs)élt%yth%%ﬁg%ﬁgog@ o?m;é@%(fsgﬁgﬁﬂ&éeﬁ%gus

(i.e. thresi)( besiis érabodiment, itvheski(Headtedithatasvatiafio of thk threshdldimersitp dglament |
it should be noted that a variation of the threshold intensity in an aerial
i mge si marEalilgAss Smadalionds eqiivalentio eSLy vaialionon. [ 00203] These contour naps

docr oase G TRy oty s oL AR Aol e ORBH R G 88 bR IR e o

Each ar ea or @ldeéB@eiih tHeHoaCOr wigh defcws, G 4B itwild &f e kiee BEfs@ORAdk afkat 0 t he
CD obtained at best focus. In FIG 26a, the variation is calculated in

nanonet er of thedlluminefas givesis, CP shangentidrdafoqus compsteditel thedeD sbtadredides an
Intensity fc\)/c%ls.ufn PlfG. 5‘69, th€ e &iion tishcealc%aefgd {nrn%?lgmeters and in FIG. 26b, the

intensity threshold variation where an intensity value of 1.0 represents the open frame

value.

[00204] Referring now in more detail to FIG. 26a, the regions of the illuminator producing
an augmentation of the CD are concentrated in the extreme bottom left of the quadrant (i.e.
CD(best focus + 0.2 um defocus) is greater than CD(best focus) . They reflect a CD
augmentation of around 25-50nm. This corresponds in a Bossung plot to a “smiling”
curve. By contrast, the areas of the illuminator creating a diminution of the CD are located
in the center of the map. In that case, the curves in the Bossung plot will “frown” severely
and holes will be closed (CD=0) when out of focus. Areas where curves in the Bossung
plot will frown less severely are located in the upper right portion of the contour maps.
[00205] Similar information may be obtained in the contour map illustrated in FIG. 26b. As
can be seen in this graph, the areas of the illuminator where an augmentation of the CDs is

the most significant are located in the bottom left portion of the quadrant. Conversely, the
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val ue. [00204] Referring nowin nore detail to FIG 26a, the ' he
i1l um nator producing an augnentation of the CD are concent?éaﬁ‘g%‘?l Y?h%‘}
extrene bottomleft of the quadrant (i.e. CD(best focus + 0.2 mdefocus) is
greater than CD(best focus) . They reflect a CD augnentation of around
25-50nm This corresponds in a Bossung plot to a "smling" curve. By
contrast, ceiter afithaguadfartt lndll ibk Irepresentative of thatdgich ia thé iffupihatonprofiudifiga CD ar e

| ocated in the center of the map. In that case, the curves in the Bossung
plot will dmm&ﬂwc%@m@%%@ﬁ%r@%@ be cl osed (CD=0) when out of
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contour maps maybe reduced in one enbodi nent of the invention to contour

maps repr 8086 ibmthesppeps owly itwo tepters apedepidted. sThefirskonewaoriespoRis®. the7a-b. FI G
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first one intheraesaldnege taculhton. r@onverselyf thelsecdnd|amai coaesponds tethe negiamof
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Sign regi i TN GRtinEAAIRinuHgn S (8P ARGISTRRIATRR i BNPPPRSHCHEL | 1 ¢ he
aerial | m}g?%ﬁ:_al cul ation. Conversely, the second area corresponds to the

f e

region o illum nator creating a dimnution of the CD and is
repr esent gah2bs] Refercipg badk te HGg24, themethod f¢rapiasiinRéfedtlnmngtibacénditordsl G 24,

th t hod for. tim zi the illum nati diti . usi i.sof |

conpensat | B30 EanPEa SLPToess (g P U ST Ui ERPERPLARIPPORLES! t he

i1l um nat Qflm?lln%ho"i‘q}e%'fs@’e@@a%@cfl Qﬂletaﬁﬁxf’m@f%%in?eh?& the netric. [002091 In an
t of t

enbodi nmen e Invention, the optimzation of the illum nation conditions
i s carri edonod) Ihyn smbedimentoftht ypentidn, thd aptiniztionrof ttesi lumdmdtion esnditignsons
produci ng .an augnmentafiqQn of th?,val,ue_ of the responses ( or intensity

t hr eshol d)is ferigs el ng;dqyéﬁ cting a type of illumination that combines regions producing an

augmentation of the value of the responses (CD or intensity threshold) with regions

producing a diminution of the value of the responses. Practically, this means that, in FIG.
27a-b, positive sign regions are balanced with negative sign regions, or vice versa.
[00210] The balancing of the regions may be done in an embodiment of the invention by
selecting some source points in the positive regions and in the negative regions, as shown
in FIG. 28. In FIG. 28, circle AC that delineates a 0.25 sigma on axis illumination
combines areas of positive isofocal curvature and areas of negative isofocal curvature.
Practically, selection of these source points should take into account the aptitude of these
source points to print the target CD. In other words, in this embodiment of the invention,
a weight may be attributed to each source point. In the case of an aerial image
simulation, the weight of a source point will depend on the intensity of the aerial image
obtained from this source point. In the case of a full resist calculation, the weight of a
source point will be inversely proportional to the dose required to print the target CD (i.e.

CD to size) at best focus. As a result, if the required dose is low for this source point,
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producing a dim nution of the value of the responses. Practically, this
means that, in FIG 27a-b, positive sign regions are bal anc®9 JANUARYSBTI ve
sign regions, or vice versa. [00210] The bal ancing of the regi ons nay be
done in an enbodi ment of the invention by selecting sone source points in
the positive regions and in the negative regions, as showmn in FIG 28. In
FIG 28, circle AC that delineates a 0.25 si,. on axis iJlum nation
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JANUARY 2007 then that point may.potentially counterbalance a relatively

| ar ger ar @épproximataly iseficaln e depth of faces kiggad bmdbedase lafitudefis iave source points
have substantially the same weight, the balancing of the regions is done by
sel ecti ng [en1¥Reatltninrttrers offCI3 vana®npaiting 8.26+ illbmination iatrangentengaresBowund i n

the negative region.. In FIG 28, this results in se|lecting a 0, 25-a

i |1 umi nat iiB EI%-r%%aﬁB%ﬁg%Ph EPITEspoRdsdo a@%smﬁwqmlilmﬁgée vaiange pf thee
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studi ed. Afan bes6ecfn thiberaph} thagrisghiost v eamtion bfthefIpboet thaitanky of ofocal . The

depth of focus is good bﬁ{? the dose latitude is low 1002111 Results in
terms of dieds regardiess of RPOSSSEEIEFY-uni nati on arrangenment are shown in

FIG 29. ' ]Elﬁi% . r | frates the
vari ati on-ligufzﬁ] %{e%?%cf% ca ggﬁwréesﬂrllgstl%g lg@ E‘Et% rg%%ggér% 'ﬁ%{ %gg %éséag&?%%ogt i on of
t he focus aesuns avsslatting ¥edssy ilamirsion caiiditienss GRBsd respdrisss @apidlude iese i s
al rost no variation of the CD over the range of focus studied, regardless

of the expathedineef giedsvention theixposurg e 5L, thedlosetarsiae Ehds thedsptbafent ary
responses S ' C 05 ok RS@t ecting the best illum nation
condi tions. haggﬁggggg@é%%aﬁ%ﬁgog@%#an enbodi nent of the invention

t he Exposysm@iid}alticbeiftepdrses by catsaiditional inforinhtidn tHahmag®ppbrtidknt ih@eus at 8%
EL (DOF@Y%EL), .dense-1so hias, or MEEF. [002131 These responses nay carry
addi t i onaldetFpEaHaR péwet%amww&ms&qfimtm ¢Calculation of the responses

may be based on the same principles set forth in the present invention. That is, separate

responses for individual source points may be calculated, each of the responses
representing a result of a single or series of simulations using the simulation model.
Naturally, simulations for each of these responses may be run with an aerial image model
or a full resist calculation.

[00214] FIGS. 30a-b illustrate contour maps obtained with a full resist calculation. In the
first graph, the response studied is the maximum exposure latitude. In the second graph,
the dose-to-size E1:1 response is analyzed. As can be seen in these graphs, different areas
of the illuminators give different values for these responses and will contribute to an
optimization of the illumination conditions. For example, the areas of the illuminator that
will enhance the exposure latitude are located in the upper right portion of the quadrant.
These areas define a quadrupole off-axis illumination including poles arranged at +/- 45°

relative to the horizontal axis of the illuminator (this illumination may be referred to as
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determ nation of the optinmal arrangenent of the illum nator. Calcul ation of
the responses may be based on the same principles set fortH9MANWRYZMEENt
invention. That is, separate responses for individual source points may be
cal cul ated, each of the responses representing a result of a single or
series of simulations using the sinulation nodel. Naturally, sinmulations
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response $otragtadrgssdacatakprozimae thedayes leftipeation ¢fthpymap (enrresperding traley  of
the illum.nators_qi.ye dif.ferent..values for these responses d will .
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FIG 31. illhmiistibh Geviag fndiotBids pdles apargkd he+/o#5 Riative 0p drthopizoh@biris 6f t he
pupi|l plane of the illumnator. The signa range along the X-axis and Y-axis

of FI G 3hejllmipgas (thisqluminatiqmmay bg refgixebioasquasriinsadumingtion) Ehe
O i har £ o RSN AT on t
ol udes B B985 3L boAEaflEOR. sh P LRl 2 SRR BBl ey ] B LC AnaS e

havi ng f quum@fatiofxiay HeatReredtd &0 dnv)- (0.950188030). \Simuttéd R sy inz&isal
axis of the illumnator (this illumnation may be referred to as quasar

type i || wfidepthicdiycus hé exprsiesslatiude obtaBied pathi the ilkumaination argngggentyhewnr adi us
and a 0.92 ter radiu this, iJlum Lon be referred.to as 0.1
Cony o 05 B b dfsiied hediivtly LB 5 e B g Sal Bl Sidnef chee Bt nna
exposur e thatid MaRsOR) Pdrieitn W iHe GF11|3 @nd tﬂgtzé&gﬁ%}% %ﬂu%s% rtmggrggefocﬁé? own in FIG

31 are provided respectively in GS : can seen in these
graphs, [00216] FIG. 34 compares variation of the exposure latitude with defocus for a process

optimized with (1) standard calculation (in that case a full resist calculation) which
maximizes depth of focus at a fixed dose latitude (with off-axis quadrupole illumination
having four poles arranged at +/- 45° relative to the horizontal axis that each have a 30°
opening angle, a 0.7 inner radius and a 0.95 outer radius — 0.95/0.70Q30°) , (2) isofocal
compensation based on a simple illuminator design (having a 0.25 ¢ on-axis illumination)
or (3) isofocal compensation using a complex illuminator and targeting maximum dose
latitude (the illuminator combines a 0.1 ¢ on-axis illumination and a quadrupole off-axis
illumination having four poles, arranged at +/- 45° relative to the horizontal axis, that each
have a 5° opening angle, a 0.88 inner radius and a 0.92 outer radius — 0.92/0.88Q5° + 0.1
conv). Results in terms of maximum exposure latitude (max EL), maximum depth of focus
(max DOF), depth of focus at 10% of exposure latitude (DOF@10%EL) and depth of focus
at 5% of exposure latitude (DOF@5%EL) are shown in table (a)
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there is alnost no variation of the CD and the exposure |ati h

defocus. [002161 FIG 34 conpares variation of the exposure Wﬁ?lﬁﬁa@\%ﬂ@%
defocus for a process optimzed with (1) standard calculation (in that case
a full resist calculation) which maximzes depth of focus at a fixed dose
latitude (wWith off-axis quadrupole illumnation having four.poles._arranged
at +/ - 45| r ettimizgdontmethode Hor | Heminationa x i [gnak Rlamar BEH| DAN@ 188 BD| DAF@ At K
angle, a 7 i nitepdardadi s g4nd 0950.783300ut jet8% gdi 8 - ﬂi%ﬂ%ﬁ
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il lum nator and targeting maxi mum dosebld @yi tude (the illum nator conbines a
0.1 a on-axis illumnation and a quadrupole off-axis illum nation having

four pol e$hisdigneadhows shat isofocpbeorapegisatian @bst@wéallrydmrzm@ the RAQF sT hisigureeach
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| atitude and depth of focus at 5% of exposure |atitude
( DOF @ YEL proaess vahdaw niay be plobsble ayithidppbeprirnteNigaryY tHG U umimgden toiceaipensateniet hod

illumnation nax EL ma % EL DOF @ dard095/0 70@0
18% 0. 3 0's¢¥cal CQ‘&Va“érF ofe ‘ihé'i[))fg:é%me E'Eﬁf"aé?{%%&t CB‘H% 2’5%’6%}’ Lygingacgialy o
high EL i ?ﬁg Q:chu I%Hin%rlng)n%g{ i6h 83 de +81 5GP BY%st Fih >BefasE NIy s 9 63 TabI e

(a) This ure s ovvs t I'sof ocal conpensation substantially 1 ncreases the
DOF. Thi sphopottioeal talexposai‘mhaﬂtﬁb,amlch he apal pras woeld addol Ibadiie cenmbieatimestony
i ncreased whil e pmintainjn

gh DOF _ by conbi ni ng, appropri arts of the

i | | umi nat &S aq%ﬁf@mrﬂémmnag @%tq ByE W&%ﬁeermn% g&ﬁ@ q‘ﬂ&&% may be
bl f I
Cur vat ur el ARRRAR b ldich s Bod Wkt hE IBM’O RS dfiner S0

aerial i ggraphic pedtaéh 0 BExamitakiodiong chsafviendd ivide rangd ditcontdcbhele pitekds f ocus.
Because NILS is proportional to exposure |atitude, such an analysis woul d

al S0 | oadmes be sisis svatltaeonsly oAing 4R agenatedghaseshit mask lowdn i # eenclusiagi ve
i sof ocal %ﬁ{for nce W

171 A |mI a ch was
used to offl HUERRRLn taarnalrE R en bt okt toiBne Rios RABHRE
probl em  Exaned)avdsDRstGhsiltsC dbdte WRAE afalydisl ®fARE6la8dd SRAL dglthidehe, et ches
must be printed sinmultaneously using an attenuated phase shift mask |eads to

a concl uslithagraphiapatiero amdmdaqomqumﬁs tpuasam Holdsumria 480 inonpitdhoidlunhemated with ches)

and smal | ?éBgnm sgIlr%cre und a1t Fnumencal aperture, provides new information. FIGS. 35a-d
show simulation results obtained, respectively, for the exposure latitude (max-EL), the
depth of focus (max DOF), the depth of focus at 8% of the exposure latitude
(DOF@8%EL) and the isofocal curvature.
[00218] The first three responses obtained with full resist calculation indicate that a small
sigma illumination would be best for this isolated pitch, as expected. By contrast, isofocal
curvature simulation shows that addition of a small quasar arrangement at the very edge of
the pupil, would add isofocal compensation to the lithographic performance. It was
therefore concluded that the best illumination arrangement would extend the quasar plus
small sigma illumination beyond that normally needed to print the dense pitches.
[00219) Simulated results in terms of depth of focus measured at 8% of the exposure
latitude (DOF@8%EL) are illustrated in FIG. 36a for the types of illumination arrangement
predicted with the method of the present invention. This graph shows the variation of

DOF@8%EL as a function of the pitch. For reference, FIGS. 36b and 36c¢ illustrate the
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pitches) gives best results. Mire careful analysis of an "isolated pitch",
inthis case, the |lithographic pattern studied corresponds 08JASUARYRODZs
ina 400 nmpitch illumnated with a 193 nu source under a 1.1 nunerical
aperture, provides new information. FIGS. 35a-d show sinulation results
obt ai ned, respectively, for the exposure |atitude (max-EL), the depth of

focus (may, X 0 e, . k

(DOF YL TR 2o B oAt (R hs bR ACHARAUE i o ot e
obt ai ned papihpland of the Shshinatal. cCThasipmna ranpdiabomigahd Hadxisash¥ldxis o KIGS. 36b-
illumnation would be best for this isolated pitch, as expected. By
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sigma illum nation beyond that nornmally needed to print the dense pitches.

[002191 Skyispeledas p 8<inpey radius ardye 0 Sfoudrs srdiun fF1Go 8 6@ shavessa9 8d/040+8%00f  t he
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pitch. For reference, FIGS. 36b and 36c¢c illustrate the 42 09 JANUARY 2007
sour ce shhgrizoptal hxis wbtheyeminaforaBasmgfraaistpols rstact. rsnnst radiuscand au8g ar

il lum nati on 81 the pupil plane of the illumnator. The signma range al ong
the X-axi S"Hd™¥axis of FIGS. 36b c is from-1to +1. FIG 36b shows a
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adi us.  Flgmingionapyleadion shyigca fronse in the dRpH QLIRS Al ﬂw@&%n@fpﬁ%{t

i ncl udes : L3 H ' LA ' ] ion

i ncl udi ng YRS el 3 B0 M ARRA B RO Man AODUILER, T (e
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radi us and a 0.097 outer radius, [002201 As can pe seen in this graph, the
DOF@YEL POR@TSEL 2a B fenctios 94 pHsibelgarhy carrboratssithis resuly dhispRirble frqrease ¢ hi s
figure ingi : AL H:ﬁﬁ@r ' ' [ may | ead
to a si gnﬁfﬁ@gﬁghll}:ﬂgélggg ép?énf)n[eﬁlg:{égéﬁtlﬁ&g?&a{%ghggﬁ n tﬂg%’rll}%:%llsm eCTA?elE E}g ocal

conpensat isefocslhewpdndatioh calcOlafidnsrasarendly usafiiab ioptimiesthb ithopfaphitan a 0. 90
quasar illumnation, particularly for the isolated pitches. Sinulation of

t he vari aprnoeessof the

[00221] Referring now to FIG. 37, a method for optimizing the conditions of illumination of

a lithographic projection apparatus according to an embodiment of the invention will now
be explained. In this embodiment of the invention, the effects of lens aberrations are
accounted for in optimizing the conditions of illumination. More particularly, the
aberration sensitivity to the illumination conditions is calculated as a function of the source
point location, and that information is then used to select the best condition of illumination.
[00222] In this embodiment of the invention, the optimization of the source for minimizing
aberration sensitivity is achieved with a method including: defining a lithographic pattern
to be printed on the substrate; selecting a simulation model; selecting a grid of source
points in a pupil plane of the illuminator; defining at least one aberration set for the
projection system; calculating separate responses for individual source points and for the at

least one aberration set, each of the responses representing a result of a single or series of
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DOF@%EL as a function of pitch clearly corroborates this result. This
notabl e i ncrease in DOF, which could not be predicted with @3 JNEARY 2007
calculations, clearly indicates that isofocal conpensation cal culations are
extrenely useful to optimze the lithographic process. [002211 Referring

now to FIG 37, a nmethod for optimzing the conditions of illumnation of a
l'i t hogr ap:ﬂhf&}a?i%ﬁé £Gh4 BR SARRBLEH Hr%dél%?d deﬁ%n%%nf}mrﬁmaﬁgh Eﬁ&ﬁ%&{exﬁ Bthe
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i | | umi nat PB3lcAmeaen somece;of (L) variations in Lithograpiyniscavsed by lenseabsmations: poi nt

| ocat | on. yABerold Resk BT A SOy DERAMAGHH TSRLEEh £l 8L B ERORK! o7 of

illum nation I'n th odi nent o |nvet|on e optim zation

of the sooffd&eickohavihgeritical dignensivas bal $Mmm e hss tequirtythasthacleaedigtlactiohh a
met hod i ncluding: defining a lithographic pattern to be printed on the
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source pOégiiﬁgSIaQeﬂdelQ’f ethh@a 8kam Ih@aﬁg aFrRquéalee shidiel mnsﬁate de@@@dﬂvaﬁe t he
responses representing a result of a single or series of 43 09 JANUARY 2007

si mul at i ofecondingly, ¥ kedssirable & V@?fYrL@mmerfomcaﬂy ustuatify da lens) privriat i on
arrangenment, of.the m nat or bhased. on.a of cageunu at ed results of
the - separratatiane e KRR Beatdy TR0 E P PR i EARIY pK Rlgrd

|'i t hogr apltyfabScAiRHpestesy). | ens aberrations. Therefore, regardless of t he

i ght source utilized in the fabrication process, the fabrication of

devi ces h[amznigDummg fhe d¢nsdnanmfasitoimg wocess Oherienoperfassncecpn befillyeted he

near-di ffracgion- ed |l.en tilli fablcatlo process, he
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which emts a beam having a frequency shifted fromthe desired val ue.

Accor di ngbnynt wafers sndithsi nedabwere tioe dierensignd afitbe menifromEeatige (iidth, or theatitiéa) t he

| ens) prior tao installati on a]#d then to subtgequent |y m)nl tor t'gé | ens
per f or rrarésgleawmil H@Dh%m(nét s qualification processyPothav ergialyap zontpdplsatutespyr j ng

the | ens Ay +x%ﬂ§11 r ted

[ nterferoﬁrrg rica CF{/ yﬁlgg%éndlhgﬁl ens @g&;‘@r‘iﬁ&g‘ﬁlgﬁlﬁppggﬂﬁ%t ryFI‘JmF ict ory
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practice utilized for_|ens qual ification is to print wafers and then

measur e tifafoamarass? eHScisnt Ruiabatioh GRIMEIWERTIANES WP dediired ackase therantire al
exposure field. The results of the CD measurements are then analyzed to determine

whether or not the lens performance is acceptable.

[00225) An example of CD variations generated by lens aberration is shown in FIG. 38a.
This figure illustrates simulated CD variations (in arbitrary units) of a double line structure
and more particularly, the difference in width between the left and right line (of this double
line structure) as a function of lens aberration. This structure was selected in this trial for
its good sensitivity to lens aberrations. For reference, the double line structure is depicted
in FIG. 38b. As can be seen in this figure, this structure includes two lines (identified as
“L” in FIG. 38b) having a width of 50nm. The pitch of the lines is 230nm and the pair
repeats at a larger pitch. A transparent 180° phase shift window PSW is also placed
between the lines (See FIG. 38b).

[00226] In this trial, simulations of CD variations are performed for three similar lenses

with a lithographic projection apparatus having a numerical aperture of 0.75NA, an
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di mension (CD). During this qualification process, both "vertical" and
"horizontal " features are neasured (i.e., features extendi n89{FANUABY 2007
ort hogonal directions on the substrate plane). |In sonme instances, the CD
for 45-degree features is also neasured. In order to verify lens
performance, a sufficient nunber of CD nmeasurenents are required across the

entire efRAIMRn bLRAGon 06 256304 Ia?ad?ﬁti&xflﬁf 1EPhARES Y8 GIBORE0 A Tor thgNANal yzed

to determ ne ether or not the l'ens performance is acceptable. 100225] An
exanpl e othe®MS éRoattMensSgenanatues obyn dtenatiadesty which gorrsspphdwmabetralibfz 38a.
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are perforned for three simlar lenses wth a |ithographic projection

appar at ussphan¢ify lhshowldbs neied thabrin thivtrigd awl ingkpembadinenoof the 2007

illum natio ondition-of, 0,25a.and _a radiation of 157nm (Tl 180/ 230/ 800).
For each TGRS RETRRT, Msop e e Eitei ORR ot 31 kel EBRSzeT whi ch
cor r espongiied ARAE sfdc b erafiose MR bier RAFAY SacBfRNVIB&bER RS0 Vhdmatl € known
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i nt er f er oreptessnt differerdtyrasiof pbertdions (e thebeidel abarationsowhiebpuelddegpma an
aberration .mea@ure gt a ﬁ?e i.f(i&c)‘ ’FOi nt i.n.the field, represents the
quadr at i cASUEHAYFML D FYP '%?}St 8% £T EhsAed BT3RS e ni ke pol ynomi al , whi ch
is used t fie fHe ol bR 1R strlétfreSRYEd 4 \denkifive.he

| ens. Nbrlgozggg%?%ﬁ%ee?%?% %]érla?%%evgl ug r éprggsfgnttﬁrsesl? hg%%gg??%r?éeengp V% he
wavef r ont Aodmdlhsbepmtipraghit 0 mylliwaves, forexamplehmiay gemorate latleSinght derbeal iated t hat ,

inthis trial .and in the S&bOdi meg? of the method illustrated in FIG 37,
t he aber raPivaratiofn @ the Heldpdabout:l9et her as an overall wavefront error

ther th hil ' ti
rarner ﬁ&rzgzglg}é‘zgtbé %rch} A oM h8 B8ntolum shﬁ*thé"ﬁb%?a}%ﬁﬁ%&n%f@%ﬁr ration

val ue may rent types of erratiro del

aberr at i ofigvatieiredponsecdimdaateziofoithe deabledimetsiracturef iStmdlationy s/ety donedisizga@r t i on
or spherical aberrations). [00227] As can be_seen in these graphs, the
doubl e | i iyl resistgalcplation and, far ghesaaie eonfidions afdlupination as before (075NA and

157nm). As can be seen in FIG. 39a, the contour map of DOF@8%EL shows that a small
portion of the center of the illuminator favorably contributes to a high depth of focus. By
contrast, the isofocal curvature map indicates that illumination from the edge of the
illuminator may favorably increase the process window. It is therefore expected that a
combination of a small sigma and wide quasar illumination will greatly improve the
lithographic process.

[00229] In order to validate the choice of the illumination arrangement (i.e. a small sigma
and wide quasar illumination, see FIG. 41), a trial similar to the one illustrated in FIG. 38a
is conducted. Fig. 41 shows an illuminator comparison for the double line structure. The
sigma range along the X-axis and Y-axis of FIG. 41(a)-(c) is from -1 to +1. In FIG. 41, the
illuminator (a) corresponds to a 0.25 ¢ on-axis illumination, the illuminator (b) corresponds
to a 0.15 ¢ on-axis illumination, and the illuminator (c) corresponds to an arrangement that

combines a 0.25 ¢ on-axis illumination and an off-axis illumination having small off-axis
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A smal | aberration of 10 mlliwaves, for exanple, may generate a left/right
vertical line CDvariation in the field of about 10% [ 002269 JENtsRY 2087 and
39b show the contour maps of the DOF@%EL and i sofocal curvature response
simul ated for the double |ine structure. Sinulations were done using a full

resist calculation and for the sane conditions of illum nation as before
(075NA angjed@4 A% the éﬁ’ﬁﬂtzﬂ@ IV GicA%Ris dfitke ARMLIAM: (TRR Oof DOF@Y%EL
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l'ine strugt ur atioIhe sigma range along the X-axis and Y-axis of FIG
41(a)-(c) isfrom-1to +1. In FIG 41, the illumnator (a) corresponds to

a 0.25 a Pms@}?(RéfefddglUﬁkla@d FIG 37t 1 nhdthod o 8p @ity the QLAGIHBASIS llufnthatioR- 15 a
on-axis illumnation, and the iflum nator (c) corresponds to an arrangenent
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illum na?lln gﬁ.ﬁﬁ, O%S%gfn%ﬁ%re ri nS{S%adcﬂl}@t% %&1%%5’1 1530@&1,“%1 %%?ﬁggh?%@%gp“ m zi ng
t he condi triderssoodfthatlthis mberadtionrset inyy irethideinngre ab faweatpoons dgradingwntthe begi ns in

step (Dl1) ,and proceeds to step (P3) in the sane way as in the enbodi nents
of the prdagEstoliapgHEaRY seﬁg%théwrfl,ou e notetyin s ﬁe?pqcr«%a.t ajlensgs gonveationgly et hod

th : |
oroj obt | ceayet By Ry IS 30 pORRSIn A0 S BbIIR SRkl el vy

cont ai ns sbefatié setd)SorresPoNGiIap eshveal kienithr picgectioh syaeds bokasdshmapbefi el d. In
an enbodi nent of the fr esent ) i ) )
defined in step (D4). In that way, it may be possible to model the drift of lens aberrations

over time and to account for this drift in optimizing the conditions of illumination. More
importantly, it may also be possible with this embodiment of the present invention to
account for the distribution of lithographic apparatuses (and therefore aberrations) in the
fab (or those coming from the factory), and therefore to develop a more robust lithographic
process.

[00231] As also explained previously, each point of the aberration set will have a
corresponding RMS value. This value represents the quadratic sum of the coefficients of
the Zemike polynomial that is used to simulate the wavefront aberration at this specific
point in the field.

[00232] Although the set(s) of aberration(s) in step (D4) correspond(s) to aberrations
extracted with one or several lenses, it should be understood that the set(s) may be defined
differently. In an embodiment of the present invention, the set of aberrations may be

defined, for example, to estimate the sensitivity of a particular aberration to the
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I nvention, the aberration set consists of 13 individual points. However, it
shoul d be wunderstood that this aberration set may include MOPJANUARRIHOT
poi nts dependi ng on the degree of accuracy sought. It should be noted, in
this respect, that a lens is conventionally specified by the manufacturer
on 13 points. In addition, it should be understood that several aberration
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be printedor the illum nation conditio 00233] ,The t hod then proceeds
Lo Step (BBF ChifBrk vl S aSRB OB b Pkl R P i i v dual
source poidhSarédltoldiR aflbiher AHAEQD efinfite MR CEEraRke b QltaRehvAY,itRD set .

Cal cul ati ons may be done either with a full resist nodel, an aerial nodel or

wi t h t he bighest CDoatikion délativeste dlk @akgst €D for aachisoatcepoirtthéseasss whemt | ons may

be run with any commerci al | avai,l abl e si gul at ors such. as Prol it hTM
2ol 1 ar T CEAL SRREOR kel hers SRR 1 RURESSe T STHAPeal PRty abhi ¢

pattern i g Lahcal AlRdsddqh tlﬁ%?\éi%ﬁéé}?}és\rﬁ%rg@) Rte @tthefl 8 stlteggggm %exﬁig%@k range

poi nts/aberrations 1 n the proj ection I ng So, a
set of CDsrthehighestiCD saiatoa ipanydf ths l@atscmbpbetiker axd acfouhhiesietetidine
corres pongbie?r%tigr? se%gi%viiatg and ?ot sie et thlgeb)égt’ coglgi%ions of illumination.
[00234] It should be understood that it is up to the user of the present invention to select a
method of weighting aberrations in order to find the best conditions of illuminations.
Therefore, other ways of weighting aberration sensitivity and selecting the best conditions
of illumination may be used in other embodiments of the invention. For example, in an
embodiment of the invention the average value of the CD variations may be calculated and
used to estimate the aberration sensitivity.
[00235] In order to aid in the optimization of the illumination conditions, the results of the
calculations may then be visualized by plotting the contour map of the responses as a
function of source location.
[00236] Referring to FIG. 42, an exemplary embodiment of a contour map obtained in
accordance with the embodiment of the present invention shown in FIG. 37 is provided.

FIG. 42 corresponds to the upper right of the illuminator at the pupil plane 18. This

contour map represents the CD variation due to aberrations as a function of source location.
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CDs (obtained with the several points in the field | ens) of the cal cul ated
pattern are conpared to one another in order to estimate th@9 JaNBARCR00Ange
or, alternatively, the highest CD variation relative to the target CD for
each source point. In cases where additional aberration sets (corresponding
to other lenses or to aberrations of specific interests as discussed in the
previous pakashaBilcePomtA8E h Gst'(',‘D %ﬁﬂloﬁ@éﬂﬂottwehﬂhg@ﬁﬁ%dfn&’éﬁ%f ther the

hi ghest CD variation'in any o | enses nay be taken into account to

det er mi nepreadnt imrvgniiomshoamsint F1Gi 4@ @hdlatlonsab done fan¢hrge simitay hefised adghef

illum natjon. 0234]. It shou under st at it is up to the user of
t he _preseh’tgg?sﬁkg}] °Pén§@f%étg gens?ﬁfﬂ{ﬁ% °r\ﬁ§F PYFRPYBEr rati ons in order
to find tpgRpAk caPhdideh M FIGT 42, DG thOMRiminatBEME! AifimiflkRABEraRYS Of

wei ghting aberration sensitivi ty and selecting the best conditions of

i Il um nat semsitivity islecatsdth tha lovdrdeft parb ofiiheelhirsinafort Hewiemerettis also stteovn gaanpl e,

in an enbodi pent of the invention the average val ue of the CD variations
may be caf&MphPd uramtl%%léH%Caeaégiher%%mﬁ%@n%m absreationg nKiis expeetgd, [ 00235]

I n order t t he
results oP‘gfe#élg’ ca t%:lpﬁgét?%%@n?r@/Iag%‘e%%;[b;elp@}us#a gtoj lﬁﬂm?%%{talhr?ggpﬁaegcont our
map of t he.26cinpeds es redacaabdrtatioh semltniﬁtysmrw@thammﬂanc{nQﬁ}zaﬁbr feeferring to
FIG 42, an exenplary enbodi nent, of a contour nap obtained in accordance
with the B8 thedept épf foraishrladiais pasticylantriabrangyemgniaiorpitheamally provi ded.
FIG 42 Cﬁf I fsﬂ%ﬂ%inhpas{lpﬁlél%&)f et{x%% Im géﬁglttfwtklfml{%a}ilgml%ho}lgg cm’l glleI pl ane

18. This var i ons as a
function Qi111§gq[ﬁﬁldtﬁﬁ@glaqebuﬁﬁr&gss\lﬁWY 2007 For each source p0| nt, the
hi ghest CD variation is plotted. In the enbodi nent of the present i nventi on
shown i n 1p238] Hhis apprioaeh was swesesafudly @ppleedstoselepirtbe best gpndirionseefsdumination he

hi ghest ariati i n.an f he l.e lott{ed f C sou ce poi nt.
L0257 ABr ¥ saiis S BearPnE ki 3% o RS ot il Sonee i R o

m ni m zeSprABTiAbLAPhy @1 inkdsk! ty is located in the | ower |eft part of the
illumnator. However,” it i's also shown that a small a illumnation wll

i ncrease [0m§9]CEef¢ngatb|Fd(G 4}y ¢his digatseshows thenariations of RAP@A K. as 8 fisctbor e,

t hat thebst illu rang ement wil.| .conbi.ne a..illum.nation of at

| east 0. SEous poAKaioh Shis cETOEeR S eiGEl s o bgiment f Sedseneon

| Fur nat 1B (6 SRpl in FIESS, 93 24" ThE ARIrinGHor] G Hzatidisldshe whid | Cul ar
trial, an augnentation of the small "a I 'um nat i can drastically reduce
the aber r @75 anmseced iapértire.y As cat beseehlmuthmguph)ranobundntanonarrangmﬂ@t still

mai nt ai ni ng a robust process w ndow.
providing a tight quasar 1llumination notably increases the depth of focus of the

lithographic process. Specifically, the optimized illumination arrangement (0.80/0.55Q30°)
includes a quadrupole off-axis illumination including off-axis poles arranged at about +/-
45° relative to the horizontal axis of the illuminator. Each pole has a 30° opening angle, a
0.55 inner radius and a 0.8 outer radius.

[00240] Results in terms of CD variation due to aberrations (aberration sensitivity) obtained
with the embodiment of the present invention shown in FIG. 37 are represented in FIG. 44.
The contour map indicates that a quasar arrangement favorably reduces the CD variation
due to aberrations. However, FIG. 44 also shows that there is a high aberration sensitivity
(6-8 nm variation) for poles arranged at exactly +/-45° relative to the horizontal axis of the
illuminator. Sensitivity drops (0-2 nm) for source points that are outside the +/-45°
position. Aberration sensitivity can be reduced by enlarging poles to dilute the unfavorable
on-axis sensitivity. However, a reduction in process window is expected. The contour

map in FIG. 44 also suggests that a quasar illuminations having poles larger
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1002381 Thi s approach was successfully applied to select t he best conditions
of illumnation for the same |lithographic pattern (i.e. a dOUBANUARKE007
structure) printed with a Chronel ess Phase Lithography (CPL) mask. 1002391
Referring to FIG 43, this figure shows the variations of DOF@B%EL as a
function of source point |location. This contour nmap i s obtained using

embodi men{§g9h. shase) MeRAfifieas ¢ 5)"’ 5 Fl@L ?thamﬁos%ﬁﬁ'ﬁﬁil el'b&ef 3G, 33 or 24.

The illum nation optimzation |s one W 75 nunerical aperture. As

can be seéh80/0.50Q38°) @rdeptifiedaas ‘[(b) uniFiEt44) magrgienlotee rdsultp(as\i ahcogpasstd ght

quasar |IIum nation n?: abl |ncrea es the depth of focus of the

I'i t hogr apHAr8eT FFEcu @p\é"é’i/af‘lpﬁéﬁ :f?o the optimzed illumnation arrangement

(0. 8010. 53«@?& Thls’h%é Toris ggxggﬁc}f&}%& gfdr Xévﬁmhk%ﬂ%@éeﬁ?s%h@@ﬂ aH hBg.

off-axi s arra at a atlve ori zon axis of

t he il | uniheaioable IEacstrupm}eeashaﬁnaucﬂﬂoﬁm@mfregt gbeghtion @n RMSpforr Eli‘fﬁrerftadl us and
a 0.8 outer radius. 1002401 Results in terns of CD variation due to

aberrati oﬁbqlammmﬁn%ﬁs This\iaugo clepstyindisates thiat &bemeoe geRsHIviRS of the
present H%(t%ﬂl&' %ﬂ}c%g Bgﬂsm 'ﬂ &/0 §6 g@{lsg{ Efﬂﬁ&rﬁ%@hgg arrgnug 4140r The contour

map i ndi ca asdr arrang avor var| ation

due to ab@nm@hitiScontiguRtieh, CIbveriatish 18lvePthah 8 \Wen &éhadunt erecstﬂaméd vl veifh
aberration sen3|t|V|té (6-8 urn variation) for poles arranged at exactly
L

+/ - 45' r eleas eharations pbumhir 60 mHliwavesxi s of the illuminator. Sensitivity

Aberr at 1 oft B EIG 45 S B Bk WoSartoBs o et g S G Auiiontt sk 30
unf avor ablggys %xﬁéilﬁnﬁ%wntmgme&pw&%ﬁ FI@ 4456u&hin@fon (h) RIBAESGQHdendow i's

expected. The contour 44 al so suggests that a quasar
i |lunm nat pd@) ﬁa&@w’(hép@ii)%end for g on48isUR2 YA R @ipaelon (1derBBied a§0@?5m

(identifi " FIG. 44) than t selected.in

(0501 0. 55EBOD) itk ihriiastion apapizeriont HEC. pHeSy bl s B aranscnoteem s (as
it enconpagisesd ¥-axidf im af £+ WhEEeD. @Slﬁﬂl‘éh%ﬂlﬂl@tlb&@éqg ﬁ@ed 1&99{%6&1%&3_ i's
assunption 1s corroborated in FIG 45, which represents the CD variation of

t he doubl eithianeltetnating phase akiftaméskr(ePSM)o fThealhehinatibnsa@g andi(h) are sed ilRVB) f or

di fferent um natj on arrangements This figure clearly, indicates that
aberrat i oﬁorgélﬁemqrx wit whgomeﬁetsmﬁg? ltaosmerty (Eﬁmg}aﬁb asgagbe geegon fidsar 45

1| uri nat Lopy 34 ADOGIEAL arrkQentdi favibd 1WA Bl 0. 55R1E0 GHUA 40 m ERaT | ati on

| ower tha nm can st tal ne ens rrat up to
60 m || i waiwes favddibld plocEdsGvindbwi mhissdxfaagaﬁertt lnepresehisal govd d@fnptrdilﬁlsEX posure

Latitude as a function of depth of ) ) )
because it favorably reduces CD variation due to aberrations while still maintaining a good
process window. Furthermore, a CPL mask gives improved process window.
(00243] Referring now to FIG. 47, a method for optimizing the conditions of illumination of
a lithographic projection apparatus according to an embodiment of the invention will now
be explained. In this embodiment of the invention, optimization of the conditions of
illumination is done in order to match the results generally obtained with mask assist
feature techniques. In an embodiment of the invention, there is provided a method for
optimizing an illumination arrangement providing similar results to those obtained with
complex Optical Proximity Correction (OPC). With the embodiment of the present
invention represented in FIG. 47, low DOF features can be significantly improved by
combining disparate areas of the illuminator without using complex and expensive mask
assist features.

[00244) Mask assist features or reticle enhancement techniques (RET) have been used

extensively to improve the fidelity and manufacturing of small dimension features in
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focus for the illumnation arrangenents used in FIG 44 (ill Q]{)n nat i Onzﬁﬁ%
0.85/0.5045 and (b) 0.80/0.50Q80) and for an on-axis 0.25 47 JANUARY
illumnation (identified as "(c)" in FIG 46). In each illum nation
arrangenment of FIG 46(a)-(c), the signma range along the X- axis and Y-axis
is from-1to +1. The 0.25 sigma illumnation (c) is used in conbination

w th an aliftegrad civeuiphaddey ghndrallynmsladé apticaPpidkimity eorrédtioni (OR0) @nd phar and
(b) are used in, combination with a chronel ess phase |ithography (CPL) nask.
As can beSRifldnaskn(BHYY  graph, an illunination arrangenent having | arger

pol es (O hih SISt AR Id L acl Bu el BVALARLE DESGRES IO Thi s

arrangene presents a good conprom Se” Decause’ | avor ab uces CD

vari at i on fehtge titapahad sk itlgn dcoMtidueing battdm transtératrdth fige RetigrRAE thedWaRE SBha ndow.
Furthernore, a CPL mask gives inproved process w ndow. 1002431 Referring now

to FI G 4the pattamtip sansleredbfomithe ratigleth ghecwafar, senal esfectsinedusadistaition  a

| it hographi,c .proj.ection _apparatus cordi ng.to .an _enbodi ment _of the
| vent on i A RS BB 2BREHRhY el tae s BBl P Rl on Roadie T on,
opti mi zat yewit9f crit® ré@iig, iafd fin€knd hﬂdrtéﬁin@a’rh@éhahgem RBe pattePh 641 crbste BBA CH

the results generally obtained with mask assi st eature techniques. In an
enmbodi mentomfectidns or sewesstdevices toapeeats af lpgsdhdndendinmal wpeddo Gansss forghe distoriiony an

oo en cHERBrBRESTR yERBHLCor ol M S, TR b ar et "
present  LiTRR{Yh! A8 lésﬁiﬁ’t{%éf?é%ftserﬂlﬂn%rgéﬁané@mh' Qb f eatures can be
significantly 1 nproved by conbining dispar gte areas of the illum nator

wi t hout ugiozwg] OFPGhekesanthlleshprges ity therf@ghattemdbatsitre d esdgneddas antidifird ddd Mask

assist features or reticle enhancenent. techni ques (RET) have been used
ext ensi vepeﬂft%?qrﬁ%?sswtqrﬁen&f- fem%@%daleﬁaﬂah {8 g h9f°°§rﬁﬁ‘|e1? Bai nensi on

features | ; L ICHI S 5 2 i ncl ude
opti cal p%%)%?(ﬁng% %%é%@wg@?éon E@%E[Ha%gﬁ%ﬁggrg%%ﬁyta lﬁngslggﬁé(/rﬁ%ﬁﬁa%%%45] oPC
i nvol ves oloskly resambles theooridiralasiegdedlayduer Qorher roangiap $at@rdead ohmdggsor n

feature shape and si.ze that occur during pattern transfer fromthe reticle
to the waferactm serik hapesfroracAMEEs-t ransferred fromthe reticle to the

waf er , SeKo@f@ngﬁ%sfg gﬁl’l‘meLBJs Ft@%%%@arﬂh%{ Hthd PerrdrtH2 e@%@t niB%; ofierint cy(])%ﬁ?ally%

di stortio ine-w dth varrations dependen ern ensi

corner roustérdh®imadiflg bystiin NEdEEOHE SpUtiAD reqRBc EHBNSIFEN bBjeth & Gbah& i can
create bad connections or cause devices to operate at |ess than opti nal
speed. Caedgssonigastiardoth. 3tispossahie tq eptitiollocaldy the ity enfiinterisranag, idgetructiye

optical P&L c):(olnrsrtlr&e(iv%,f a];tec(r;lttig al 1cc)i(|:::{ctifo{1§fjl 1Cnt 4 &)egig?lri)%/ aldg}negrafnee{dﬁﬁlco%hl gaqgrned layer of

transmitting material on the mask. This technique results in a combination of higher
resolution, larger exposure latitude, and larger depth-of-focus. In phase shift lithography, a
transparent coating is placed over a transparent area. The light waves passing through the
coated region are delayed 180° out of phase with the light waves passing through the
uncoated region. At the edge of a phase-shifted area, the light waves from the phase-shiftecl
and clear areas will cancel out producing a more sharply defined interface.

[00248] The extension of phase shift windows and optical proximity correction to more
complex designs results in a large increase in the complexity of the mask layout.
Determining exactly what corrections to make (with OPC or phase shift windows) is an
extremely complicated process that depends on neighboring geometries and process
parameters. For example, when laying out phase shift windows on dense designs, phase
conflicts may occur. In addition, millions of features may be laid out in the design of a

single integrated circuit. The burden of data processing resources for iterative operations
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diffusion and | oading effects during resist and etch processing. [00246& OoPC
makes smal |l changes to the IC pattern that are designed to af?JaNpARY 2807
correct for these distortions. For exanple, line end shortening can be
corrected by extending the |line using a hamrerhead shape that results in a
line in the resist that nore closely resenbles the originally intended

| ayout . Cevekudhldip@dintighbess Gfestefek esh byh@aidambin(some castRihaes iditers@fd f shapes
fromconers. [00247] Phase shift masks take advantage of the interference

ef fect i noperatimampmctieal- partially coherent inmaging systemto reduce the

spatial f ency of, a.qgiven object, to enhance its edge contrast., or both.
i s posUFBMERE ARt B G Sien. SRR ot hf el BRI P Ve o
const r uct inéfhod Mcledihg | deBihigQCihbgaghit Batbers aﬁbegﬁmwd 8 dh\batratadidiiniggnal
patterned | ayer of ransmtting material on the mask. This technique

resul ts imask assighieatur¢sontiguted ¢hbelp priabtbE lithagraphicipajiern ex hesubsirateit i t ude,

and | arger .depth-of -focus. .I.n phase shift. |ithography, a. tran rent

Coat i ng | EI5T e aaaYaponmpghdicing o T el ohe PR XpPU R E, C hr ough
the coat glnfiedb0BaldiigtfE YRk SRR foP IndPRass s¥irkOpbiaes Witghhd WaKes Passi ng
through the uncoated region. At the edge of a phase-shifted area, the |ight
waves fr ofine sk pisas deatimie$, teach ofthd raspesses sapeassnting 4 resalh o4 single quiserdksaifng a
nore sharply, defined interface. [Q0248] The extepsion of phase shi W ndows
and opt i cHMUIgNg H%mg:ﬂ@éf%@%l%ﬁméehM@JW@&&%&H@@@P@%@%&}%J €a | arge
i ncrease j : J guﬂgﬁ I 1.0 exactly what
correcti ofrklgmﬁlgﬁ%rg%gpd( %&%ﬁ\ﬁ%ﬁco%%@ p asgedslr I ? tgI B\f/\}hr?ggé\aggﬂg}cglcg%ngé% remely

conpl i cat pekspy Referingtbaak talBlR id's theineikofob op fimiyigetherbndidsnantillpiieRios
paraneters.  Faor exagfl when | aying out phase shift w ndows on dense

desi gns, bsginsdn sigpk )@b@re@dvh%aﬂm proRleaigidefinerd. Hre medad thsm preegeds & naybe

or ocessi rih gy ERLARICLs B R ofe WAEHAA RRAE HEMS e ilr 0B hBk, 2.

| ar ge nunpgissfeafurdse@hiehese esifigneedto Gelp pHinting theSsRrcases makemay iehideer at i ve
operation inpractical. [00249] In an enbodi nent of the invention,
opt i m zatinen esbodineend ofi theepressnbignertipaddOpticahPreximisy Rodestingl (diesignaydsa ni ng a

| i t hogr aphi attern to.be. printed.on t.he substrate;, def|ning .mask assi st
feat ur o BOHAF GUIEHNE SRGTEDY PhECRE Tt RBGF SR SrHarE R CBAmRRET §ubst r at e
sel ect i NOmaskSds§id Rhtufis SREWh in BRY. @8! T hidfigirk,4he SR HEst fRPirecdrrkdpofdPupi |

pl ane of the illumnnator; calculating separate responses for individual

sour ce poorfidsumanthseatidrvigt rrouASB)ispeaskomexsh stdefefatAries trepetch of t he
respons eslogzgplrﬁesx%’n tthle rrlxgetl?oc{ per%gelzetds ?rfomastgpI l) ?o gtgp ?E?A{)I ?I? th%fse steps, a model is

chosen to perform the simulations and a grid of source points is selected in the pupil plane

of the illuminator.

[00252] The method then proceeds to step (E5) where separate responses for individual
source points are calculated with and without the mask assist features, each of the
responses representing a result of a single or series of simulations using the simulation
model. Responses may include depth of focus (DOF), the exposure latitude (EL), the depth |
of focus at 8% EL (DOF@8%EL), the dose-to-size E;.;, dense to isolated feature bias,
arbitrary feature size biases, sidelobe printing, film loss, sidewall angle, mask error
enhancement factor (MEEF), linear resolution, or absolute resolution.

[00253} The method ends in step (E6) where an illumination arrangement of the illuminator
is selected based on analysis of accumulated results of the separate calculations. More
specifically, optimization of the conditions of illumination is performed in an embodiment

of the invention by comparing the responses calculated with mask assist features to the
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simul ati ons using the sinulation nodel; and adjusting an illuymnatiQ
arrangenent of the illum nator based on anal ysis of accuwl@%q"@g&@g of

t he separate cal cul ati ons. 1002501 Referring back to FIG 47, the nethod for
optim zing the conditions of illumnation begins in step (El) where a

it hographic problemis defined. The nethod then proceeds to step (E2)
where maslkes ?§1%'e§€al&ﬁ§t’é&mﬁloﬁf1ﬁa§@isbllﬁﬁaﬁf@ Taél ek fiRndifRoSdrbahétt is These
mask assist features, which are configured to help printing the pattern on
t he mask, sﬂagted bocdmlremmng tbmaremsb@iﬁthedglmatom@aml@@(emquwwasugond @per cal

Proxi it | lud th nbodi pent of th
vent 1 on SRS, Arilsn o e RES Ao R FAFUEER vt AR SR PR e Bl o i s Shown
in FIG 4%nsu!ra; fhhltﬁe felsﬁlﬁhgﬂmﬁﬁaﬂmﬂf arfpRfleRt wfhﬁﬁtlb'ﬁ&dqeré 7@&@%@@ 50 nm

anti-scatterring bars SB) di sposed on each side of mu trench. [00251]
Next, the wr&mhndaqkrass;eta%latufer, onil givepefulis pt least s¢mapaxeﬂ-¢)to tHose pbtemed Mthps a
m)del I's chosen erfor the si.mul & ns of .source points is

sel ect ed MpskAssish €51 181RIS W5, i 1eP9sf g@f aqyotages Bralben
d t
hre cal iuf"gtﬁ%ﬂpﬂa‘ fotlodBle g%&%a?ﬁé%gﬁl'%gi, slgt?%aéﬁfﬁ? Sl BB AR POI N S

responses Tiepehgstheineedifoa costbidnd cotnplexsretigleemay greetly Bsredficad. nul at i ons usi ng

the sinulation_ nodel. Responses éqnlanl ude dept h, of focus. (DOF), _the
exposur e (109254 fhoplgbe understogd Shat opBmizegen of the @weehqw@myccormg

dose-t o- S‘t&ﬂ\e'égaéa%glrnﬁ'e%?ﬁﬁf(? 47580a ta.ﬁg bfe%&g Hﬁh‘% e%&kt AlkdGRL Y e i ze

bi ases, sid fll’m oS error

enhanceneRgpedificintrestdVHahat chie) epuinﬂzeﬁai of the ﬂluxﬂﬁatﬁhmfamganémsg)ﬂweihyn

[00253] The nmethod ends in step (E6G) where an illum nation arrangenent of
the i |l unmicampening sigultaipe sesalfs phtaingd grith-nd Withoyt beseameskrskist feefures bl ts of the
separate %aelzc?ﬁlémrterg More specifically, optim zation of the conditions of
i || um natiPBn 1% per orned in an enbodi nrent of the invention by conparing

t he r espongess) ¢adheuldalltbemvrderstabakth@optiftization oo RS 11iidatién dnddiPond ANLAMRY 2007
responses cal cul ated w t hout mask assist features. Then, the illum nator

ar r angene e make theanest cesy eHyctvepIEshi ﬁ@eqﬁfell&rlbsi{oy)d st kephin mind thataeaskr t hat
) |1
O o) e B AT B AP A D B SRR B coPores

i 11 um nat amepsféraGRABA attevtpt € udesa ﬂe&ﬁdely@mgn@qamhmmtﬁ elcBmplédidiout mask
assist feature, wll give results at |east conparable to those obtained with

mask assi swaskeortaliewativalyacamplexdiluminatips apengemisntewith a gineple sl olvesoste t he
'('aldva_nt age%ﬁ%ﬁ?@ tgié opﬁgﬁﬁa(}q%?%%gc?r%bm?{eg gx%r‘rg lV%fy cflﬁ{cuftlprocgocf. %e Pers)el}{l ng

assi st f
invention provides a useful tool to help in deciding the avenue to follow in order to obtain

the most cost effective process.

[00256] This approach was successfully pursued to select an illumination arrangement that
provides similar results to those obtained with the anti-scatterring bars in FIG. 48. FIG. 48
shows a pattern of 75 nm trenches arranged on a 6% attenuated phase shift mask (6% att-
PSM). The pattern includes a 50nm anti-scattering bar on each side of the trenches. The
pitch between the anti-scattering bars (on each side of the trenches) is 150nm. As
explained above, optimization of the conditions of illumination was first done by selecting
the best illumination arrangement using the responses calculated with mask assist features.
Selection of the best arrangement was performed with the max DOF and max EL
responses. For reference, the variation of these two responses as a function of source point
position is represented in FIGS. 49a and 49b. In this trial, the reticle used is a 6%

attenuated phase shift mask, the radiation has a 193 nm wavelength and the exposure is
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Thereby, the need for costly and conplex reticles may greatly be reduced.
[00254] It shoul d be understood that optinization of the il|0hJaiesRy2007
conditions according to the enbodinment of FIG 47, nmay al so be done

i ncl udi ng sone mask assi st features of specific interests. In that case,
optim zation of the illumnation arrangenent is done by conparing
sinmulation results obtained with and wi thout these nmask assi st features of
specific interests. [00255] It should al so be understood that optim zation
of the il |doné with B 893cwmerical@agtyre. done to nake the nost cost effective
process. Specifically, it should be kept in mnd that mask or source

" enhancendPi257]j As ¢andisrseek BEs- AP a2 Ve SHAe FQuadan geasat Franggueate) d.

Therefore,  ong &%&aﬁ%&&ﬁi@l&n&ﬁ Het &&@Aﬂiéiﬁ&&&aﬁbﬁ%@s 165 F T Bt 0 W th a
corrpllcatela mask, or a ernaef'lvef;y a conplex 1tTTumnation arrangenment wth
a si npl e nfgkination SfBEzenAt BiStermid e Expovvire Dptitude Sredoptestnba 6 FIGI S®ATHd . €. for
a very difficult process). The é)resent i nvention provides a useful tool to
hel p in derattginig therrameas iligs of BIG.AA8| (bey 15nmor enshes witly BRnan sidebreperside cost

ff [ . 40025 Thi . h fuyll |
o 11 um rOSPERED RS et e VAR L e SRR de¥ e R G "ot af med
W th the agiouseahthsahd Sded QU golds (ttdendth beind SxpreédiedVsn ac Bééfe@" dadFbr 75 nm

trenches arranged on a 6% attenuated phase shift mask (6% att-"PSM. The
pattern i nariodednt-BoterringBar pidehes Evaryigg fam WdnoetoH 86nmp s ighaphtshews hes.

The pitch,between.the anti-scattering.bars n each side of the trenches)
"o 150nm 58 S BeL R A TG P D e S SO RERE REACERAREY B S nat | on
was first Jonashyaisfsesid tsontlSitdhemt ekbdsddwAf 1209 @OLADFSIER N tHSItR4l, 4 he
responses cal cul ated with mask assist features. Selection of the best

ar r angenent0 masng 20 hor positivieibids, coreespendiie asizk ofdle Etnohed |36 meweand Fomm

ref erence, the_vziri.ati n of téhes two responses as a function of source
poi nt posqefﬂeﬁﬂvq)é’l?@ffﬁ’&gé’ﬁt UUAHCFI GS. 49a and 49b. In this trial, the

reticle us sﬁsAgerqﬁQdiﬁ%Eh@'BHﬁt'mlaﬁéﬁa@Aéﬁ aﬁ%ﬁ%emetnh éﬁﬁﬂrﬁfi $h Sage @ 193
nm wavel en[g?h Iand the 6 posuré I's 52 09 JANUARY 2007’ done wi aﬁ 2 0.93
nuneri cal amditionrof illymif2&ailacdsrdirgtolan estbedinient bf {BS inveAtom Blibwidin, FIG. 48ry wi de

CQuad or quasar, arrangemen maybe desiraple to, obtain the best condition of
1T umi nat | BRceers BY peRRE the serne Fespenses withoy! Ak AL SFPIUIF apRSRETIELS Frot or o

of Exposur | r rape | e | e sane as
That of I B HIIGR. S AR s poenhe Py AL oS rRpDycs o 8
(1 SB/ si de) juncfidn of sgump posit toeatioth eCaleulatidrisare pdrfdbined with o 4% attemmatalfphdspt h of

foc for
Hs shift mask (6% att-PSM). A 6% att-PSM generally requires small sigma on-axis pole for

dose latitude. Calculation of the separate responses for individual source points and
determination of the contour map may be done with the embodiments of the present
invention represented, for example, in FIGS. 13 and 18. As can be seen in these figures, the
DOF response suggests that a CQuad illumination may be desirable to obtain a good
process window. By contrast, the EL response indicates that a small sigma illumination
may be best for this lithographic problem. It is therefore expected that a small sigma
illumination combined with a wide CQuad illumination would constitute the best
illumination arrangement to obtain a large process window.

[00259) In this particular case, selection of the size of the poles in the CQuad illumination
and the size of the o illumination was determined by isofocal compensation analysis
according to the embodiment of the present invention illustrated in FIG. 24. That is, the
sizes of the CQuad and o spots are selected so that the resulting lithographic process is

rendered substantially isofocal. By doing so, CD variations within the process window are
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various | engths and sizes of CQuad poles (the length being expressed in are
degree) and for various Anti-Scatterring Bar pitches (varyi WJANeARY 200 t o
180nm) . This graph shows that the best illum nation arrangenent and the
best |ithographic process may be attained w th ASB disposed in a 160m
pitch and exposed with 22.5 CQuad poles. In this trial, a 10 nm and 20 nm
positive bﬁag'palbupdmpmsﬁhagmtid isofoca praxfess dver thegmedetatnifdl range afidc®S ur n

respectiv on. the ma 00255 fter findin the est

i1l um nat |“i‘)%( t%fr?z’ta}@% ‘fg‘r‘?ggﬂifﬁf‘nget(ﬁ)é)%&‘@w '16‘?1&915 TRIRAN CERANIS Bn of
i1 um nat i;gpmage@r ding to an enbodi ment of the invention shown in FIG 47
proceeds by cal culating the sanme responses w thout mask assist features.
These r es0e&] &fseng isdfovaltcortpenisatinn Bhalsis, 5t is aomrhaded| that omleicai nraggir 2 denst thehe
vari ation of these respons ssglgtfg function. of ource p}gl nt Iocatl on,

Cal cul ati 6‘?%‘ ts pRtamed md atgees Dy selsetings %)ﬁ:%’@dl Tatipm St (aéMo
att-PSM. %ﬁfi‘(ﬁﬁ - K9 ERkd ¥1d. %?.“fhe?ﬁ) ¥5ftion 'f%@treg{& Q{}'ths ppol € for dose
| ati t ude. ati'on of the separafé responses Vi source points

and det erililiimhm@ﬂamafngbﬂnenm@ nélativelyrstpblwyereprddnemihédranpeotfdoasli Fant s of
t he present invention represented, for exanple, in FIGS. 13 and 18. As can
be seen i fetersaes the ossesctiqe! theygsultiag bews antensify@s the RUpdtPl2necitbel

i1l um nat 'l‘ﬂﬂm%%r neggr%? &ﬂlﬁx‘%{xfs%g@ é?mﬁe@%_d a])ar ocess w ndow. By contrast,

t he EL resporise | m nati on may be best for

this |ithogpaphshoflddelmed thht it fay Ibe rd@tflfh'bﬁ: 1ﬁ>s9metce§bsttdsl addude tH¥Bhiensitydsre
illumnation conbined with a wide CQuad illum nation would constitute the

best ill @hﬁlﬂmmoarﬁroangeﬁlémles an etsieafoptiniiae s qonditiens Oﬁulw«mmc{md@sgl I n

t hi t | f th ; f. the
i | : ampfrj\l;t :eg‘ﬁnp Sl ?stslﬁ’és‘gﬁzt hka%{nﬂ% r%\q“llﬁ%pSI Z 7 t%?aa%ﬁ’g%d ‘étrrﬁfq{gﬂgfﬂl i sof ocal
compensat s RaRl Ylipol SHFEY Hnag b Q&ll@\f@&%&@iﬁﬁ‘in%eﬁﬁ@nw pdlgvent i on

illustrated in FIG That is sizes 0f the CQuad and a spots are
sel ected sxcbulbhmreashg itsesagl t i ng | it hographic process is rendered

substantial ly isqfaqcal. g var| t| ons. wi thin the process w ndow
are 53 09[0 ﬁéb n?@%)‘?owé‘?/ ggt’g Sgaf 1?%% S\V%@E‘é’rfﬁxﬁ?sulr% 185138 Br ocess
over the pg Wﬁl Chfﬂ%{fﬂ?gffo%ﬁgf‘or%eﬁé@?ﬂﬁlog%?hlg%r&%sa&é?@rﬁun@t{‘@[tﬁgﬁasf(ggéfsct range

(DOF) over remai n accept e i's augnented 2601 Usi ng
i sof ocal CatpenGame tpattanals YsFEG. 48) andsfor anelterdativet frateso tiemt does rrmmmasaist | east
the results obtained wth mask assi st features by selecting a 35

i || umi nat fO#TE B vhien han)eeil ! Apelonedts it VD £a9d reRlis deame petierees igF1G; ﬁ% CD
variation V\Qtfhoﬁtha%sfs{ ﬁ%sw J\Q cmesseen in this graph, the lithographic process developed

without mask assist features gives better results than the process developed with mask
assist features. This results show that it is possible to replicate the positive effects obtained
with mask assist features by selecting an appropriate illumination arrangement in
accordance with the method of the present invention shown, for example, in FIGS 13 and
18. It is therefore concluded that by selecting an appropriate illuminator arrangement with
the embodiment of the present invention shown in FIG. 47, one can quickly develop a
lithographic process that gives good results without using mask assist features. With the
embodiment of the invention shown in FIG. 47, the “assist features” are applied in the
illuminator and the need of complex and expensive reticles to print sub 150 nm patterns
may be obviated.

[00263] It should be noted that by using a “simple mask / complex illuminator” approach as
shown in FIG. 47, it is possible to reduce the pattern bias on the mask and, therefore, to

increase the depth of focus of the lithographic process. Thus, as there are no assist features
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i1 lum nation arrangenent is relatively stable over a predeterm ned range of
focus. For reference, the cross section of the resulting beBMhIANVARY2007 at

the pupil plane of the illumnator is represented in this figure
(identified by "(a)"). [002611 It should be noted that it may be desirable
in some cases to reduce the intensity of the illumnation fromsnall poles

in order fpeesoionTthe Mabk)eh&e iwid HONSE enins|thidhh BRubiB highoéxposuca @PérRies! 1t ik S
possible to obtain the required "isofocal balance" without resorting to

unr eal i st itherefaes novppessibly toause hugh @Sﬁwltbéo%mis é@x@@prwe theciesest MidOW.nt ensi ty
of the po"[% 1*1{'1\Qra %wls%q{n%fbﬁ% r}gfe}e %s' hde t[) 52:6 . C}s %{aé)lh go*vg)%etxpanah%r]@ o?

this graph’s vari exposure anction depth

of focus fiQyexpbsurdesitude atsfaqaﬁ@mm of d@ thQﬂ&@c@%ﬁdiﬂoﬂ@ﬂla‘ébdf rcaBgktigiatst
features (sane pattern as in FIG 48) and for an alternative process that

does not Were wihi’dmm frenches,aH%batt- Wml%mmmlmmmm@oeé very good

| t tt b
Lot PR Tro T PuheapARe UM SRt rebbebtu b SRS <
features ghBamPRkibR% dn® (i8R AR “Gﬂ)%@ﬁls@@ﬂ&b@pﬁg cifh bOsdRIK thigssi st
features. This results s owthat It is possible to replicate the positive

effects olgta;hnl@ds possible tnasdceass shesdeptleaf foceswitly a s bids{goragspampngpra 7 e
i1 1um nati on ar g&ngﬁ in accordance with the nethod of the present
i nvent i on "EhEHTH op anple, in FIGS 13 and 18. It is therefore concl uded

that by s ‘[?d g@ H%gergﬁ%ﬂ@xprtgpf@ @ﬁakﬁét&q? Bﬁm@;x{gﬂggmmﬂg 5tqlluﬁilhﬁlt<1f)n of

enbodi nen sent 1nvenfion s one can quic

devel op aalitlildgmgmapbjeeum apEsatus dabrdingy/®angadbdiraat|of shenintéxtisn vuﬁljnmgz mask
assi st features. Wth enmbodi nent. of the invention shown in FIG 47, the
"assi st f dgexplaiged ak@hbsﬁmb@ﬂn?m of Hee inyention; %&m.zatmfith@ﬂh@@&a%ﬂn iSonpl ex

and expen

1002631 | ?"L“’Pfﬁ eﬁdl 'glé aSbetSP(aB q&“tiépﬁéﬁ%ﬁmarp ‘5"@?‘#%{ &7 meli n% lah&i’y

i [ um nat gtie'critjell dim@hsias uniSbrenity dfth Iithégraphic pattern s @matbd 8s zi mnb&&usﬁthé he
pattern bias on the mask and, therefore, to increase the depth of focus of
the | it hogpuphpainplosations andrihatinformatine iscethen wseddo selestdhe beshconditiorsaf 09
JANUARY ZqﬁP@ éresent on the mask, there is no risk of opening them by using
hi gh expo gles is therefore now possi ble to use high doses with

| ow bi as {@2dsPIOmes énklﬁ)dnh@fﬁ%%e/m@mwﬂ J;mm&hﬁbﬂmh@s&mb@@ﬁg Bé&st BIDRy
reference is made to FIG 54. This graph shows the variation of the

exposur e et i dehiagedawithya cnatlond infludimgt deforing mbtl@gfa@hmmtttcmjs Heipainigss] on

vcvgi/grlaﬁglt ﬂ]ns E tlglt%%glngtlr\ll\é a{ shlm7u atlj?)rrpn%fe?%gl%gt’ingaa groi/ gou?(% pomts %r? g puml radiation
plane of the illuminator; defining a plurality of parameters and their range of variation;
calculating separate responses for the individual points and for each of the plurality of
parameters, each of the responses representing a result of a single or series of simulations
using the simulation model; calculating a metric representing a CD variation of the
lithographic pattern for the plurality of parameters and for the individual source points; and
adjusting an illumination arrangement based on analysis of the metric. In this embodiment
of the present invention, optimization of the conditions of illumination is performed to
maximize the critical dimension uniformity (CDU) of the lithographic pattern. This is
achieved in an embodiment of the invention by including many important contributors to
CD variation when selecting the best illuminator arrangement.
[00266] Critical dimensions (CDs), which are used to monitor the pattern size and ensure

that it is within the customer's specification, are especially important to have size

maintenance during substrate processing. CD uniformity (CDU) refers to when the
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nunerical aperture. The pattern of FIG 48 w thout assist fe r
(identified as "(a)") and the illum nation arrangenent (i deﬂ%:jf\ﬁi?éRggom
"(b)") are also shown. As can be seen in this graph, it is possible to

i ncrease the depth of focus with a -5nm bias (corresponding to a 70 nm
trench on mask). [002641 Referring nowto FIG 55, a nmethod for optim zing
t he condi tdesipsedofalids matetheiactmaby¥alue onithéreuwpstate) ar e the (s ofmpitipde us

according to, an enbodi nent of the invention wil|] no explaiped. In this
enbodi mentIBare ??éurieﬁ%ﬂ{%i BHe SS‘HH"W%%??’I’ 1651ars nﬁ“FaI\f'lLﬁBﬁ’a}tsigﬁ?Pr?]%y per f or med

using 3 Deshsiddth bbiocktsAneiee s ballof it hRIPAT iddaidit in SREGiRAT AT | Y.
the critical dinmension uniformty of a lithographic pattern is cal culated as
a functi on detict hell fimwtion evithin specifatadnison, and that information is then used
to select the best conditign of illum nation. [002651 In this_ enbodi nent of

t he i nventQ08¢7) Hosteves. paltsradidghityiogn dststiprate dramaticalydn sepyavglengthc i s achi eved

th . el uding: o Ui . . o
the 'subor VafirdeRl e iGes i Refifortlol BAUPRAE aBRbcSIdhiOmBS ifiARE O
poi nt's i N sRapRnh theiie @adrmididvn by theiciralii® desigiet | Giveg tiait @eviafdnst ForBthe

paraneters and their range of varjiation;  calculating separate responses for
t he i ndi vitareetiCI siaydsarpaitrally pifecidhe produdiaighd andihiedyodict perferpaees: i, is each of

t he responses resent i.n resul t, of single or series .of..simulations

usi ng- ¢ he el S ERsRb R E Y aftitlsbiefting a8 hee Pl BEUER RIS "op var ati on
of the | idohéydpbhe Healokd thaf die Jfie: pptdarhésity deferBRicaMtRE @D AntBfmie

i ndi vidual source points; and adjusting an illum nation arrangenent based

on anal ysistoake & MonteCaile meithpd: Hn shie Methwidnelhthe vafiablas aysrabengad i nvent i on,
optim zation of the condition f.illumnatign.is performed to,. paxi.n ze the
orit1cal aRMRBURDGIR ST F eeldapnany e Mengsran O Faovalsthilign

achi eved iypiRihe SRS SBRE Pfgseﬁtﬁﬁvén%ﬁ,rﬁ 1sPRs@¥leit&6btat HhiFRREuIIRARERN!
contributors to CD variation when selecting the best 111 um nator

ar r angenepbtaied @664 Montet Codd caleut@nsi ons (CDs), which are used to nonitor
ithin.the customer's specification,

the pattern size_and ensur that it IS
are especi%pe%) Refrydng 9%3( W%lﬁa\%i thg Iz'stlho FAPEAEARE e FandEiang 9€ ﬂlﬁ)‘g{l@atwn

processi ng. i E%{Eté f 9 Y 2007
desi gned \gzsalflggg#?a@g t %bé ct ualslie\p?aq:g);gs& r{%gsfs%?tﬁ&g?éﬂgﬂy en the CD s
of mul ti pli¢hogtaphlcasroblemtiv defnalnntstep (BR)ye skeuibti@ntiodélas selemed i aaee(E0and i cal .

CDU is generally considered by@frocess .engi neers _as one of the _nost direct
i ndi cat or 8 grid of seWEHPointsds gpncrdied at the pari] plangpf the illippinator ipptep (13). Next

speci f1 Cahileq{llgthod proceeds to step (F4) where a plurality of parameters and their associated
variation range are defined and loaded in the simulator.
[00270] In the embodiment of the present invention shown in FIG. 55, at least two separate
responses are calculated. However, it may be desirable to calculate as many responses as
possible for each source point in order to define a good process window. In an
embodiment of the present invention, the plurality of parameters may include the focus
range (um), the dose range (%), the lens aberrations (RMS in milliwaves), the system flare
level (%), the variation of pattern density (%) and the mask CD range (nm). The flare level
corresponds to non-image-forming light that reaches the substrate, resulting generally in a
loss of contrast in the final image. It should be understood that this list of potential
parameters is not exhaustive and that additional parameters may also be included in the
calculation.
{00271} The method according to the embodiment of the present invention shown in FIG. 55

then proceeds to step (F5) where separate responses are calculated for each source point
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[ 00267) However, pattern fidelity can deteriorate dramatically in

sub-wavel ength |ithography and the resulting sem conductor f2dANUaBYZRQ7
deviate significantly in size and shape fromthe ideal pattern drawn by the
circuit designer. Gven that deviations fromthe target CD nmay dramatically
affect the product yield and the product perfornmances, it is desirable to
account f ghd @da¥ipirameleCin MG, 55 ShP elbulaR edpbRst 196 chitibandiRRhdion (CHPOL68]

It should be noted that one of the approaches to determ ne sinulated CD
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opt i m zi nyatifteonscarel ireated independehthyri nati on  usi ng best CDU netric begins in
step (FI) and proceeds to step (1F3) That, i.s, a I'thogpr aphic problemis
def i ned i 00272 d\fier determinangq plaralignOfpHefariaton (epeh plfempeingeeptpiped bynd  a
grid of s C [ [ g%pa% : iR f i Llym nator in
step (F3) QH@%@Q?E@%%% prég%:lggt\j’gllt%%lpg{egg& "é?) h\?\ﬁ%eg ﬂété{tg’l%hﬂro?iildlII y of

par anmet er praeedsttbgiep (ASpwhérataeaketriv & dabdul i¢d. r'Biig eaiceddderhiiiecthandedad@®d i n

t he sinul at or, ['00270]b§| n t he enbodi nent of the present invention shown in

FIG 55, aeritivadndiagd byafafdeparimeissnddere prrticslaryuthgmearic pplgelptes the t may be
o aor sbgifl G1A 8 BeBarPREs P RRRE R S lonOE PRS0

in order {18 i ( ocess W n . present
i nvent i onpofnfertelmétabdd thén @hdPiarsepaFey whemYniil@hifdeon headReitnt isTapged(m . the
dose range (%, the lens aberrations (RVMS in mlliwaves), the systemflare

| evel (9% baseHompaelysisiodtheghetpattern density (% and the mask CD range (nm.

The f1 | ds t | -formng Light, that hes th
Subst r at o WOFEE IyshPRly BamaPSTey il s WP BreaBeriiife et SfEpieF s rmge. 11
shoul d be jppdRsSio0RErhidd a (v of Weiphtifd tHAB Rhfidlon. PBIcATBELtShdBdbet

exhaustive and that additional parameiers may also be incfuded in the
cal cul at i onder§tood i} theKD vetistoh fareashdbwge point inay beidettimunsd dofferentdy jor esent

invention gshown in FIG 55 .then proceeds .ta ste E5) where separate
responses® éelea?@meaiséﬁ thesinvenion- 8&?’6%“%&%“8%‘%@“%%82@? 926%’5“ and for
each para : eSS o A di nensi on
(CD) be" 2 Feftion, h%’gllrﬁgﬁfit g%p%ﬁ%gpﬁﬂgdgg %‘ﬁ%}ggﬁeﬁ CFL) v éé%lgf‘étnﬁ ?:}%?%% y, the CD

vari at i onvasatmal forthatsediddmousagoirsour ce poi nt over the predeterm ned range

defined in (F4). In the enbodi nent of
[00574] )I‘he method of optimcljzation according to the embodiment of FIG. 55 was

b=t

successfully applied to select the best illumination arrangement for the lithographic
problem shown in FIG. 56. This problem corresponds to a pattern of 50 nm twin line
structures (identified as “TL” in FIG. 56) printed with a CPL mask. As can be seen in FIG.
57, calculation of the DOF@8%EL as a function of source point location, according to the
embodiment of the invention shown in FIG. 16, indicates that a small quasar illumination
may be desirable to print for this specific lithographic pattern. Calculations were
performed with a 0.82 numerical aperture, a 157 nm radiation wavelength and a resist
simulation model. FIG. 57 shows that the “best choice” for illumination based on a process
window metric is a 0.64/0.42Quasar30° illumination arrangement. This illumination
arrangement corresponds to an off-axis quadrupole illumination arrangement that includes
poles arranged at +/- 45° relative to the horizontal axis of the illuminator. Each pole has a

30° opening angle, a 0.42 inner radius and a 0.64 outer radius. As also shown in FIG. 57,
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the invention shown in FIG 55, each of the paraneters, i.e._each of the
causes of CD variations, are treated independently. [00272]09AJ41$‘FARY2007
determning a plurality of CD variation (each of them bei ng obtai ned by
varying the value of the paraneters over their predeterm ned range), the

met hod then proceeds to step (F6) where a netric is calculated. This netric
det er m nessnidiler poles eenterédnt abauti the same lonationene xpeatel to give bettgrgpreoess ers. Mre
particularly, the netric calculates the quadratic sumof the paraneters and
det er mi nesVBA%®ver age CD variation for each sour ce p0| nt. The nethod then
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user of thﬁtemﬁﬂvadn@écohtmwmam embédigBht oFihd mvetﬁio@rsm)m iRFI@YS504s avei ght i ng
the CD variation. Therefore, it should be wunderstood that the CD variation
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according to the enbodi nent of FIG 55 was successfulugba plled to sel ect

t he best i|CDuwaiiatian is ebtained vgnssurcefnsints thet are shgylysqfhthe 45pdrgonalh shown in
FIG 56. This problem corresponds to a pattern of 50 nmtwin line
structures (identified as "TL" in FIG 56) printed with a CPL mask. As can
be seen i n[OEZ’XE] A @pafigdnoafl G variutioh forhidffédedt @ifnaticn a&rafngémént@mddbr sour ce

point | oca according.to th 0 i nvent in FIG
16, indi i - EL IR CE I hoymin B 361 CHcHBRon th?r&@ veiagen qram%@%%%r. nt
for this S%Fém&lti 1'sHbﬁ@\hﬁlﬂ)ﬂiecén%%ﬂhﬂoftﬁ@bfék@n@iﬂv@ﬁﬁonvmﬁﬁratéaeiﬁ Fasgd with a
0.82 nunerica erture, a 157 nmradiation wavel ength and a resi st

si mul at i onindidge$9, the @leugﬁm caleulatedhising thesactugh diupdnaters (A+B)Idgpictedt i on
based on }Eérs%rtﬁ’asﬁn I}Erilnﬁgzéﬂ? RELik fnd $-aRisQr ﬁé iRt @S At da%g%th&lté’gﬂo thon

arrangenen LS 1P ion arrangement correspon
quadr upol eFIG. b9 s fram F bto -+t Hovgee tite (Elharalue furleatﬂemangahem naayratsoded at +/ - 45

| ati to . th t.al | | t h h 30
bpeni ng. ariEm 0y A5EtRRR 15 G v Blues oliradh R R popER W 48 ThERgBg shown | n
FIG 57, S5¢ofdqsidhtibkiiMRYihe @Bodifmdhd dfehe PrBidn SRIWEMTIGAY 8)2R9Whn bd\ReS MTE

| ocation are expected to give better process wi ndow. [002751 Referring now
to FI G 5athistgmph, hequesar arangements with pples larges thag thgse defevminpdin . 57

lower the CD variation. The best conditions are obtained for the following illumination
arrangements: 0.64/0.42Q45° and 0.64/0.42Q60°. More importantly, this graph shows that

selecting an illuminator based on the process window alone may not be sufficient to reduce

CD variation. It is concluded, therefore, that the best CDU approach defined in the
embodiment of the invention of FIG. 55 may be a useful tool to optimize the conditions of

illumination for a given lithographic problem.

[00277] While specific embodiments of the invention have been described above, it will be
appreciated that the invention may be practiced other than as described. The description is

not intended to limit the invention.
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determ ned in accordance with the enbodi nent of the invention shown in FIG
55, as a function of source point |ocation. This graph sugg@SdANYARY 2807
guasar illumnation with arge poles (or at |east |arger than those
determined in FIG 57) nay be desirable to lower CD variation and to
inprove the CD uniformty (CDU). As can be seen in FIG 58, the |owest CD
variation is obtained wth source points that are slightly off the 45

di agonal . ﬁR%J \ g’,son of CD variation for different illum nation
arrangene *rent paraneters is shown in FIG 59. Calculation
of the CD variation for each of these arrangenments is done with the

enbodi nent of the present vention illustrated 55. . In FI.G 59, the
CDU val ues weré cal chimgthad fag?mtjmmg theconditiops ?ﬁ)h’r“ﬁé{%?‘é"%ﬂ‘@?gr&@ﬂf’ct ed.

The sigma, %J %&)uttéi‘%lrﬁ%lﬁﬂﬁns tlfé']ﬁ'hoéra"ﬁﬁlc%pﬁfaraiu@%ohbhélﬂk Qxﬂlluﬂrﬂnzﬁéﬁ angenent s
shown in IG 59 is from - +1. However, the CD value for each

ar r angenennd apspjestign system, d@@ﬁﬁb%e@nwlweragl ng the CD val ues of each point
contained within thed| . i S I e enbodi ment of the
i nvention shown in %d@\lﬁg&gﬁnﬂﬁé‘]a %tge%sgoegr? drﬁkéda({%lysurggtrétﬂ t he quasar
arrangenments with psdlce:sngalsgﬁﬂattdnanodehose determined in FIG 57 Ilower the
CD variation. The best conditigns are obtained for t ol | owi ng

illumnation arran A & 8rif Of YUSCARNINE INARHPY, d’fgf(@gﬁm“mﬂre i nportantly,

this graph shows thé’élculz?tﬁﬂg%@ﬁdrﬂg rc%BoﬁsH fé‘ﬂrﬂi‘ﬁtl@ﬁal @&fré‘éjﬁacﬁﬂtsté&@h Bf @eess W ndow
al one may not be sufficient to reduce CD variation i's concl uded,

t her ef or e respbrses repeesinsing aCeUltd prsowlerorgerisiné dintulatione usiagrhsaimelationof  t he

i nvention ofeFI(é 55 may be a useful tool to optim ze the conditions of
illum nati oﬁ a1 a gi ven lithographic problem [00277] Wile specific

enbodi nents of the adjustingian filinsiviatidnesrangasat obhd ilbinoiigtor bdsedhoh hnadwis

appr eci at eg that the invegé‘don ma%/ Qe gracti ced other than as described. The
descri pt i Ghageumulatad respits Qithg seRaratt RAISUIEYAS] nvention. 58 09 JANUARY 2007
VWHAT IS CLAIMED IS: |I. A method for optim zing the conditions of
illumnation of a lithographic apparatus by conputer sinulation, the

| i t hogr aphi ¢ aapar atmnatlmlmcp@rdmg tevplajon | ihanein gach efiihe @sm?selemfmus system

the met hOd }S:o%r? Angteix 3iX gnd regul{snl roceLs w@g(%v %P' lcut%gé (tio%E: rl]at{:u?dcf tﬂt ?d on a

substrat e; a Si rru urce points
in a pupi lfodak aﬂmftmh he ill um nat or ; calculating separ ate r esponses for
i ndi vi dual source points, each of the
3. A method according to claim 1, further comprising calculating a response
of trial illumination schemes by averaging separate responses for the individual source

points contained within the illumination arrangement.
4, A method according to claim 1, wherein the response is E1:1, dense to
isolated feature bias, arbitrary feature size biases, sidelobe printing, film loss, sidewall

angle, mask error enhancement factor, linear resolution, or absolute resolution

5. A method according to claim 1, further comprising mapping the responses

as a function of individual source point positions.

6. A method according to claim 3, further comprising applying a dose

weighted averaging of the responses.
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responses representing a result of a single or series of si n@%ﬂ&gg@zébpg
the simulation nodel; and adjusting an illum nation arrangefhent o0 e

illum nator based on analysis of accunulated results of the separate
calculations. 2. A nethod according to claim1l, wherein each of the
responses is a focus exposure matrix and results in a process w ndow t hat
i ncl udes dose latitude and depth of focus information. 3. A nethod
according to claim1l1, further conprising calculating a response of trial
illum nation schenmes by averaging separate responses for the individual
source poi nt s7cont Aimdlkpddceendingttp elaim [luyvhereiniasnacing afibe gedds withina net hod
accordi ng i erein the response is El: 1, dense to isolated
feature blr%l]g?%gr qr?lrlg)r%@f eature size biases, sidelobe printing, filmloss,
sidewal | angle, mask error enhancenment factor, |inear resolution, or

absol ut e resol 8t i onAmethodmicbrdihgae chim ilnghéreinchegrid df sofikee pbintts is imgapolaiedg
mappi ng the responses, as function of individual source point positions.
6. A met hRINSEESH gfgdP‘B“’c‘iie&?‘ng,a‘ WAVH@ENEonpri si ng appl yi ng a dose

wei ght ed averagi ng of the responses. 59 09 JANUARY 2007 7. A nethod
according to chai m 1 HARGEAROAIABCAH 126nbRf Ailsting foibrhindidh T ange from
0.01 to 0.2. 8. A nethod according to claim1, erefn the grid of source
poi nts i s afratgempnt iatledes adpstimgthe dldwnindtengriadggnuint by daysigtaypasvioaioflan n
averaging. .9. A neth according to.clai.m1 er ei.n justing the

T un nat Purenaxmmgdile Ry A getehifi BiPhrapd R AR RS angenent by
varyi ng acRfght hpbsibn &an apsitee blade nbyadinkeng Sprdgiawtndble Mirkytfagdy dal prism
a position of a diffractive optical elenent, a position of an aperture

bl ade, or by adjusting a programable mrror array. 10. A nethod according
to claimi1, whébein Adothadasgording to Flaighil Adhdregin adigptingthe fhvninatipsl udes

sel ecting i il ! nmet hod according to
claim1l, ﬁgﬂ%ﬁ%ﬁ@ﬁ%lﬁﬁﬁshfé@%@ I?'Ht@%lfeﬁg@ﬁ%& e ﬁ%@]ntént i ncl udes defining
an illumnation arrangenment with a nultipole generating elenent. 12. A
met hod accordi hp t o Ah&thodlaccotimped tlaimell oolidreig adjustingthailluewinativsiel

arrangement includes defining an illumination arrangement with a multipole generating

element.

12. A method according to claim 1, wherein selecting a simulation model
comprises choosing a resist model that includes a resist process to be used to print the pattern

on the substrate.

13. A method according to claim 12, wherein the resist model is a calibrated

model capable of adequately predicting experimental results.

14. A method according to claim 12, wherein defining the resist model includes
defining a resist model taking into account at least one of vector effects, non-zero diffusion of

active species, and finite dissolution contrast.

15. A method according to claim 1, further comprising calculating a metric
representing variation of the separate responses for individual source points with defocus
and wherein adjusting the illumination arrangement comprises adjusting the illumination

arrangement based on analysis of the metric.
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conprises choosing a resist nodel that includes a resist process to be used
to print the pattern on the substrate. 13. A method accor di #YJABUARY2A0E 2
wherein the resist nodel is a calibrated nodel capable of adequately

predi cting experinmental results. 14. A nmethod according to claim 12, wherein
defining the resist nodel includes defining a resist nodel taking into
account at |east one of vector effects, non-zero diffusion of active
species, and finite dissolution contrast. 15. A nethod according to claim1,
further comprising cRl.oul i lBdafsTELERS 15 ISR ENLIRATMAL bl Rnplicide
separ at e responSes f'or 1ndi'viduaP source’polnts W ocus ~ an érein
adj usting the ill unppifihgadebe@ngenent conprises adjusting the illum nation
arrangenent based on anal ysis of the nmetric. 60 09 JANUARY 2007 16, A

met hod accor di ng toca&q%twgfsea%é?fgrw rE%HOEi?Pé‘E“lth@‘“fjWéé\l%ﬁ‘?‘ir%e RWHA; B

appl yi ng efeds06dtn of Bl detcal RforREPRpREGIAE h BRGUR of £SIRERIR Serilort he

i ndividual source points at the defocus, each of the defocus responses

r epr esent isimplationgusing thefsinaulationghedebranderi es of sinul ations using the

si mul ati on nodel ; apd c [l [ [ e e ' arate
def ocus responses for e a%ﬁgmﬁsgﬁg%gg%sﬁgg%sg’tgﬁrtllfess.%B %nt% d}foﬁhe% Eeg%;ﬂ. g%si@rpdi ng to
cl ai m 16, indnddwil Bodrbepdimepar i ng conprises determ ning separate metric
responses for individual source points. 18. A nethod according to claim17,
wherein the separate netric responses correspond either to an augmentation
of the val ue ofj7the gdefddiictGaRGRSEla 18 whHeRdiMittel BMpadhg Edieprised ue of the
def ocus response. 19. A nmethod according to claim 17, wherein the

det er m ni defeainingisepagate mghriqrasponsgy fehiadiyilvalrsatese pefnécus responses fromthe
separate responses for individual source points. 20. A nethod according to
claim 17, wherein adjusting the illumnation arrangenent conprises mapping
the nmetric resp&nsesA astiodfacoartingno ofhink h7liwheekimtheSepurate mepdd rREpdnei t i ons.
21. A method according to claim 18, wherein adjusting the illun nation
arrangenreﬁ?"‘if‘B?l‘?:Sir‘?‘g‘é"stosaé‘Iaé‘&’[“F'i‘?@“%wofith‘fYﬂlﬂi‘ olithotietass rpare adiptngliothg sour ce

poi nt s of the value of the defocus response.

19. A method according to claim 17, wherein the determining comprises
subtracting the separate defocus responses from the separate responses for individual

source points.

20. A method according to claim 17, wherein adjusting the illumination
arrangement comprises mapping the metric responses as a function of individual source

point positions.
21. A method according to claim 18, wherein adjusting the illumination
arrangement comprises selecting an illumination arrangement capturing source points

having opposite metric response behaviors.

22. A method according to claim 15, wherein the defocus is within a range from

0.02 to 0.4pm.
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havi ng opposite netric response behaviors. 22. A nethod according to ¢laim
15, wherein the defocus is within a range from 0.02 to 0.4n{)géégﬁéR§§(R@73\RY
2007 23. A nethod according to claim 15, wherein selecting a sinulation
nodel conprises selecting one of a full resist nodel, an aerial inmge nodel,
a lunped paraneter nodel and a variable threshold resist nodel. 24. A

nmet hod according to claim 23, wherein the resist nodel is a calibrated

nodel capabl e of adequately predicting experinental results. 25. A nethod
according to claim24, wherein the resist nodel includes defining a resist
nodel taking iD3.0 ackmetiodaiccdrdmgito clain 0f, wiredivselatting atsimulation meded di f f usi on

of active species, and finpi di.ssol ution contrast. 26. A nethod according
Ig)"\}\%’?é F“j?‘iﬁmg 8 Qg"bﬁ& Lﬁ% e '33 YREES ‘E%de%’c'i‘rlémagéa BATRPEES cal

to claim §%0 Lyesistraeds

di mensi on pRleltdA8 aRatihilé threshdidaBsisti@Rpi ty threshol d. 27. A nethod according
to claim15, wherein adjusting the illum nation arrangenment conprises
selecting an illum nation arrangenent so that the variation of the separate
responses is mpim 2ech Ofod SOMGEH b DLANSR ARIGCHR o 88 mdde[RuaMhARECT di ng Lo
claim15, furthér conprising caledr &t ng ot her separé‘?e responses for

i ndi vi duamotdelapsbl@of adeguatelnprediting bepeditdeatal resslponses representing a result
of a single or series of sinulation using the sinulation nodel. 29. A nethod
according to claim 28, wherein adjusting the illum nation arrangenent

conprises adj usiing RmdilddUitaink@8 cidint SNSRI tHeaeSd ntfliePRRIYE Refiifngtahe
ot her separate responses. 30. A nethod according to claim?28, wherein the

ot her respsissmodedalpng into angeunt@f least poe af ectoneffecisl @onderstdiffugion ofagtive E1: 1,

dense to iS e%}e@tq%gffn%@td%r qﬁtiﬁ&%tra _rbitrary feature biases, sidelobe
printing, TilmToss, sidewall angle, mask error enhancenent factor, |inear

resol ution and absolute resolution. 62 09 JANUARY 2007 31. A nethod

according to claim28, further conprisin ppi t he ot her separate
responses as a2$-unctf gthad qcﬁ%rp%cﬁ?,u&]ia“%bgr"r{lgr%ﬂ%tse%%f?s@ﬂ%‘?es SYPTRC et hod

accor di ng ohOofed &itialEmehdibr bethe FANRE hid MAnRRRIY ARG Vvari ation

27. A method according to claim 15, wherein adjusting the illumination
arrangement comprises selecting an illumination arrangement so that the variation of the

separate responses is minimized or reduced through defocus.

28. A method according to claim 15, further comprising calculating other
separate responses for individual source points, each of the other responses representing a

result of a single or series of simulation using the simulation model.

29, A method according to claim 28, wherein adjusting the illumination
arrangement comprises adjusting an illumination arrangement based on analysis of the

other separate responses.

30. A method according to claim 28, wherein the other responses comprise one
of exposure latitude, depth of focus, E1:1, dense to isolated features bias, arbitrary feature
biases, sidelobe printing, film loss, sidewall angle, mask error enhancement factor, linear

resolution and absolute resolution.
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of the separate responses as a function of individual source point
positions. 33. A nmethod according to claim 15, wherein a spa@gﬁgNgéRYﬁ@07
source point in the gridis within a range from0.01 to 0.2 . 34. A nethod
according to claim15, wherein adjusting the illumnation arrangenent

i ncludes varying a position of an axicon/zoom nodule relative to a pyram dal
prism a position of a diffractive optical elenent, a position of an
aperture blade, or by adjusting a programmable mrror array. 35. A nethod
according to claim15, wherein adjusting the illumnation arrangenent

i ncludes sel ecgj.ng aAm&ﬁddml:@dinlghd)lﬁliaﬁﬁlz@,rfuﬁlﬁdraﬂlﬁpﬂﬁﬂ% mapfing fheelidrod
according to claiml1, further caonprising defining at [east one aberration

set for tRePAFHOICERANSESAS Sfuncsion of Mdjridyab payreenodtIPRsIfipRS- separ at e responses for
i ndi vi dual source points conprises cal culating separate responses for

i ndi vi dual source points and for the at |east one aberration set. 37. A

met hod accordi 82 t o A&nmithmd3@condingte claing &5, fuitker compsspamapeing deparnsém f or

i ndi vi dual t§_l(f%urce oi nts_and ort.th .at .l east one.atberrati on set conprises
cal cul at | RGP GrPerS pabe e re o Ry Nl B8 R e aperrati on
set. 38. A nethod according to claim37, further conprising conparing for
each source point the separate responses and determ ning the greatest one.

39. A nethod addor dihdethpdaceeraingdo chajie | diwhergie a sasHgrfdhe spugce@oing it i at i on
of the litl#e[h?@i?%hﬁl aol%%eefr(gh] o®3 (39.2JANUARY 2007 40. A nethod according to

cl ai m 39, ther conprising mapping the greatest CD variation as a function
of individual source point positions. 41. A nethod according to cl ai m 36,

wherein the at |l east,on berrgtion set _c r.ises aberrations. that are
cated | sepdtate AIBTMGRETINeS PRER b5 hersin Anafedts Shmificbom a2 A
net hod acgRafhbe@nt ifclGd& vmyiﬂ‘% a PRt JF ah ARicaM st odlleFElatiVeStodrpyadsitAlat i on
set fromor representative of a real optical system 43. A nethod according

to cl ai m pusmygrasition of gdifietiveaptieH slemeat, @ pasitiore pban apeBuwiiade. efdbyan overal |
wavef r ont agllﬁjgtﬂ{rg'ap‘l‘él%raf%‘nﬁ%fehﬂﬁro?%ﬁﬁ’i ding to claim36, wherein defining at
errati1 o

| east one set for the projection systemconprises defining a
plurality of aberration sets, each set

35. A method according to claim 15, wherein adjusting the illumination

arrangement includes selecting a multipole illuminator arrangement.

36. A method according to claim 1, further comprising defining at least one
aberration set for the projection system and wherein calculating separate responses for
individual source points comprises calculating separate responses for individual source

points and for the at least one aberration set.

37. A method according to claim 36, wherein calculating separate responses
for individual source points and for the at least one aberration set comprises calculating for

each source point separate responses with the aberration set.

38. A method according to claim 37, further comprising comparing for each

source point the separate responses and determining the greatest one.

39. A method according to claim 38, wherein the response is a CD variation of

the lithographic pattern.
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corresponding to an aberration set fromor representative O(L()jl real "
projection system 45. A nethod according to claim1, further %WY%?%Q
defining mask assist features configured to help print the Iithographic
pattern on the substrate and wherein calcul ating separate responses for

i ndi vi dual source points conprises calculating separate responses for

i ndi vidual source points with and w thout mask assist features. 46. A nethod
according to claima45, wherein adjusting the illum nation arrangenent
conprises selecting the source points in the grid that give responses,

cal cul at ed wi4thout Armsthodgs¢osding tcatlaimedd, furthes comprising mapping thaigreatest he best
responsesn v%%l tculaast eﬁjmé@‘iot Q)fri}?dsi\lﬁdaa s(i)usrte fo%att Ures. 47. A nethod according to
cl ai m 45 -wher el otne el 458V St PEAt IR Es PAr'e8he of optical proximty
corrections, anti-scattering bars and phase shift w ndows provided on the
mask. 64 09 JANUARY 2007, 48. A nmethod according to claim1l1, further
conprising dethni ng* QCB‘IOQraé‘qu@WgHi‘Clﬁa‘rM'feg‘ thaat lep ope ahesBtipmsdd vari ati on
range an@orﬁﬁlsﬁyélﬁh‘aﬁ&s%he{{%}é l'oSaté@fﬁrs_E}:[%ﬁﬁlE PBQti&B in ¥ el PR @jecii&? o

| i thographic pattern for the plurality of paraneters and ?or t he i ndi vi dual
source p#isiets and wherein cal cul ati ng separate responses for individual
source points conprises calculating separate CD variations for individual
source points and for each of the plurality of paranmeters. 49. A method
according to 43 ai mAthethol @c@rdin@ €y ¢1sit /g whbeir thk dbérfutibh gt is ad stagtoent
conprises adjusting the il]um patjion arrangenent based on anal ysis of the
metric. 5%0TOm qrgempyniRtixe PtR 158! QRbiCRSEHENA8, wherein the CD variations for
each of the plurality of paraneters are treated as independent variations.
51. A nethod according to claim50, wherein calculating a netric conprises
cal cul ating t4e quadmathod ascomdiog ta ¢laimCH , wheieat the aberfationgarelcossidarese poi nt .

52. A me% hotg accor di ng to 1(T:Irgi m 48, wherein the plurality of paraneters
conpri se ) ﬁfsasraﬁﬁﬁg,a JELETR 88'8{- | ens aberration, flare level, variation of
pattern density and mask CD range. 53. A |ithographic projection apparatus
conprising: an illum nation systemto provide a projection beam of radiation
a support st rifet ur & msthed gpeording to,clpime36, whgred defining &t Igast s abetatiod used to

set for the projection system comprises defining a plurality of aberration sets, each set

corresponding to an aberration set from or representative of a real projection system.

45. A method according to claim 1, further comprising defining mask assist
features configured to help print the lithographic pattern on the substrate and wherein
calculating separate responses for individual source points comprises calculating separate

responses for individual source points with and without mask assist features.

46. A method according to claim 45, wherein adjusting the illumination
arrangement comprises selecting the source points in the grid that give responses,
calculated without mask assist features, substantially similar to the best responses

calculated with mask assist features.
47. A method according to claim 45, wherein the mask assist features are one of

optical proximity corrections, anti-scattering bars and phase shift windows provided on the

mask.
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pattern the projection beamaccording to a desired pattern;%i substrzéﬁ?
table to hold a substrate; a projection systemto project t Jﬁ%?%%Y beam
onto a target portion of the substrate; a processor to define a

| i thographic pattern to be printed on the substrate, select a grid of
source points in a pupil plane of the illum nation system calculate
separate responses for individual source points, each of the responses
representing a result of a single or series of simulations using a

I um nat 1 on 4 andomelBl BB e Aol | RS oSipdsng AMNES SRR s o (e

illum nation arrangenent base n anal ysis 0
separ at epaahetelsahd dres;asscttal wehtat mbge/andanicalating b eemiceptesoltingICl hat i s

adapt ed to. nodi cross: sectional intensity distribution in.th

Pt o) ect | BHADE M B RtoRGP @R PN CE st ol B itBidiECh ¢ ne

opt i m zeghuidel poiHtad vHeréih rc@l@ﬁlﬁﬁfi?g"iepﬁﬁie%ﬁp%hﬁg f&DindiVRUABGRE POMts 54. A

| i t hographi c projection apparatus according to claimb53, wherein the

pr ocessosomprispygalqwdating searae Cevarigtiens fevindividual saureeipointepndtorpachiof vari ati on

of the s s for individual source points with defocus and
caIcuIat%ggh%%ﬁ¥9£&§§§§%§énting CD variation with a plurality of paraneters

conprising focus range, dose range, lens aberration, flare |level, variation
of pattern depsity and sk range. 55. A machi ne readabl e .nedi um encoded
wi th nmachi ne ecuf%ﬁ?ggﬁﬁ9¥¥ B8 1% @?lﬁ%Vm8$P1%£%$m§ﬂ§dﬂwpfﬁﬂ?%ation_

ar r angengfing&hefRomplisedlaBpbk@ig He ﬂﬁfnﬂhaﬂﬂmtaﬁaﬁ’%e'ﬁ&:hh%ed 6R BRIy s3d G¥he defining a
| ithographi ¢ pattern to be printed on a substrate; selecting a sinulation

nmodel ; s@E@i€ting a grid of source points in a pupil plane of the
illumnator; calculating separate responses for individual source points,
each of the responses representing a result of a single or series of
simul ati ons us.ng thmethothat@irdiogto ¢imided8, whekirpdly O varfatibhefor bdchraf it | on
arrangenent based on anal ysis of accurul ated, results of the separate

cal cul at PYRELY efgarametery predreated 3p HIGERANAN VARAUO8S, conprising: projecting a
patterned beam of radiation onto a target portion of a |ayer of

51. A method according to claim 50, wherein calculating a metric comprises

calculating the quadratic sum of the CD variations for each source point.

52. A method according to claim 48, wherein the plurality of parameters
comprise focus range, dose range, lens aberration, flare level, variation of pattern density

and mask CD range.

53. A lithographic projection apparatus comprising:

an illumination system to provide a projection beam of radiation

a support structure to support a patterning structure which can be used to
pattern the projection beam according to a desired pattern;

a substrate table to hold a substrate;

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

a processor to define a lithographic pattern to be printed on the substrate,
select a grid of source points in a pupil plane of the illumination system, calculate separate
responses for individual source points, each of the responses representing a result of a

single or series of simulations using a simulation model, and calculate an optimized
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radi ati on-sensitive material on a substrate, wherein, priorgig ﬁy gh$? t he
mask, a cross- sectional intensity distribution in the proj AR S
optim zed using a nmethod conprising: defining a |ithographic pattern to be
printed on the substrate; selecting a sinulation nodel; selecting a grid of
source points in a pupil plane of an illumnnator; 66 09 JANUARY 2007

cal cul ati ng separate responses for individual source points, each of the
responses representing a result of a single or series of sinulations using

the si mjlll%ﬂl ari'longﬁ'glﬁéemeﬁrgas?&u)r‘ijgrﬁa'lﬂgs ¢t'ind % {:lﬂﬂl\l@%ﬁ sﬂlt?&t@l?%ﬁﬁ?&% of the

i1l um nator anal ysr1's accunu FEsuTts 0 Separate
cal cul at talidations;. and nethod accordlng to claim17, wherein the adjustlng
conprises weighing ndi vj

sour oi nt thod according to
claim 36, wherein & “ICFﬂ Vaé‘F{’lle 531 CORE ISBE‘P?‘éFa?Pﬁe t@tmocgg’r?p‘irf’§es defi ni ng

one of asd-ARNALHREHsR Hiéﬁﬂﬁﬁ@ﬁ {rPthb BibjeEibn B&h é’xlflﬁﬂh@%ﬁﬁﬁlﬁ&ﬂld@s gripation set
of specific interest for the projeCtion system . nmet hod according to

cl ai m 36acoptdana with the optimirsd sliunigatipnGErapgenent p:dmlated hE theerpesdsorur t her
conprising mapping the CD variation as a function of individual source
poi nt positions. 67

54. A lithographic projection apparatus according to claim 53, wherein the

processor is further configured to calculate a metric representing variation of the separate
responses for individual source points with defocus and calculate a metric representing CD
variation with a plurality of parameters comprising focus range, dose range, lens

aberration, flare level, variation of pattern density and mask CD range.

55. A machine readable medium encoded with machine executable instructions
for optimizing an illumination arrangement of an illuminator according to a method
comprising:

defining a lithographic pattern to be printed on a substrate;

selecting a simulation model;

selecting a grid of source points in a pupil plane of the illuminator;

calculating separate responses for individual source points, each of the
responses representing a result of a single or series of simulations using the simulation
model; and

adjusting the illumination arrangement based on analysis of accumulated

results of the separate calculations.

56. A device manufacturing method, comprising:
projecting a patterned beam of radiation onto a target portion of a layer of
radiation-sensitive material on a substrate, wherein, prior to impinging the mask, a cross-
sectional intensity distribution in the projection beam is optimized using a method
comprising:
defining a lithographic pattern to be printed on the substrate;
selecting a simulation model;

selecting a grid of source points in a pupil plane of an illuminator;
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calculating separate responses for individual source points, each of the
responses representing a result of a single or series of simulations using the simulation
model; and

adjusting an illumination arrangement of the illuminator based on analysis

of accumulated results of the separate calculations.

57. A method according to claim 17, wherein the adjusting comprises

weighing the individual source points.

58. A method according to claim 36, wherein defining at least one aberration set
comprises defining one of a representative aberration set and a representative aberration set

of specific interest for the projection system.
59. A method according to claim 36, wherein the response is a CD variation,

the method further comprising mapping the CD variation as a function of individual source

point positions.
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