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cont ent 5 SALLAMINAREON SOLBRE SRanG: BHORGE FHDGRARIL SIMAL ATDS
entirety by reference. BACKGROUND OF THE IN\/EI\FI'I ON 1. Field of the

| nventi on 100021 The present invention relates to a nethod for optim zing
an illumnation source of a [Iithographic apparatus. Mre specifically, the

invention relates to a nethod for optim zi n%é an illum nation source using
conput er ©PAH)| Bhis @Pphcztlomessecemmuahomin -PareoRgnidedoblaiks Pateobdpnlicatien Sevish

e 1 PG Biodh Py TP A b Bt e T BBt 8P ot on b
with a pafh&rded S%%&%%ﬁ@%ﬁl@Resﬁtcglﬁfu%gﬂ%&‘grdc@smwmtﬁ@a&nd s to be

created in a target porti the substrate. The term"Ilight val ve" can
al so be ubaited StatebPatenDAppﬂxﬁatloﬁSmalaﬂd WO/ 639 plated en Nowehber2(, r29@310nd to a
particul ar functijonal | ayer gew ce, bei n created in the _tar

portion, %lidikd a&ltmﬁﬁh‘%ﬁpﬁr@ﬂ‘s@ Mﬁth}OdofPTQP B{ZIRg g7 E’mlﬁﬁtl‘gk%?ﬁﬁ% 6‘Pgsuch
a patter hs I

lithogra ﬁbfb@als(t,‘dd erén'éJiitﬁo& U(}% S ‘M ]ﬁtsigpﬂlggg@ﬁocﬁ}ph%tb&srﬁpé]lﬁce’@to }ég?érﬁi | ng phase
shift, angﬁeatehmtgaﬁ}eﬁf@me sh| ft, as well as various hybrid mask types.
Pl acerrent of such a mask in the rad| ation beam causes selective

transm ssion (in the case of a transm ssive nask) or reflection (in the
case of a reflective mask atd I PRI ARG on t he nask,
according to the pattern oﬁ%éwb?#ﬁmwgﬁga mask, the support
structure will generally be a mask table, which ensures that the nmask can

be held at a desired position in the incomng radiati on beam and 1
P-1503. 02D t haField ofdbaInyentmeved rel ative to the beamif so desired.

[0002] The present invention relates to a method for optimizing an illumination 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
pattemed 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 sucha
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
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100041 Anot her exanple of a patterning structure is a programmable mrror
array. One exanple of such an array is a matri x-addressabl e surface having
a viscoelastic control layer and a reflective surface. The basic principle
behi nd such an gﬁparatus is that, for exanple, addressed areas of the

reflecti vB-18039Hke reflect incident light as diffracted |ight, whereas
unaddressed areas reflect incident light as undiffracted light. Using an
appr opr i athet ftichn be¢ moveheslaingité thedwpmdf bo dgsiredan be filtered out of the

refl ected beam, | eavin nly the diffracted 1|ight behind. In this nanner,
the beam B8W) rbaoly ealeiobe palieming Siurtigds & bl THiEOE 2TaY- Png he

matrix adg{ﬁﬁp‘i@@f ﬁlcﬁ%faﬁﬁf i§ ma&ixt-fdd%ﬁb‘[@sn?@t&?ﬁ%ﬂﬁngh v%fcoélaé?ch%hg}?f%rgh

mrror array enploys a matrix arrangement o rrors, eac
can be i nel ytedidediveysurfatéd, eThethnittpriipxbehiysiwhphyuppgams suihhr fdrexhgprl | zed
electric field, or b enpl oyi ng pi ezoel ectric actuators. Once again, the

y ct, ; . .
mrrors apddressed areasefdhe saflepines susiaserelleplancident digbtasgdiffractask lighhd wiiergast | ect

mrrors, PRRGRRRLA AR RaT N M BBl ey e an BRRFERIER o e
addr essi ngheRmbirBhdte®fightian Beiltered e b LHS A RtedibehM! RavihBdnlyae difaactedt ri x
addressing can be perforned using suitable electronics. In both of the

si t uat i onbghidshnidb dultthemanientbe bedme begomaseatiemed stocordingitasthe addriessingide one
or nore progra ble mrror rays. More information on pirror arrays as
her e r of GPAERD Phig itk AGERADIE G Tacearis TS CORPRELFAL of APRSBHRAYS U S
5. 295, 891ttt e epl S o AR B 6P PHBIQ 981 3BRRTRAAA KO 9B/ 33006,
In the case of a“programmeble mrTor array, the support structure may be
enbodi ed arlivididallgidted mbdwtkineaxisftorappkdngd suitablei lotulized eleetricifietd] ooby movabl e as
required. 100051 Another exanple of a patterning structure is a

pr ogr anmaBNBloyme pigzoglectrigactuaioshpPrceAzaly, Big mirpshare matnx addessagleyashi n U,

S o A 5o ST B AR AR e BB Y,

as requir gehddid3s¥dohintes. RUhRasemen theieMpdtbdbdarn istpaenes hedkbdihftdtheext may,
at certain |ocations, specifically direct itself to exanples involving a

mask and addsessingipagerniediiles mptrix-addresgahiematrorsy The reguired aasax addsessing cguch

St uct or o PGB SV SUT HRRRT S 00 PR R g PR s E B s ot s
can be usggterhiff sPacitRlcn iddhdel e GRS FlogFnRible Mir&G4Rly8dMdrE cui ts (1 Cs).
In such a case, the patterning structure may generate a Circuit pattern
cor r esponiforgnation an mini wirglsals heseyreferrsdl ta tam beGeem fdr ¢xaimplp dtanetnitedin be
' maged Onko 3 Fatents U.S. 5,296,891 and 5,523,193, and PCT publications WO 98/38597 and WO
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 patterm can be imaged onto a
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P- 1503. 020 target portion (e.g. including one or nore dies on a substrate
(silicon wafer) that has been coated with a |layer of radiation sensitive
material (resist). In general, a single wafer will contain a whol e network
of adj acent bg{)gfﬂt portions that are successively irradiated via the

pr oj ectiofls one at a time. In current apparatuses, enploying
patternin a mask on a nmask table, a distinction can be nmade between

two diff e?f"égﬁt pegfisadegf mﬁhlémgrfé@ or pre digs op yﬁ;ﬁéb&slfatq (stlison Meaben) thaphasiksen i on

appar at us a ortlon is.irra b 03| g t.h tire mask
portern ofeBe Hith A1AEE o Palaio sty Rl fitnY TABRRHITh WREe Bt
referred Eéntsif adwhlé ﬁ‘étw%ﬂ@@% jacehttafdet ?A&l@ﬁmhﬂ e s@&e@.ﬁ@yﬁmmmamé
referred to as a step and scan appar a each target portion is

i rradi at epirdpsctipn ogstes.singett ¢ tiswsaInicngentapparatsikes, paplogng mttdmmgheamadg ection
beamin a |ven reference direction (th scan di rect

aynchr onoBUF St B AG MBS, G bermeds S et e &%ﬁﬂb@%ﬂﬂmﬁf 511 5o

this dire Wﬁ

magni f i cat‘f:){p g%@ ltho? a?ﬁﬁ p(r gilgner a %}atus ?ﬁh%ﬁgﬁgﬁ{gg{c}ls at gﬂ\%ﬁq\iﬂgﬁk?ﬁﬁ/su strate
tabl e is sotironedk pattdrn loatoxhé aarge:monm areacd [Richah apparatns isdvenmelk table is

scanned. More information with regard to |ithographic devices as here
descri bedrdeFedde aﬁéeﬁafel’r%@pés( alﬁﬁpél“emﬁﬁ?ﬁ Wparatys; capmoplygsfemed o ag pefem 1 | n a

known manyf act aﬁ at%s’ Ee)?agl?tsar?e%' qulgﬁ r}oaﬁgagescﬁ@ r8§1[% {(fﬁg%m%m gt ?rggé s,

pattern (e.g.

partiall yFﬂtEfﬁﬁﬁdiarlﬂYe Froj b be:ﬂi il 2glivat tefdtefRNBickline(th@tRhnrhg"(diRetiot)) -
Prior to this imaging, the substrate may undergo various procedures, such

as pri ni nghile ewichronously iserpningdhe sehstratetisile paralielor aatiperlickto thiseliregtidnst r at e
may be su ect ed to 0 pr.ocedur es uch as a. re ba EB) ,
oy el oproince.it gghdtal bPraRf e ErowIri S adhaiRaln SRS M GEerthil - oon
features. th'EfEbéed Wl AhichithPLReM 1ate iss.;cétl'ﬁl%ﬂl vAf bR aBRgbeM (Bnbthhed WHidh

i ndi vidual |ayer of a device, e.g. an IC. Such a patterned |layer may then
under go v éhrimask tahle cessmeds Mdsreamfoanaimmgl,th regard topitlograpghid devicesdopemag) |

e anded degbrdoanbasern o PaEPs. diom Drapaient $PRQaYE ol %l avers are
d, b
Fepoat od (oI PR %%nﬁf;a%ﬁﬁ%f’mfﬁéug} A/Rho@asnit BeiEfion aparpuBVE 10 b

(J uxt apospitteamje.9fin bmeaskpisiidugedsdias k eobstraieahat is at 1esst patiallateversd Pos hival e.
For this urpose, a snmall reference mark is provided at one or nore
posi t i onsobradiatien serrsitive materal (esBin iPrigr torfbisdpiaging, Ge S&b&&@wﬂaﬂha@@r@st em on

subst 1 at o HSTSroBuEE Pyn Rt o o GeuPE S Fio B TRRIIRPSRLM (e
systent'), sitRirbteMRdybeCsaB;jctit@ o Bhct floRédiired sIRAGH atpoﬁiee)@)o@lﬁ’é/bhﬁé’@EH)aS to be
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 is provided at one or more positions on the wafer, thus
defining the origin of a coordinate system on the wafer. Using optical and ¢lectronic
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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j uxt aposed on an existing layer, and can be used as an alignnent reference.
Eventual ly, an 3 P-1503.020 array of devices wll be present on the
substrate (wafer). These devices are then separated from one another by a
t echni quepsughyas dicing or sawi ng, whence the individual devices can be
mounted on a carrier, connected to pins, etc. Further information regarding
such pro | fo I frrom.the.book “M crochip

abr i cat | 0 g 459 Ry R BEDRATEn A LS aERFep, MR RHICR R oo frpled

Edi tion, kymRaic@inothnbyalchnifaésal dldiding Sdabwid] viénéthe iddPiduall @2Bes
0-07-067250-4. 100091 For the sake of sinplicity, the projection system nmay
her ei naf t ean brempwited prd caigicasonprsted tepans, eteioWertker infonmatiereregrrdingsuch be

broadly interpreted as.enconpassing yarious . types of nr.ojectiopn systens,
ncl udi ngPIOEFPETTTRE tined forEsamet, (10w BpBroks Mitrertin Patiicafion-iA Pratielors
for exanp(Fide b Semichn@htOPR¥ESRIZ MBrdakdfon, by HEES vaR TRANSIIGTaRRENat | Ng
according to any of these design types for difecting, shaping or

cont rol | i Rgblishngfwj X7, BN Beiir®@R250ddi at i on, and such conponents nmay al so
be referred to be%ow, C(%l l ecti.vely or. singularly, as a,"lens," Further,

y
the Iit hof09hnFer thpsakeRT sumplhjtyp e projgctiopsystemymapharaigalsr bergfegred ypst r at e
tables (a b R . td " |ces
e adas £ e 188 OO HRS fork SoGialbe by ibrpitd as Bnortpdif AP
carried otpevof mofction systenes, irehldasy rofratteyeapicqrefltetiee optivs] anddutatioparie bei ng
used for exPosures. Dual stage .lithographic apparatuses are described, for
exanpl e, Fystamssforpsxpmples Thegadiatiomsysigm may sl Ingdite compensntepRATAINE hogr aphy

.  del : : i n. : ' . of
|t egr at oA AL FinABRelin bR K trblltsaBink W SRRNAC WSRO |
provi des béwn ofiediatied, Mdtsueh formpathiseadydls M leferdid balowaesllucaoy ogpeed,

and econonic productivity. However, as the dinmensions of the |Cs becone
snal | er, pRBwlatly.tasagilashyFarthesdbe Hihegraphis apparatus anaydetof ajtypalavingfavomsst |

St ruct ur o B0r6 B RENHS Y ofARbRts Bk RlRGF, BELf ARG Piagd R

t heor et i cge 2@aitioRHEttEbI6 mai Be Libdl ih pariile Paidrefatat Byl sidps Mihydst tabifedut A oy t he
Rayleigh criterion for resolution R as shown in equation (1): R=k,*NA (1)

where X i ¢r maee tableebile ohe of motecotherdables are being ased\far expashresn sl stagel

aperture the, |l ens | t he projection syste i 0ocess

dependent ﬁ&@ﬁ{@{lm{)m}a&é?s&rg dQscnloe | for exmr?;/)?e, 1nnb.a§$a%(ehts §,9§9,Hl an
6,262,796,

[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
g

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



100121 It follows fromequation (1) that the resolution can be inproved in
three ways: by shortening the exposure wavel ength X, by increasing the
nunerical aperture NA or by 4 P-1503, 020 decreasing the value of k1, Al of
t hese strat egi es have been pursued sinultaneously in the past and are

expect ed Pd58HP2d nue in the future. 100131 The performance of the

| it hographic apparatus and its limtation nay al so be explained and

char act er deeehsingtthe vdlee DElt. hAIDbT hestistratdpids)haveheanplirsued sireultdnegusly evtbel as
one of the nost critical factors in determning the resolution of the

| i t hogr aphist apgt g espectas togoptnuetinghe fire DOF, defined in equation (2), is

def i ned he.di st | . i cal i whi ch the | f th
ot torn | okticafe PRy Ens S eGP fS i R Finiof By iea s 7y cal
constant. eﬂ;ﬁ&lﬁé’dlmﬁﬂdiia}dc%?fﬁ%d WitAQAS DBHthIIRRIS GSOFE SHIKIES ﬁﬁ\ﬁ&llﬁﬁ@%k@'ﬁs fror e

insight into the rea Ifficulties associated wth photdlithography at the
r esol ut i oond ofith¢ mostcdritital faberEoplssamening theiresodigionfifthe hithegdphis prdjsaioat ed
Bias (DI B), and the k rQr. Enhanc nt. Factor, (MEEF).. The Exposure
Lati t ude W%eﬂwtlﬁ@%pﬁ%aﬂ%w%% afar@ggn%tée tiseanss plepg the gptictler n' s
critical gj. i )i vl Wer:1! 10% It is used along with
the DOF 3g§g§eﬁc%g}8tlwg§%§€@ggé@%h(rﬁsd%%ﬁ?w%@gﬁ%ﬁé regi ons of focus and
exposure that keep the final resist profi*l el within prescribed
specifications. As for the D B, DOF 7& /g ko d2bf the size difference
between simlar features, depending on the pattern density. Finally, the
VEEF descmm&zh@me@pi@am@aﬁtrors are transmtted into wafer CD errors.
100151 As the sem conductor industry noves into the deep subm cron regine,
the resolootd] oAdHitivhil infpoctantrrespohyesanaishigbtiat pioviizghareingglitéatonhereas i s
bei ng reached due to a _decrease in the depth of focus, difficulty in the

desi gn of difB¢idaes aspreiaterhiyitaphpiodithography at the sesolutign lingih inchile ke Bxpsisugy . | n

3 e _ .
Gevel op.r CETEP D BASE Rold 38 65 (46, R, GAM BRSERAFAFERAN Fiich©
resol uti opMEER).t T Eﬁpdshﬁeﬁ%ﬁtﬂi&rﬂeﬁcrwelé’f@cﬁei&ﬂtafg@@bse"iﬁﬁg@*ﬁh&r@iﬂiﬁﬁirﬁb’d the

control of the relative size of the illumnation system nunerical aperture
(NA) . Conpattsin’s gfitieal idgmepsian (JD)risagssptableotypivellyd 0foe dt isawedglongwith thebj ect i ve

Lgrnrrsmmy abigﬁ“é\t?)rd%gerr@ggggé éé?%?%séﬁgdgvg, e %Hei rg!gioﬁsf) (r)]fe froce:unscaendaéxpggu?e H%?Eee%ltﬁg €
final resist profile within prescribed specifications. As for the DIB, it is a measure of the
size difference between similar features, depending on the pattern density. Finally, the
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.

[o016] 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 o. This is accomplished through specification of the condenser lens pupil in a
Kéhler 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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coherence a. This is acconplished through specification of the condenser

l ens pupil in a K6hler illumnation system Essentially, this allows for

mani pul ati on of the optical processing of diffraction informtion.

Cptinizatho% B 6he partial coherence of a projection inmaging systemis
ApyYy

conventio cconplished using full circular illum nator apertures. 5

P- 1503. 020, By contral |l j.ng, the dj i hut{aon of diffraction information in
the obj ec Fonraliae e distithution ¢f ﬁfﬁ%&%mf%}ﬂtmw the objsekiveriams Withghe

nodul ati o ' . ) ' rth finhed by
Consi der | naREpAat 8 il RE oL AT o ARet Tnpialeh g T

wher e il | oan befurther tefinedbby cptsidering eatkaivns enfill ldredRs Kludinatiora@hares 0A t hat
the zero-th and first diffraction orders are distributed on alternative

si des of 6Yienppiheredilumnasiondsoldiquely ingident optheomaskeaian anglgsh that thegsrotich | s

| f-axis,illum ion. .[00 O f - axi.
1 o nat POE RSB tEa8h bierthisRply P aRRRARE rd et B nien S rayale on
that is aforampriiehRnisOShdheancipbidash isPeensrafl rdfieed @S -oflRGs (INGhiHARFE of the
radi ati on on the mask, which acts as a diffraction grating, inproves the

contrast 01 h©ff-awigdlupyinationaimprovesiresglutiondyollumivetiog fiermaskevittoradimtion

through the, lens. O f-axis i.llumnation techniques used w th conventi onal

masks pr odBLE ¥ 22 3p8lE f%ﬁ’eé’ﬁh‘éﬂééﬁéﬁ{lheglﬁsec lg?lﬂ?rfcﬁrol}lﬂ?eora&"é‘g% BPiGH‘n

enhancene f i ' a I fif d Vari ous
RlasiefWHREE SctOR 20ipRsktith ParRa oo Misithd %tfﬁ?@ééﬁhope ¢ Lﬂ%

ot her enhancenent techni ques that have been devel to | ase the

r esol ut i ofrazenuttingen®eref ithecdiffidetapirderathrpugictheidny. Odf-ade illumingtidC) of
optical proximty rrors (OPE),. phase shifting nmasks (PSM, and .k .

sub-r esol EFEF’%HF%F_ W“ﬁecaéf; né@nelsmﬁ@%f PTOdE%WS‘?IéE%FI&hggC%W Bléfe‘tﬁf_é élanh@][ one,
or in co WHah — Qhane resolution o e
l'ithogr agﬁii% pl{rlgcjghect | o(ﬁéil[:l ogﬁfétﬁﬁg@gﬁg@éﬁjﬁgr oagﬁlﬁgo glésrier ate off-axis

i || um nat {oor8] i ¥atious sther¢nhtddcment REliriue3 it huvebeenldeveloped toencreadedhd he fly
eye lens assenbly of the projection systemillum nator providing oblique

i 11 uni nat resplution aed the OB incdugerppiicalmraximity soareetion (PREAWE optical PEaximisy ri cal | y

d [ W | Zi an acl,ng. set. o) i.ffraction
o dor Jovernas (BER), SEARthnit hhsRe F0, ROF PRSI NR T Fhisk RafisSRAD
phot onask Eadiuebhraquediy Begded absine] &rSinicBmBinatib With i tedhBffact b énhb&RIhd Y

avail able to the mask, lowering throughput and making the approach |ess
t han desi resplution pfidvetlitieagsaphyc projestipmwtnol.ci r cul ar openi ngs need to be

desi d ifically.f i t. d pitch d t
ot ove.t FEREcPns ARalkl Greci Gl B alR AlwApat,do BRErBHAER REE MFEREr evi ous
work i n t Biafe fRE@dntd ACAY PRSIcRYERe@b TR BRDrojection system illuminator providing

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
significant 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
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using either two or four openings in the aperture plate. See, for exanple,
EP O 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 illum nation using

t he four-zone configuration, which is disclosed in U S. Patent 6,452, 662
is to di vPdé03AZ i || unmination field of the projection systeminto beans
that can be shaped to distribute off axis illumnnation to the phot onmask.

By i ncor pexpasiregouite ismaintaiped. dddimpellnfthis agpreadh dllewsrfat illmminationdbathput and
flexibilit gf t he 6. P-1503. 020 expasure source .i s _mjntai ned.

Add t 1 onafPIneh O axisnd SBrxs CaRecioRaL) FIAARSTSLFS FYIPRE 5% Bbi nes of f - axi s
and on- axi ' I b Skl : L E QL ' nt
fo dense auPYPRURT UBRE iR URr b Rkl Sy DT A AR Reidf'S ook TRAAGHF

si gni fi caftan strivght eff-agisghimofafieaXite petformamatbol tess ddise fpmirkQhoaree, 3f | ess

dense features, however, is nore optimal because of the nore preferred
on-axi s i MOGHPRIER3IMSCIUSE of Hiedeore Praferredson-gr illuymigatian fox these Eatises dhein t he

2] coy BEUAFLA eGP RELYRS RS, A0 hoRkal Rt 881 MofRer el "
condi t i on®)ptitiizddien 38 dpendekd 0r Fdanlre bedhétRarddomble@Rivedsal il luhinatedit | Y

available illum nation intensity distributions or arrangenents include
smal |, or comsiionsicgmhe ¢¢ieced.2) , annular (FIG 3), quadrupole (FIG 4), and

F 5),,-w.th the Jillum nated A{h | naf t er. f dt th
aper ¢ ur o( I *ReGTAng 1o TS, % Byl v S on el S Eb s acar
1| uri nat b0k pehATifkiage Shall, 5 5 st @16, DXATISIFRS. 3f duadiipdld (Fianat i on

schenmes. [00221 Small signma illumnation 1s Incident h sk’ w't
appr oxi mated quasar(@1Gi 3)| withisd illomisate] @reds (hereimltemeferypdrip an tieapkdure(sy) t he

mask) and produces good results with  phase shifting masks to | nprove
resol ut | oﬁfPoaﬁhlniqﬁfaﬁs sdony G&EB‘EIHT=SF34"BE‘3§?‘“ avasasi lumination;teehniquss ok

i nci dent : S [ rly symmetrical and inproves
resol uti ogigéri ?%ﬁ%&@ég&ggglﬁt h E)%ﬁ og‘ff?"&ﬁ?@f%ei ng | ess pattern dependent
than ot hefooz22)| BuallRigmeilluftnaivads inddedr oipthk enadk vithuppeoximblelniefat i on are

i ncident on the mask with four main angles and provide inproved resol ution

and i ncr e?h@&nﬁa&wg@r(i-ﬁoﬂm@sme@dﬁelaﬁgﬁ tlhgtrrmhbargd nreduces goerbisswtheith
100231 R ing.to FLGS, . 7. 10 | i nati
sohenat | captss St CphtEYs imp e reboudifh ahd indflaftnp A BT ERIE. Aol

i ncl ude | jipMingdn ig eidides 60 tHel ki af ng18d theard Birclitly SHAORCACANiAPENEe 12;

and light integrating and projecting optics 14. The i'llum nation
resolution and increases depth of focus while being less pattern dependent than other

illumination schemes. Quadrupole 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).



systens define an optical axis 16, a pupil plane 18, and a nmask pl ane 20.
The axi con/zoom nodule 12 conprises a pair of axicons 22, one concave and
one convex, whose separation can be varied. The nodule 12 al so conprises a
zoom |l ens_24. [00241 For the case of conical axicons, sone exanples of the
i |1 um nat PdAV%Mknsity distributions achievable at the pupil plane 18 are
shown in FIG 8. The spot size can be varied between states A and B by
changi ng {0825] z dommprnvs throidlumiiation Sorriogendity, ant epsicabintngrater 26/isgaed. o changed
bet ween s es. A and.C by varying the axi openi n separ ati.an _bet ween
Che axi cohly S e ePen Suesbatof infsbihe fi% Al G rieedt ¢ AsneaiSgene! ¢y,
an opt i CalubME iRl i A SolREths ddbpleE e ifmidiioR Al iHedhupll MRN8l thekes
the formof a light pipe 26, such as a glass, calcium fPu ride or quartz
rod. A couwgd 5, a@8rodomxt iemgingeopticsd Bivarealsogmovdted. Na FiGp7 la fifsaaye elehenndd t he

rod 26, and rod exit inma ing1 optics 30 are also provided. In FIG 7 a fly's
eye el eneptts avthe iptegrator. THe Ilyseuyslsmpht 321ina cpmpositedens GampRsig aparray of

e e R e

resul ts fopptigst he foregoing discussion that nunmerous options are avail able

to the process engineer for increasing the resolution of the |ithographic
proj ecti owo%ﬁbparféftug% frgrutheforegoing discussing thaaugicseusptighhaswyailable toghgen t he

cost and ti t (form experi,nen i n  conductor fabri |.on

Foc 1ty PRy Refetr B MosRRE Rt o Gng BB S Bra W lekabge ons
across t heyrhRaifiin %ePedceEs RindeR Stet IIiAGARS cdst ahd filedto PBITERN EferignenfdS t he
product cycle tinmes in the sem conductor field are relatively short, severe

l'i mitati orsa semgcorplyuctop febrisetiemisaiity (Fab)t theappivach thahwbeldspesist ditestisgear ch

ond, Sovel PR 20 SEE BB RUPEHSE o e SR DR B ot 10027

photol it hﬁﬂfdaam le tibhd¥uh Hd é&ﬁﬁcdﬁdh&bpﬁgﬁgr%ﬁg&ﬁ%@ého@ ObrelihGitdiRad alkhat a

simul ati oh experinment for optim zing ptical proximty correction

f eat ur es puatrorathe emonesif tinessthanen bersbgnttoalkrescarch addylevélophaddor éath mewmt hs wi t h
experinents on wafers, gﬁigrml ations are viewed today as a useful tool to aid

in the deP@EHIEROr BAAVRASUTIRELEPSh of |t hographi ¢ appar atuses. [00281 It

1L LR T S el A e OBl

by reduci gignulations within the inciustry. Given the fact that a simulation experiment for optimizing
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.



t he nunber of required experinents. Sinulations can also aid in the
research context to understand many physical phenonena that occur when
pushing the limts of resolution to achieve feature size in the order of
or bel ow g vel ength of the lithographic apparatus. Finally,

RSl

sinmulatio %e a tremendous tool to extend the optical lithography to
the sub- 150 nmregi ne and tQ prol ongq}‘%he lifetinmes of mllion dollar
HARY

steppers and billion dollar S TEENENEGNARY OF THE | NVENTI ON
100291 One aspect of the present invention is optimzing the illumnation
conditions of a |lithographic projection apparatus by conputer sinulation.

The pr esepo2d] VAL iRt G tAY bebsént idhtioh Badptienziaf thd illumimaion @ondicioas éfilaons of
vari ous responses of a lithographic projection apparatus, includi n_g, for
es

exanpl e, HAOZHPBEPSQI U HHRPRAAISIY NGNS Senylatiqn Presestsvetpmproy

nccor i ngoR GnAg BE B iR Rl e by SRS S uh Bl plikiieh
met hod f Oﬁ%pa%iﬁé, Mchhdifg, ttheexabd pleTHEASrb O s GRRtbVE {RPSsudd/ddse! 1htith@G VR depth

appar at us %/ conputer simulation, wherein the |Ithographic apparatus
i ncl udes ahfochs)usiiatobe priatiag andomaskeertdr gnhangement facthe  net hod i ncl udi ng:

defining g lithographic pattern be printed on a substrate; selecting a
Sl at DolibadccoaiEes #Ra g e e BEsBh I EE o IS N ROUIR A MeARRE of ¢he
i1l um nat Qﬁtimiz%?é e h1RInhiRe SERAIRIORs bES H%@Fa?hfc%ppbﬁﬂis‘ﬂly%ﬁflpu&%{nﬁﬂatﬁﬂ, nts,
each of the responses representing a result of "a single or series of

si mul at i omhenssi the lithoeraphmudpparatus incldéds; anahomimadrased apgojecticnl dystempthei on
arrangenent of the.illumd natoy based on anal ysis of accupul ated results of
the separ Beod4dnduding; drhsnerpliogapkic BRERE PopERisd AR 54 Pes S%F"tt%é
present i | I ' . N wAl .

I 11 um nat Fﬁ\gﬁﬁ'éégo%g? ?#%%Eg?ﬁ%géﬁgﬁggﬂgp | cﬁtg%g?abgélllj ﬁgébgigr%rﬁ%]'tgg{rﬂg@f’nul ation
usi ng ful taledatig sepadatiesioneds, fomimdivadual khecd pdihngeash ol theapgponsdsus i ncl udes
an illumnator and a gr oj ection system the nethod including: defining a

| i t hogr apHiPEcspaiingess resulhohsipgleof segrissof simuations nging thesimalation gnodel aad o

nodel ; se ' o PP ' e | ses
For 1 nd vt Biduth aRAHCEEnPRL B HluriFach baby B sAA0GE B ecubBRRALCR

of a si ngdseltosf thesdpasatOtalailamoml i ons using the resist nodel; and adjusting

an illumnation arrangenent based on analysis of accunul ated results of
t he separ #0381 caceerdugite anothemyspect ofthedresicngnyentipa; thareds peqvidegaanethed farhe
| nventi Onbpt%nr{fezqneg tihcsa ilPurrl%\{lia.t(ij(?ndco%dm%th%gaEiﬁ{ographic apparatus by computer simulation
using full resist calculation, 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 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 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; calculating a metric representing variation of the separate responses for individual

9



optimzing the illumnation conditions of a |ithographic apparatus by
conputer sinulation wusing isofocal conpensation, wherein the |ithographic
apparatus includes an illumnator and a projection system the nethod
including: defining a lithographic pattern to be printed on a substrate;
sel ecti ngPd583989 ati on nodel ; selecting a grid of source points in a pupi
pl ane of the illum nator; cal cul ating separate responses for individual
sour ce posawres passis withfdefodwe; andsydiusting an dpingsami ampangementbasedotn analyisisgife or
series of simulations using the sinulation nodel; calculating a netric
repr esent MYGASEF- ati on of the separate responses for individual 9

P- 1503. 02 u ' ] th jUS L] bl '

o angeme e Panseprameis It blbeb fr T Ao Bl pilidod HRLBLI,

anot her aspénizingfthé HRiminwéor ¢conditionk ef & lithe grapbici apparatus iytchogufed simudgticnm zi ng
the illumnation conditions of a |lithographic apparatus_ by conputer

si nul at i oBsingabeaERtign sensHiviynwaergEy the ithographjsapapratus peclpdesiag gl ypimator and
appar at us_i.nG [ ) . , ' ' ; .

e i ng? PSR Sy, tenTuRatRE a0, o ki) SRbLAPHE IR AR OB RS,
sel ect i ngsibsEhteldehicting a ABGEhtiorsRbed! idkgting aigvid o¥kowdepsiatsia ia'ﬁuﬁil'?lhn@ opupi |
plane of the illumnator; defining at |east one aberration set for the
proj ect i othedlhemimatorcddfimingatileagt o ratien yobfpdheproldcben pystin alralatiggur ce
points and for the at leasi .qne aberratjion.set, each of fhe responses
Fepr esent FRBTE TeaRIRYs {3 TR BUgr Paals d 161 e FhfEpst oPo AkeTRoRGEL RE

si mul ati opf R 9&bonRS fepRéileHitid NN of 4 biPleRAkERE ASMANERNLing3Red on

anal ysis of accunmul ated results of the separate cal cul ati ons. 100341
Accor di ngsitmlatien racded;kad adgpeng aofllunheation\aentgomnt beexdeni malysiswfded a

met hod for optim zi the illumnation conditions of a |ithographic

appar at usawwgﬁ%é‘ﬂgssqf% %FPF’@FPC%I%@“MSK assist features at the

i1l um nat | e ' | ' p : J:

11 umi nat 04 nHECoraH B8 B kit e PR Gy AL AR Dip B 4Bl

| i t hogr apbptimizirigt the illindinigorpeonditivils ofia Hitleglaphicaipparatsbycbmpytea simulationt i on
nodel ; defining mask assist features configured to help print the

| i t hogr apB#iBg pasl assist Eatureseat dhgidlumanator lexel) wharpindhe lithopraphic appaRRIE poi nt s
in a pupi | . ' ) , | i -at e onses for
vt doal S48 S Mttt sid FhRkRn ot Qe B IRIRAL RGP ERASE OF e
r esponsesiijhdpraphieHPatteieh 18 be @eivtell odfa sabstialdlselebtingsLsinfRatidh riodelt REings usi ng
the sinmulation nodel; and adjusting an illumnation arrangenent based on
anal ysi s ofaskessishfdabrescconéiguted o hedp prineths ditozmanhicpdtiern en thersybstrate;

selecting a grid of source points in a pupil plane of the illuminator; calculating separate

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



100351 According to another aspect of the invention, there is provided a

nmethod for optimzing the illumnation conditions of a |ithographic
apparatus by conputer sinulation using best CO uniformty nmetric, wherein
the lithographic apparatus includes an illumnator and a projection

system tRa50®@@200d i ncluding: defining a |ithographic pattern to be
printed on a substrate; selecting a simulation nodel; selecting a grid of
sour ce poihetlishographic patreint fop tleeslunidityt dfpardrheters and €or;thedidividud surpd pialsi ty of
paraneters and their range of variation;_ calculating separate responses
for indi vmuimusslaaua@élhpmnﬁtl@naﬁ@gﬁwn@&éw'&aﬁaﬂwsqﬂt&w oy of parameters,

Sl ot ofPPREHRE < PR Ml naBrl Bl Bord BT coont i ng
CD vari at |ijdgRbhit QréjedtRRBpBAtishtchdih oA i BRMiMatiBA YR td Povidear fbjéeidn ty of

paranmeters and for the individual source points; and adjusting an
i || um nat beam of radiagjemensupbert sduciuredo aipports: paftetrhing statchure whidode besebtodi ng

0L et RS e LSS, d B W AR S BB
provi de ag[yfhecs E@j&c&ﬁ?%ﬁt&ﬁ td @gj&% thg%tté}né&‘i?éhﬁ’r{ Bnt%%ﬁh&%%ﬁ?&ti&x?oﬁﬁ&@por t a

patterni ng struct can used 'to pattern the ection beam
accor di ngsubstratepepiocedopatdefine  lichogrephicr pitterr talbe @rintedronl tte autstrate] seddoea a
projection _systemto project the patterned beamonto a target portion of
the subsgn@pEsourceqois ¥sppunibplges pithe dluminptingy systsms cplgelatersparatebe print ed
on the sups Jn%Ese{Oﬁ;rﬁii\%ﬁ{lalas Bk bdintd, eSAYrfe I%g;&d?lfsés ﬂeﬁre@elﬁﬂl lalredll of the
illum nation system ca taPate separacte responsés for I ndividual ‘source

points, egiafle@t sérfte of eRNONERS ukBRReHANhiIiYmMadEIean dalaflatd an spii@iizdor series
of simulations using a sinulation nodel, and cal cul ate an optim zed

i |1 um nat ilmiagticargraneemen dased asranalysis pé the aggumplated geswlta phthedepasigl t s of

t he separate . .cal culations: . and. el ectabl y vari.abl e beam control|er that
o adapt ettt RO Bl GRE o R e M AR B fothe

proj ecti ogecheRdlim¥hsity WsifibBidnl ih hE Prafdcith 5365t BiTtihg thedNAMNAADS Systdrh fh ¢ he
optim zed illum nati on arrangenent cal cul ated by the processor. 100371
Accor di ngadcordanct Wwish thesqpeintized illuhengiioasenangdanmane nilcwated thiyéheprosessorovi ded a

machi ne readabl e di um epcoded wi.t h machi.ne execut ahl e i nstructions for
opti i 2i n95Th ALSITOE e AN RCTASPesh S5 e MESER! IHenop METAD BIOVIRRAAERERN o a

et Nod | Nt fred il AUl Rith mdoHAG R bICALIGANS forlpiikifE 8l ON @
substrate; selecting a sinulation nodel; selecting a grid of “source points
i n a pupi lllupliast®ncfrahpanértlofian daindihator adcordimd forgmsthpd imfwlingsiefinmgsa f or
I ndi vi dual. _source points, each of the responses repres‘ntiqg aresult of a
si ngl e or lithegraghicpatiern 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 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
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si ful ati ons using the sinmulation nodel; and adjusting the illum nation
arrangenent based on analysis of the accunul ated results of the separate
cal cul ations. [00381 According to yet another aspect of the invention,
there is Br ovided a device manufacturing nmethod including: projecting a

e8P radiation onto a target portion of a layer of
radi ati on-sensitive material on a substrate, wherein, prior to inpin

t he mask, n@g@qt@si@nmmawaps,ﬂm@r@m@ dispdayrpapelsi B filn masnwa}eeé&, P@n%beam

e Zféh?eﬁyd‘% HhasrdetPp T B RRRRLOL e ARG RN Catiom S of B8 i ng

to the i nweRt 'Riclken "WAkrmBNUi@Gh Whi€ t&kt shduld bé EonslRdhshRirRplatdd dthe
understood that such an apparatus has nany ot her possibl e applications.

For exanpimere genermhierine "mvagh "o Ysubistrater’ atddé'taargeupbamnu,rresmbtw&iyegr ated opti cal
systens, %i daf}&% and defection, patterns,. for 5Q03. 020 j/magneti c domain
menor i es, [ & PYESE dogRmphta e Serms) “sadigtigny g ‘Pﬁaﬁhgaﬁ%tlﬁsi AERCAMPASE ¢, | t
shoul d be
2pl | cat| oﬁﬁ‘%%ﬁi;@‘%@%ﬂ%#ﬁ&ﬁc FaBiaOF, ERNUREWENAHIARIMFITESME | |
t ext shoutvdvélmglmnﬂwse rzesl, B3, bm djtgl%eph)aazﬂdﬂbv (Bremanttre-vid ataadiation e
"mask", "substrate" and "target portion", respectively. [00401 In the
present dbeinenwavelpesth i the rmrg&dip -2 nhas syedl asparticle bgarsysuch ap ionhraBEs s
all types lgctmn [T]rorragnet ic radiation, including ultraviolet radiation
(e.g. witRAONE  ength of 365, 248, 193, 157 or 126 nm) and EWV (extrene
ultra-violet radiation, e.g. having a wavelength in the range 5-20 nm, as
wel | as particle beans, such as ion beans or electron beans. BRI EF
DESCRI PTI ON OF THE DRAW NGBRIGFAESERBIAONQF T DRAVINGENt i on wi Il now be
descri bed, by way of exanples only, wth reference to the acconpanyi ng

patterned

schematic draw ngs in which: 10042] FIG | is a schematic iIIustration of a
photol it hﬂﬁ!lﬁ‘pﬁhﬁoﬁfn%n%%ﬂ RO RSN HBnow BOAG3AbE, By wayloT ei‘mﬁ@l@@
illustration of a small, or low, sigma illum nation arrangement 00441

FI G 3 i swithgefesma¢ iocthe Iatumnpaaymgmctmﬁnmn deawingsin vlfith:axi s i || um nati on
arrangenent ; h00451 FIG 4 Iﬁ a sche b‘ﬁ@hl I ust ation of an off-axis

quadr upol @”‘fzﬂl 15 jpsphemgticd B%Wé‘ﬁ{m @ Prect1anapRaARYYsy
I Tustrat jogm i Fr@ QblscRethaicAHAR Bkioh k’h‘@?ngﬁtdr‘?@wagxéxﬂgﬂﬁﬂﬁl%mon
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. 10a is a schematic illustration of a multipole mode generating element of the
illumination system of FIG. 9,

{0052] FIG. 10b is a schematic illustration of 2 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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[00471 FIG 6 is a schematic illustration of an illum nation system [00481

FIG 7 is a schematic illustration of another illum nation system 100491

FIG 8 is a schematic illustration of illum nation arrangenents obtai nabl e

with the _illumnation systens of FIGS. 6 and 7; [00501 FIG 9 is a
schemat i cPilPP3%4% ation of yet an illumination system [00511 FIG 10a is a

schematic illustration of a nultipole node generating el enent of the

i | 1 um nat [087#] sHKi.dahis sehematig crosg ggrpion fltratigof anothes dlhsnigetion systersandat i on

of a nult nmod rating el eme rding to an another exenplary
enbodi rrenh‘p(ﬁsuet ﬁH&l ﬁogﬁ”a?%ﬁljrﬁis %t@&ii ege“é{ﬁ’scherrat icillustration of
a ml ti poloﬁss]fgmﬁﬁ} Q@ﬂ?ﬁ%%ﬁm@klﬁﬁﬁﬁ‘ﬂi zﬁﬁn@ﬁbé'f 19:11@1'% el uftdtidhar y _
enbodi ment of the invention; 12 P-1 3 020 [ 00541 F 12 is a schematic

Cross sectomiitianslof sﬂMlactgrmlnun}ﬁrombom appardthsim anairdam:ewﬂt amembetimehteof the
resulting illum nation arrangenments obtainable therewith; [00551 FIG 13 is
a fl owchaP¥esent [RySpHon;; ng a nmethod for optimizing the illum nation

cmbod meni) FISs MABGE SR Nemebt PR ich A FRRR Atioclh B FRIATRER VA "

enbodi nen esent 1 nven enat iC

r epr esent Riw sipmafilleniaatesasagement; of the illumnator with a |ow sigm
I1lum nation arran%enent [00571 FIG 14(b} IS a schemati ¢ _representation
of a crosH&dcFlad3gn lﬁhéChwna}mrﬁa@@ma&mﬁ acrogusssten af thealwnmator withgsg|
FIG 15 | cont p illustrating the value of the normalized aerial

i mage Iog P&H& ?ﬁP ) as a function of source point |ocation for a

speci fic |dodgpOBIG DI i§ aRBhtLEF Mag ﬁﬁlstrﬂtﬁtgg th& Qhlat 8€ltHeindaf alRidd HeA M iMabé log-
Chr orrel ess Phase Li t hography mask 059 FIG 16 is a flowchart

i || ust r at slope NIRS) hoal ffngtion pf $avires poglttlﬁ@tloorﬂ@atsp@mﬁCdlﬁhogrmlumﬁm655 of a
e S TR U R R T
Ly 508 ok
of the i nilkmihativn dfQdBRdgrepiE: pifedition apghiratgs acvooding tr amemelnbntaff theocus
(DCOF) val %Jnigm?oinr;ml ated with

[0060] FIG. 17 is a contour map obtained with the method described in FIG. 16;

[0061] FIG. 18 is a flowchart illustrating a method for optimizing the conditions of

illumination 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;

10063] 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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various trial illumnation conditions to DOF val ues obtained with the
met hods described in FIGS. 16 and 18; 100631 FIG 20 is a schenntic

representation of the several illumnation arrangenents used in FIG 19;
100641 Flﬁ %}Bﬁ a table conparing DOF values for several illum nation
arrangene tig07 ained with a comercial sinmulation software (ProlithTM

and with the enbodi ment of the Eresent I.nvention that uses wejghted dose

and i nt er P8§7t BH3-24uF e dlovichart Hwaating 2 methed formptimizingithe Blumingiofist@npar i ng
DOF val ue?so?o?&fﬂoglfpgpﬂtltog iff a%%@_&@%? Lv?ljh ahle loa}rﬁdz%\?mof ﬁ{l%{l{l}%’ilg using ful |

iI'lum nator caltc ron tol al ues “obtal ne e rre{r’_nods descri bed
in FIGS.  foeespnsId.8 519k Bdisunigl plotrshbwingGhulapledl BEIRScus RoMes, iedchdisve 8%
100661 FIG 23 is a diagram conpari ng DOF val ues obtained with a comerci al

si mul at i odiffesent exeasureusing full illunminator cal cul ation to DOF val ues
bt ai ned wi th th d | bed.in FIGS. 16 18 f th
PP na 1B 2RSS, GBaRe 208 HER P SEie opvatirs TS BRSSO RN Fi G 24 i s

a fl owchagficiihdidtSidadlelifOinthglehib@diibQr optim zing the illum nation using
i sof ocal conpensation I n accordance with an enbodi nent of the invention;

[ 00681 FI @070@5FIG. 26¢c Beymesenty the bthogiaphicrpgobiemtsiydies i€DIGS. 2GhedndAéb, cur ves,
each curve at a  different exposure; [00691 FIGS, 26a and 26b represent
i sof ocal EUFSPRPRHRS IPARASH %fﬁb’ﬂ“\k)iolqsl ip a3PRam pitghe yl ati on and aerial image

cal cul at | Ebgirrllé[ gg%@.]mﬁ'aﬁ;d 2%?8:%?0%&?%&?%%{@@%&%@% ;Gﬁeﬁét%gicﬁﬁhﬁﬁ H%ged I n

FI GS. 26a correspon olesin a 0 nm
pitch; [ Ol idrageSalcalioandd Anraligg dsokideablocalbehbviba willia tadillamivetor t h
resist calculation and aerial inmage calculation and illustrating opposite

i sof ocal BEHAvFKr.284F alspatounmap shawing apprsite ijofioral helmyior apgindicaging thethesk  nap

show ng opposite isofocal havi or .and i ndi cat i th e L1l umpation
a1 angane NN gt & ngg Brn: 1 B oo s e B i oG 2 360 g kT « o
[00731 FI {go73 SFRIOWSShbWS thedvaratib@8f Bk CINEs £RndSorfof db16ds30r RfedBégoysref O
several exposure energies after optimzation of the illumnation

condi t i onsnergie9FAer opti@izABOA of theallomimation comdtionist ust rating the contri bution

of each source int .located in.the jllum nator.to the naxi num exposure
at 1 ude TA EFIO 1654 Catteur mabilluaaing She eaimn Bsipniafeach Fourse Rp Rt iacar

contri but {pfe AlurfiA&dr RAKE SRRl lexpOGAE Bltude max-EL;
(0075} FIG. 30b is a contour map illustrating the contribution of each source point located
in the i1lluminator 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]1 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 8%
of the exposure latitude (DOF@8%EL) as a function of the pitch for different types of
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in the illumnator to the dose-to-size E1:1; [00761 FIG 31 is an
i1lumnation arrangenent at the pupil plane of the illum nator that
conbines information related to isofocal conpensation, exposure |atitude
and dose-to-size; 100771 FIG 32 is a focus exposure nmatrix obtained with
the illunPab3.e arrangenent shown in FIG 31; 100781 FIG 33 shows the
exposure latitude obtained with the illum nation arrangenent shown in FIG
31; [ 00791lluHifatiocddrsingemeritiwhichniecashoon in FIGR.S obxand S6¢.efot apattarme wit h
defocus for different__ilJum nation conditions; [00801 FIGS. 35a-d

r epr esent SOTFSRYUMRG ] AM BOIESH| ati on results obtained for the exposure

| atit ude, t f ; f %, 0k [ | Lude and
t he i sof Og)gfzﬁ) E{J(?\?g}’(gér:?g%l?rﬁg&%gﬁngp g&tﬂ%}t?{e%lgé%glll Rig"‘?‘g 8?};-%‘3?1%1%]3}%{?;&%&' ocat ed
in a 400 pemPBinécinforha8d telktbGio B6McaOMpesdativh axbosuré Bsithdesand iovd-fegsitd e
variation of the depth of focus at 8% of the exposure |atitude (DOF@Y%EL)
as a funceidbieviig a Bdogi Q.2 0ugruagarilemisation;ypes of 14 P-1503. 020

il ] i ] ... Whi ¢h h ' Fl ., 36b d,.36¢, . f
bat torn 88 SESARETEA BuBttdionrBusehiol abe prerpisa of BRIRaint s o
ar r angenegdmmihed €orRialbh reﬂét@di‘?o RbfobNRoldptHRtiBRIRbodure fatit &R HA B Se-to-size

i nformation related to isofocal conpensation, exposure |atitude and
dose-t 0- samkhavingh Qo i+ )9 H0G. ql@sar ilurBdatort. quasar il lum nation; 100831 FI G

36c is an illupjnation _arrangement at th il pl.ane of the.illym nator
that  comBPHs G Trinafious e heasings medon & o HpEE LR ¢ 3t1°él>w§sur e

| ati tude . -1Q= S 100y . + 2[0. 4 quasar

i1l um nat ﬁ@ﬂugﬁ%‘dg%iﬁﬁﬁéce%@gﬁ %%W(l)%rﬁg??l ei IF???Z#] ating a nethod for

opti m zi ngosspeFERI3a showsthefCD vhdiativhrdtidouble ina pawdrt dmctaresi ledsesas £mbodi ment

of the invention; 100851 FIG 38a shows the CD variation of a double line
pattern f8mctiop abwavaliasabesragion ereated bydensraberatiomsont aberrati on created by

[T ot rulPt) oFTEHBIEEderelnie BNrafofaGRARTIL B ynkths et Bhuipf 01 ©
100871 Fl €D viPtibs dde ®OBhLAHerrdBenst | | ustrating the contribution of each
source point located in the illumnator to the depth of focus cal cul ated
at 8% of mmsEKb 39ati§ a eigour map illustrating the contribution of each source point located

in the illuminator to the depth of focus calculated at 8% of exposure latitude

(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 varniation of the double line structure for three lenses and

for three types of illumination {c=0.25, 6=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 +

o=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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(DOF@%EL) and cal cul ated for the double line structure shown in FIG 38b;
100881 FIG 39b is a contour map illustrating isofocal curvature and
calculated for the double line structure shown in FIG 38b; 100891 FIG 40
represents the CD variation of the double line structure for three | enses
and for Phsex0aypes of illum nation (a=0.25, 6=0.15, and small CQuad +
a=0.15) as a function of wavefront aberration; 100901 FIG 41 shows the

di f f er ent j0b93] URIN A i9 B cantbaN@eF Rt eing OP vat@tidn Qleadbabetations as h filndtibmat or
that are used in the trial of FIG 40, i.e. a=0.25, a=0.15, and small CQuad
+ 0-0. 159f soops poiRtiiczation in accardaner with anapbedipteat ethE presam iveantiani on due t o

amboa menties Pt 43ereis o o VirifioR 8Bl doBF@ 33 ul GO IFALR el "
represent fd?%r%@%rg\é%i iBubPiatRh (PRRE Iniff mERG=D, 798 ePI AR5k, 80/8 X5 QuakarBes ur e

Latitude as a function of source point |ocation for simulations done for
t he saneawtbUBL endsk O8541. 50Quasae 459 o5 e fiodttiom ofF- ey efBBib aberthtiooy a Chr onel ess

Phase Lithograph sk; 15 P-1503, 020 100931 FI 44 i s a contqur p
repr esent [ | DG 46ihowsthedsiafion s P?%‘ﬁ%ﬁ%“‘g #EpFtsn obhe death o8 poi nt
| ocation | .t ' L .invention; [00941
FIG 45 rgd%}lgg)g%ésjﬂﬁg%J\?&WQ@?@@%@%%Q@S&E&%?Fl(gms‘lt’ructure for three
| enses an@ood] OFIG.M7de a fippeBard llistrhtiy nmkihod férIptindziapitlid conditiones0. 25, CPL

mask 0.80/0.55 Quasar 30, and CPL mask 0.85/0,50 Quasar 45) as a function
of wavef r Bhmiadioniaeresdance gdtanmngbodirgens 19 the invRtigRY i ati on of the Exposure

itud i f the. fe f h
1 um mac PR o PGS RR athegiadi iR o Bt o bR o @nchriod) ol T el
i1 lustrat (dﬁgrseat{@ﬁﬂggargpdisﬁugga a?gbmg;idelg@fgﬁﬁqlt&,bgns of illumnation in

accordance with an enbodi nent of the invention; [00971 FIG 48 is a
schemat i c[0098] uEIGSit49e and A% aeawo eontoof mepsereptesentingtthe varsitionof Depthfadat ur es

anti-scatterring bars)._ disposed.on.both sides, each_trench;. [ 0098]. FI GS.
S SN MR e e AT S R R St R P
Focus and | o0 ' .ocation for
simul ati oh@g‘gﬁty e?%ép?&%%%&qg?ﬁ%?ﬁ%??gg?%tée}% a&ﬁ%@ﬁ%dﬂ%ﬂgﬁ% for a

6% at t enupossgl BRASE shhivk thenwsiatiod 60B6 expdsre 150tudé ans filrictorn af dgtth offoolis t he

exposure latitude as a functjon of depth of focus
P for various Ant?—Scatterring bar pitches anrc)i for various size and length of CQuad poles;

foo100] FIGS. 51a and 51b are two contour maps representing the variation of Depth 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 vanation of the trench as a function of defocus with the
trench exposed with a 35°CQuad and 0.1¢ 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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for various Anti-Scatterring bar pitches and for various size and | ength of
CQuad poles; 1001001 FIGS. 51 a and 5lb are two contour maps representing
the variation of Depth of Focus and Exposure Latitude as a function of
source point |location for simulations done for the structure depicted in
FIG 48 (R16BHUR0 anti-scatterring bars) and for a 6% attenuated phase
shift mask; [001011 FIG 52 shows the CD variation of the trench as a
functi on mhdpFhiE S invattbntotremap repnesbntngioOF @8AED vari dQsadfuactibn@®@f1l a
illum nation that has been sel ected usin i sof ocal conpensatjon anal ysis;
1001021 Furceppiptdpsationin §°q0ﬁ@%wtatawﬁlg°9fhn5%8§ﬁwr@§m YIRS a function

of Depth f. ' 1 naf i : e S .th the
onbodr monfvi7 PRESEISR sitSut #p e B OB RSN RANEY R SHlcE Dol

repr esent fochtiéh akctatiame with B RABYARdaBbT the Peosas idvdntids shen & FIORB5hardl
Focus showi ng the effect of bias on Exposure Latitude; [001041 FIG 55 is a

f | owchar t [00108LE. 5% rapresenteCRodrikien topséveral ilhyminhéorcamatigeinents apd for
illumnation with b%\st CDU netric in accordance with an enbodi nent of the

i nvent i onY2THHFEFX'E-G 56 schematically illustrates a 50nm double |ine
structure printed on a CPL nmask; 16 P-1503.020 [001061 FIG 57 is a
contour map representi ng DOF@%EL variation as a function of source point
| ocation in accordance w th anDEfRIHEDEPESCORIATHONpr esent i nventi on;

1001071 FIG 58 is a contour map representing CD variation as a function of
source point location in accordance with the enbodi nent of the present

I nvention l : : : l.atjon
for sever g’ﬁmﬁr\?%&ngcﬁgﬁ%ﬁﬁl%glﬁen%%&gérgﬁiugp rcﬁ%%{o?l%@ﬁ%ﬁfﬁgnae %r\rdgfg’ t%E{fAI LED
DESCRI PTI éibddihtROI the fivesticn. STHeipphiataliholudte pirgdistion $ysten0Bx AbNjodstructed
projection apparatus 1 according to an_ enbodi nent of the invention. The

appar at usandranged tosupply aroisatiey beasnPBof radiation{s g Udt ercEU N nadintiomse@dd t o
S0P Y. B ESKGE BSAPLERLDln PSR 80 o e W EFaTARAEE BHARIRLST, o
248 nm 188 orNBY @, bpBy A MseLfirddpl@maPRafceloptRHEn bARBnEQULEMIOPEr ating at
13.6 nm. In this enbodinent, the radiati on system al soO conprises a
radi at i onembodivent, e rathietion pistent also comprises a radiation source LA, The apparatus

also includes a first object (mask) table MT provided with a mask holder constructed and

arranged to hold a mask MA (e.g. a reticle), and connected to a first positioning device PM

(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

17



al so 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 positioning device PM (not shown) to accurately position the
mask with res ect to a projection systemor lens PL; a second object
(substrat B) Hattle wr provi ded W|th a substrate hol der constructed and

arranged to hold a substrate W(l . aresist-coated silicon wafer), and
connect edsquice a d%b@”ﬁ@l SIS O BhAlPRITOBey ierbbdany sauresd praduces ayquPB obn t he

yat em or FAnpTE Bemn B iy 1 fd & i SRioRs TP Bloy SEITE: e et v e
or cat adi gpjfidr hating traPers@l AdridRionSF, QUeh £ a BANPEPANdRTEX] Kt estam@RS IT8t Ors) s
constructed and arranged to inmage an irradi ated portion of the mask MA onto

a target ;ibxrmnamrltr(ney gompmgsl axtlastpbheariablerizam congslleralr anladjustimgsdavadee W
The projec system PL is supported on a refer frame RF. 100 10] As
here depi rSnggélgf‘p%tart%@fqrém&r ragdigl exfeahfcemimen ?!f WO@S Gn%eraﬁnﬁ

transm ss [ ive
yaee o Ve Ao, BEGL e B SRuEn Lo LA

enpl oy an@érh@ﬁseWaﬂdu@éthBﬁtdxﬂdﬁbﬁlg qhel b€ gn insdgediotN a] PEPeASEID. Elnithisr Or
array of a tyﬁe as referred to above. 1001111 The source LA (e.g. a W
exci mer I&@Brt ebmﬁ&umr@mmn thﬁg@qstMl@wde%redmdﬁﬁmtyh@mtbf an

el ectron tora i ng or synchrotron, a |aser-produced plasm 17
P- 1503. 02 E 8%“1 ° ik ?‘Fﬁflﬁ% source or an el ectron or ion beam source)

produces Folomﬁmlﬁ%t% l,_grtath@tl 9Re dprth%u&e ASPaFud Asd ﬁaemcie&@c@:ﬁrdlhhummat ion

system (i [l um nator either directl or after having traversed a
condi ti onwh;chsruaybfasrogramﬂ teﬁpacmleﬁleﬁxqthdcbnlluaxaicmlfm exﬁmple iid FIGS.Ads by, | L

A for St Bida Tl G &b i 1o BRI SOk E S e RIBOP RS PEEad. ¢ o
as cr-outg @ﬁgg& apgm : W&fgﬁﬁ&d%@hﬁftﬂé 1n%91%1dn“&&ﬂfdlh¥1t@(§h{]g%ﬁd¥h in

t he beam genera rrse various ot

conponent p;ocsssohthasls aanﬁgurecgtoadomrol fNe adﬁstmg:dawtmnﬂsldrarﬁ@a modifyhhsScrovay, the
beam PB i npinging on the nmask MA has a desired uniformty and intensity
di stri but FQ‘?HOWA uilt?%swr(b%tgb%tm indke pipgtianbeay exifing thedHpmiptardLri G 1, the

b1 oo amele[r BRBbuE v8 R | HEER B FEARL] Bl WEshulr LA AG Be Wbl |, 1
18, 24, 3HKoeusti of&ﬂ@lhﬁﬁﬁra@nﬁ pifajycthﬁl Gphiah@YALH often afndas@wheh thedblifee LaNs

conmponents of the [Iithographic apparatus. In an embodi ment of the
i nvent i ong mesewry Bimpy den ex@up Ut st digaaysalso be remote from the lithographic

projection apparatus, the radiation beam which it produces being led into the apparatus
(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 Ex, 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.

[00114] The beam PB subsequently 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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processor that is configured to control the adjusting device AMand to
nodi fy the cross- sectional intensity distribution in the projection beam
exiting the illumnator 1L. [001131 It should be noted with regard to
Figure 1 hlgbﬁége source LA may be within the housing of the |ithographic

proj ection” tus (as is often the case when the source LAis a nmercury
| amp, for exanple), but that it may al so be renote fromthe Iit_hogralphic
proj ect i omaa@% fomsa mestelibrany, af deinareseanwin ganeral, mevsaneabef theiohigel @hles nt o
the appar g Syr(Ryde ifRa Wik L Gia%le 3604 GRS il dufelRde BhifiaLifay and'h®

| atter scendrio 1's often the case en e source Fstan excrier | aser.

The pr eseplor-stskiatrh Sl (TR TSIO8I g Ol bwefer/ i 8BEcass 6L A Maf? Stepbér (RAr ti cul ar,
the present invention enconpasses enbodi ments wherein the radiation system

Ex, : Lis ﬁam?pflﬂ tock st@r;] gmxbw;y appasatof)ebe mask ?blerEfmisaidstahe\i @nnesﬁed w]ga ghort

ngt t han t n | ngt hs. 248n
PR AU AL S o el AN R
subsequentyyi hl%ﬂ&l@ﬁhﬁ(stlﬁmmﬁﬁi MBstrb h%élghe?n i mnpj he mask table M.

Havi ng traversed the nmask t he beam PB passes through the | ens PL, which
f ocuses t (oo115pdhe BEpicind epparitas gt bepeed inthe @ lidwihd preferost mates: W Wt h t he
aid of the second positioning device PWand interferoneter t he

| F, .
subst r at e lt ablesteprmeds, themask Bhle ME apd ficsqupstrate tablesW Toare kept sssantialhy,

i ff . iy . ol
LT et shASR, PR ot BB OE R RRYES b b b arkle,
the mask péxtiohtChinfeee@edl.c.tasiidlestpid Bxpoburel eTeqitktiiite tablgW Taisttedn shbfddani cal

retrieval of the 18 P-1503.020 mask MA froma nmask library, or during a
scan. | n 8ereprd/or ¥liteption soothat differsnbterzet penties C oan bevgrpasad Irpwen wade,zed

shor - ot r Blanmlm T he BB TROIEp R Bisalksa 1 P BOHiBY et it o

stepper ( gingle@mBieeRPosufe.@ step and scan apparatus) the mask table M nmay
just be connected to a short stroke actuator, or may be fixed. The mask MA
and the sdbst Inagcan Wodaythp enask rajpieeM Tuaidribe subsisite sdbilgWikane soamed ML, M2 and

substrate al | gnnent rks Pl, .P2. 1001151 The depi cted appgratus, can be
used in t FECREIPRIY HEIp ADRUFIFPARGHLI. 8 Projation B IRRIONERE MK IFSRbI o Mr
and the s 3 t S | at ki |

entire pap{ﬁgﬁ)ﬂa’? ﬁﬁa@?gge%?ﬁg égﬁ%‘% f?glﬁtvgggﬁ?{?%@%?%ﬁugg? gg"eos\r‘lytﬂ%&age tt%glreget
porti on CWhreateredo te mask tabls iMD hedeté¢ratineg] xhe édeympgnificaiomudndtimage t abl e WI

is then shifted in the X and/or Y direction_so that a different .target
portion Crevarsabrhageissistes ofithe Broisstinp gystem PL. In scan mode, the maximum size 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. In another mode, the mask table MT is kept essentially stationary holding a
programmable patteming 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.
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t he maxi num si ze of the exposure field limts the size of the target
portion Cimged in a single static exposure. 2. In scan node, the mask
table MI and the substrate table WI are scanned synchronously while a
pattern inp S&%ﬁg)to the projection beamis projected onto a target portion

C(i.e dynam c exposure). The velocity and direction of the
substrate table W relative to the mask table MI is determ ned by the

(de) magni 4OE4L Rsﬁnamﬂjwﬁﬂﬁg% the é‘%‘é?‘@&qlolbﬁ’éteﬁtmé)‘ ingtydedight t he projection
PL., ! h
system PL o RiganBF cbis, MK TR SLAs, Rlody k0, PHRIRHIE pldeE hdrigly o e

W|dth(|n nscann onn

dynam c expaRHl 38; aﬂ@ﬁgmaﬁtegmmg@.ﬂ@ fm&tln%hpu@scmnrrhagoﬂpbm@& ledlengn nes the
hei ght (in the scanning direction) of the target portion. 3. |In another

node, t heoptiakaxishb end/mare] usedk topilluminasthie andsy MA qatﬁdaatyl maﬁkdkag 28 which
| aft t {
Ceannoa wichgvanuptth &Stk gt 1w U5 BHEoY B Dirclberiol mbkal i ont o

a target por{hfflufnindtidnt s?étémfmgﬁrated@lﬁmaé ln%lu%e@&'éﬁﬁ’tjz foddi Hn%krﬁ&%@e i s
enpl oyed and the progranfrabl e patterning structur I s upda ted as required

af t er eaclheopésabatis @6 shdven aURIST. Patan Hedblded Wipducea merevaenpastiitinedsatioa
radi ation pul ses during a scan. This node of operation can be readily
appl i ed t &SSfhskl ess |ithography that utilizes a programmabl e patterni ng

structure

above. %ﬁlﬁ%ﬁgﬁﬁﬁﬁ gﬁé%ﬁ o‘?ft%ﬁug Hoge{\%lg%en %nﬁgma %\T;ee éggfrlsle Ho rmdes
of use or irFIG. 164, yTh@Ieléﬁleﬂte:f&hm&ﬁanatgwmeﬂmwulzszo4be44emérmmdntohae

P- 1503. 020 [001171 Referring to FIG the illum nation Séstem may i ncl ude

li ght cobtasepathgt &@mupﬂmlanﬁdS@pﬂmcmfomaﬁwalﬁsesmwé@wm if asoreferged

opt 1 ca 1410 SRin e ARAst Brorfond Rt gAY Fech DI s B SrRbadle pRG LY o "
i |'1um nat gldvtﬁhaﬂﬁtfmt{aldlﬂa%@i@y @fstrﬁuﬁwtfesmtlﬁg%oapth%bﬁtbmahbﬁ Of B QHugeS an

exposure pattern in resist on the wafer Wvia the projection systemor |ens
PL. The |lllunnnatamlqutsgfsﬂmndluylthsameméz;bomnnﬂédﬂe 19 and ¢he M8 40.qlibe t z r od

light i | Fi 9 be fol ded
b Sduice adRBIRUOER s onT ERIRRRSOT B £ bR erpBg s bl enpraagty o
ebodl Tentoiid AsgRIfld AGhETRISGEDRS B hAELCTRE,GR SiahBru il G

10a. The e has four trlangular |'ades 41 44 insertable
i Nt o the 45 can be varied by adjusting the axicon optics 22, the radial width of each pole can be

varied by adjusting the zoom lens 24, and the tangential pole width can be changed by
inserting another set of blades having a different apex angle i1, 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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beam path at the pupil plane 18 and which forma Ml tese cross 40, which is
also referred to herein as a Maltese aperture blade (MAB). Each bl ade has
an apex angle 13. FIG | Ob shows the illumnation intensity distribution
resulting fromthe conbination of an annular illum nation node produced by
t he axi coRtP88R%odul e 12 and the MAB 40. The distribution has four |ight
beans or poles 45. This enbodi nent enabl es continuously variable

quadr upol ean priodndercat il lomimatide sndde ihduding d quadtuplEltempankm withdeivet energflosach
pole 45 ﬁlan ge]ﬁf/&ried by adjusting the axjcon optics 22, the radial w dth
of each pdia8 tegaffese cragsiaanisment; a1dharn gredrwerbiasgsiabgigucimg theghtibgam.

having o O D enp e bler e ARARE oY e INGTMD LB ABLAF bt U talted

11. By reqmes, g bidedd Baeb4DiHMGERITG, 10 Ond dribsiinaf the BladvsinaRiscan be used
for conventional and/or annul ar nodes, again with continuous variation.

[ 001191 | Ambpdiownhepndeadespstsite blaide instusing agack efrepadlepentatible blades asangent i al
pol e wi dt tobbqe; b changed in discrete steps. According to anot her

embodi menf*SHthE P Hvention, the tangential pole width can be continuously
vari ed by Tehidul i had des,

r ot at abl e[d\?ﬁtip ?fég%g:tthé![ﬂy gadgggﬂﬁ?%? lﬁg’?&gﬁgﬂ &%bgiﬁgﬁP%ﬁﬁétﬁn@ﬁgﬁfyst em
wher e t helinesvar the awsk M4, sof th&1RO ligiiqodesdiSrage looatad iniedch euadnaboslitireatters j ust
two bl ades_are used as the multipole node generating elenment 38 in an
optical sfatEamihs emhogeapkiines. Fhisiogisatappean praducepptiznal perjechion @t the lqgsr t 2

rod 26, ag_ s ' Ll um nation El G, 9, e of the bl ades
o or tent TRy 1 defi emetBhoRiendt B ORARNEke Stiumat ThE et on of
the |ight afei iRferdfly Adtetred 0%is Aofgsnt il and G eRRBR! A Shatfeth fehfirdstgrenbdlia sideue to
the multiple reflections in the pipe 26, the resulting illum nation node
is a m xt gkt pplesdocatddan cackdqupdaairt with centefs@0°tiwm Heantthogyist] dimeLBecBme503. 020
can produce an illuym pation de includjng,a_quadruple conmponent with | ower
ener gy- | o89re Pgiregy T haqnt StEeT aﬁlqdawéff@mm%@nt%f’s CHBAE GEM BE ades

obstructi the |i | n.one, £x e the blades are triangul ar and
are |ike ?ﬁ@“@e%@%t@mﬂﬁﬂ‘ > gd éraﬁwﬂpokee@gﬁcf%?, qé‘?“é;".”p?)lﬁ;?? 41 and 42
shown in EIG @&%‘ 8]'3% or both of the blades in this enbodiment can be a
corrpositeam'&é IAeP ng a stack of snmaller rotatable blades as described
above. 10 Ty A s L4 ' [
correspon ﬁlllj%il-{\ OH@ P?ﬁ%ag!%ﬁg‘ltp n Heﬁag@?%gﬁ)?%cg&%% ﬁ@%gf%legdg QE% ggh %Iﬁ%gatlll tﬁgﬁltad%sol es
45 are | ogat@bleiaBogtabdoptiallidasn 6 vf the ik@Ainatisn system so that the position of 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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450 fromthe orthogonal lines. This orientation can produce opti nal
projection of the lines, particularly for dense structures, such as for
DRAM | i ke structures. The orthogonal lines are generally referred to as
hori zont ah @Qgﬂg(ﬁrt ical. As pattern features decrease in size, light poles

| ocat ed i uadrant with centers 90 fromthe orthogonal |ines becone
more preferred. The optinal sigma for quadrupole illumnation can be
est i mat ed I3dHRQle E10de &ﬂwmatlortpattﬁnmwb amhevfgut wi9)s illaptentechat the peftam imd 45

rot at ed O %%@Bﬁd{oﬁ&%ﬂﬁ%ﬁlz(zw' tch) 1001221 A further variation on

t he above e I'ment’s using bl ades is to make all the bl ades rotatable

about t he jpi4| Tak arisb'zddin ModultCofi FIGUM RRGWPiRe $M§ﬁi@1m1&9mbaélto bdWarRR@Si i on
of the poles can be rotated. 1001231 Referring to FIG 12, another

exenpl ar ycelltbwduﬂﬁ fromponybrtignabeemnuianoeqadoipold. ridieumem lehe2 4t the/spotom

nodule with a as. the ener at | el errent
Thi's al soseRApPELAsHEERR BRGT. the Ariermeeinto R ResIBF S iliihs Ahon ¢ o
produced Witahhig SOHLRHRIES ¥R luaaeu BYarif] optlcal
conmponent s~ of 1an axi conl szoor% QTP%QﬁIHﬁ@%ﬁlangl co lt]}?rrlr?sfP&r?ﬂl%—1 g‘lﬁlz shows
the il urathattharblockednthieteyis dlratatly huﬂughtrissﬁso thaea highithropbhae cdBbé or vari ous
positions_of the axicon pair 22a, 22b and zoomlens 24. The axicon pair 22
conpr i sesMIPANEd-of el ements having conical surfaces, _one concave 22a, one

convex 22&01%@ THE gﬁ)g Cf*tﬁ{b’ljegé'nt mgnﬁimﬁﬂo%;s fol %dtﬂﬁnz ﬂhg g frhien he

fourth row's separa ape prism 50 from

convex el edimﬂﬂioﬁﬁfthe_ﬁhﬁo%'hﬂlﬁc @fapdrﬁtas Bpwa:)tmglaﬁripﬁtogﬁ&la aiﬁﬁgd?ﬂeﬂt Bethepyr am d
50 is concave pyramn dal receiving the pyramd 50. The convex el enent

22b  and pimmtsr Baocqmmwr simulatioac bhah embasbment| of theinyonticns optimizaten ofal

50 ded
whi onconRAeBRIPRE st i hnudio 1kt ABR 08B PR euERe St ¢ DlroemeiEn
patterns, amt@& rived B4 theSiBétfatd, Iskidstigal ﬁﬁ’luﬁaftloﬁ %d@pfsél@e&dg;a %:ub@f right
hand colunn in Fl 12. 1001241 The axi con/ zoorn. nodule of FI 12 al | ows

t he il | unbeacs prntson e ptipil plene af tfedllummatar,malmnﬁtmgfsemate oespemdes oral  t o
annul ar dru ole. The z | ens 24 sets the spot | ze artl a
coher ence "fdéq‘ﬂ qrﬁ%p%g} ?'pﬁ’g] ithe rssponsssIEpResRILng gaesyl ﬁﬁ‘laét“}ﬁ??o $HES the
R e T A R S S
that a hi gluntihatotigdsed bn aaslydieof accumulated results of the separate calculations.
[00126] Referring to FIG. 13, an exemplary embodiment of a method for optimizing the
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 pattern is selected.
{00129] The simulation model may include in an embodiment of the invention an aenal
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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mai nt ai ned. 1001251 The net hod of the present invention allows for

optim zation of the illumnation conditions of the |ithographic apparatus
by selecting an appropriate arrangenent of the illum nator by conputer
sinmulation. In an enbodi nent of the invention, optimzation of the

condi ti on§-18P3P¥} umi nation is achieved with a method incl udi ng defining a
l'i thographic pattern to be ggl nted on the substrate, selecting a

si nul at i oWltllmbI%ﬁld of @|cepmaetgja gvailgb]@fsim@l@ﬁqr suchys iProlithT™, Sfmliptﬁﬁw orghalike. of
the ill um
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S mJl ﬁ%ﬂaﬁ’zﬁﬁs ‘l'ﬁ(hrﬂga ﬁlﬁl@e&hﬂlﬂeﬁhf&@ﬂﬂ?gﬁémﬁ@@ﬁteﬁ@ 3l bBSnffd e{s hifggnat i on

arrangene of the | 'um nat or based on anal ysis of accumu ate results of
t he separ aaramwra:folraiamslanmmOlZGl Referring to FIG 13, an exenplary
condltlons of illumnation of a

enbodi nent_ of met hod zing .t he

li t hogr i’ipm Pohgb'@li"éﬁ%" “the‘ﬁlé\ﬁﬂ]ﬁén@ﬁﬂﬁn%ﬁ“ﬁgﬁy be ghalpated YREUTMOd begins i n
Al T

step (A1) piBkfnfiel LHRATISRLE m&&@{ el eﬂsﬁ% Dlfrast tb SRAULBANY frint

probl em répresents a parti ern onto a su

This pat t}&rd’eslremﬁeﬁﬂilre i phoeatesin oatkid Whize Tlliteaemt miale@as b hndliged! ttﬁ&ug@raaphl c
apparatus and to choose a proper configuration of the illumnation system

i s pref er f5Myrangprie PEqHide estianapds ofithe expgruss dtiedecnd D QE nad thsrprogedinedan | n

h k f f
e oo s bt rimed Mot B0 o8 Sapivet 1B R Rorfiont GRABGER, POtithy; e qbisgor*°
feat ur o5 yangrilogt iy S Aot WRIREH THGSTEF ROLADEDRIARRRRA L St €7

(A2) where the simulation nodel that calculates the profile of the pattern
i s sel ect egldpe ﬂmmmbtﬂ'm(elosnmﬁedmdm fratdeelsizepy Thisohind eciraspandetitbelslopnt  of
t he invent%%.an aeri al In that case, the distribution of the

i nci dent P fmégf‘e‘%?swg"trraﬁgﬁt@@ﬁe onto the photoresist will be

cal cul ate ' § 1t in the
scal ar or ﬂ)eleﬁgf%%ﬁ)%aﬁ? %ﬁwlﬁ%ﬁf|Hg?k%%{iﬁg2¥g%¥t§%ﬁogg??§/®]Elﬂ%ﬁ si mul ati on
may be casimudations magindtudeha dB2Mcwifiom theéocal plané ofithe @mesiai intdgy phanej | abl e

simul ator such as ProlithTM Solid-CIMor the like. [In this enbodi nent,
the char aBaning thedistancetn dheplpncyvhere the heseplaae offfoeurexists, ﬁéé?tﬁﬁmnéd by the

oPPaT 2 g O, SR AL PR b 5n S, BBl e
cal cul at egthése phi‘linﬁetﬁﬁhﬁ@h[@ﬁhc]ﬂ@é’a hBRafir@bLddztst ofepaits pﬁl@ﬁﬁcoherence of the
illumination system, the numerical aperture of the lens system illuminating the
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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predetermned criteria to judge whether the i mage has enough contrast to
successfully print the desired feature in photoresist on the wafer. The
aerial imge can be analyzed, through a focus range, to provide estinates
of the ex %5 8 | atitude and DOF and the procedure can be perforned

yoP U2

iterative rive at the best optical conditions. Practically, the
quality of the aerial_image may be determ ned by using a contrast or
nor nal i zePOB¥SH Mgre ﬁpﬁ&g@all&gllugw@@n (gsLschgenresesting an ingdividea grid poing, dreat ur e

er il i ey B AR e R bl o R TR b EI b POORR BB o o

to run aeﬁls%|foﬂnlfr&ﬁght souroe|pairt @Ad tht ¥patidlly keeers IR Atitd @Bsesekbtigpi e focal
pl ane of the Gaussian inmage plane, neaning the distance to the plane where

t he best pluampatef atftb@plaﬂlbwram 18 ofihe ddineinatioresystoyn shoavn igdd@8t 7-O9c dlher ay

optics, or the ce r mav h .of the uasi romatic, |li.gh our ce.
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systemillumnating t substrates, errati ons of 'the

optical sySt@matitatige zfnalyls:sdﬁﬂmrmﬁtvudml m‘urctehmntsra@ﬂus allows amaparissh@fi f uncti on
representl g the optical mask. 1001321 It shoul d be understood that
sel ect i ondigferen grial |1%w1@@11@harﬁwémenﬁ5rﬁo é%tétﬁmpmx} opm@aluyuwmatlﬁﬁaﬁgngmt ed to

an aeri al 9@@ | Model or
a Vari abl ,30'0%? ggﬁﬁ' }a@?getéﬂrm elE g’gﬁ 3 sopglgltgeéé n ﬁpﬁgﬁ}ﬂﬁ%}g{a&rmnts of
the i nveapdrufe islsdt ialthe indBaeuat sh1ack pEinlsTile hltPcdiitiéelaried definBfigash thecause it
has been matched to experinental data. 1001331 It should al so be

under st oodegreref acherag éesired s pramadk spesing hetween eqchdight sourer peintwilkprovide t he

| cul d th d
o ext ractorqiRERr R i Bufs aRis L i ArleBiolRbe tha flogan *"
dense/ i soliafee ¢ oh@@bely e RiRSPain setd@eﬁeizm@lt SurpAdnSepovideléssy 10 mask

errors. [001341 After deflning %he resi st nodel and the key rel evant
par anet er gecutdteinferniation vhdhe squraaesmase butsvil sighifantip dearease ghd chlafatmour ce

T | BT B Bk a7 17
oo Cabinil B sy S BT B gy 11
sour ce pobpprsxiomdlpdifédo0r2.the files forma |ight source point grid that
spatiall ylo?)%\‘/!]elr{gfemr?g t%nPtIIGrSelg(;fgnsd 1846(\1(3:)t Iag(r:]he?lzatltc erresentatlon of a cross section of

the illuminator on which a grid of source points has been overlaid is illustrated. In the

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 gnd 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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illumnator at the pupil plane 18 of the illum nation system shown in FIGS
7-9. The response of the lithographic projection apparatus is calcul ated
for each grid point. The results of the individual responses may be
plotted on a contour map, such as shown in FIG 15. Quantitative analysis
of the inHilvPH¥H source point results allows conparison of different
trial illumnation arrangenents to determne an optimal illum nation

ar r angene#140] fuld rdeTingie Fihyks, the metbed far optintizing ahillumjhationoeums of @i nt

relative .0 the, full. illumnator aperture is.set in the individual source

boi nt s 11 [{RogmEnisRroigiar bR Seapeftiig sk (¥ Vit Feraredntieats desir od.
A smal | spagilned picaeepri®aslicd pdht source point will provide nore detailed
i nformati on on the source response but may notably increase the cal cul ation

time. Confeer4deMpre speciicgBy,sppelt phihe betande respacshs Willtepresentracresydbomeeriasyf
provi de | ess curate inforpatjon on the source. response but w |l

si gni fi caffiSpys Qlcmulations g e éwﬁetmswnoqulméjotwaéwsgwmawrﬁclw*e, fde

i nvention ' .of 1. ' ' . . ' '

aper tur o PXerifle SRARCAR Hen B o Pfe fali Eh3hidkd drniBEnsit) sl JERAB Lo |

appr oxi matéfing the fhilgdt CHoR thelUbstihfel IRehehet dgbddimbht@F.thd fiesont anvdntlék,b) , a
schematic representation of a cross section of the illum nator on which a

grid of s@KhPE@SMS‘Pﬁt@aH‘]H@?@ééW dpé phfoaus @lc?lf)t1 thetexpessir latimdeKEL), thees ent
cal cul at ot Pt EEREH SR EE (SRR d e Biiatch E e IRBOIERERAR: o1 ¢ e

cal cul at etHEP t e PEFPIEPdt <ot :
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source gr ehadcdntentffeor(MEEDEN i rdsolutibese absgute@&soldtRA138[ I n an
enbodi ment of the present invention, in order to estimate how a trial
i |1 uni nat ¥p142] Incorderrfoiald imthe aptinizetersplthe dinnigationseondipns.che ragaltaefithe wi t h

the |ithographic rgjection r at,us. i1l performg.the trial illumnator
pat tern i SGUaHscah Hen e TPt ioting He.onfiik riy O S BRRBSSAE aver aged
in sone WakhcOMEHS Jofeel pastusiQdonr i d points. FIG 14(a) illustrates an
intensity of a projection beamhaving a circular distribution while FIG

14(b) il | [et4dhReferming torftlEn$5.tan exemalapy epewtinent dfeonteav mag obtajpedsar
di stribution. 00162& It .should be understood that t?ﬁﬁgﬁd of saurce
poi nts rafFeprlages VB fiegnethad gf theypressnt 1gygption ipyguidstnf 55-0f> GORESRARIE IR i on.

o XD A BASSI Bl K AHIL E [4155 o 05 ik o
P- 1503. 02the[sOtxtd pdinSgrid has £0.410.1 sgacing rétave th3he fliapeetuteosf thoillvmghator. zi ng an
I um nat %grnsylsn%gjern?yeregsfong, 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 perfomed with a 0.2 pm 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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| it hographi c projection apparatus proceeds to step (A4) where separate
responses are calculated for each grid source point. 1001411 More
specifically, each of the separate responses will represent a result or
series of results of sinulations using the simnmulation nodels. Potenti al
responsesPril@3.PHtl ude, for exanple, a critical dinension of the pattern
studied or an intensity threshold necessary to define the target CD on the
subst r at eis Hot favoobher It iamqumnmeofedtthm they reeast wiimdosnforahis pamichlar r esponses

may include the det . t he exposure latitude (EL), the
depth of p ﬁ’@ﬁ%ﬁPB{C Hohlep @%ﬂ@amzedmgl @soh BTesgsments The PaRiAgEAnce of

i sol ated § . ,
il m | oss e e o clh IRy do el B ERnle PR R BRRsBS 7
resol utiodue tbrthabﬁlwmhﬁeﬂ sO@8O pointsaptutddbbARd illumigader to aid in the

optim zation of the illumnation conditions, the results of the
cal cul ati lﬂﬂh"ﬁbgﬂfwb% tg FlGial 3, theaneshopfosoptimizing theendisions plibupinatine

t f at 0 Ref t
F o ns  ahe ibemsP e paRetin REHESG PR 3R (3] bRt R IR ot dance
with the peidieshs@f HdBuRiRIS Hre hd]MﬁEtl b£8d b aRAIPN$ Felle rEs;p%seﬁhpﬁ{ responds

to the upper right hand of the i'llum nator at the pupil plane 18. As can
be seen i ambddimemii @ﬁlheprescmen@otmmehlp@s dnnegﬁxdxmlsleab)OVMglhesmxammgof

relative to the full rture of the jllum.n nmetry reasons,
only the h\&ﬁé}"of]u%ﬁ@z B4 ZaPRensA* shawn; m?’iﬁh Watﬁ}e st oF i <l i 2ed.
001441 T at ed

| 'nes. pri hrmrpPReg B8 bivict 8t FATLHEUAehto Bl CIdR RitThe foiol 33 B

enbodi menClU.t he wavel ength of the projection beamis 193 rimand the

nunerical aperture of the Ilthographlc 8401 ection apparatus s 0.85 NA
Si mul at i off8 ﬁ}BSB@wlfi@de@H hap ip casedhs prfpymapesoafasria) lumigat @W@élbﬁrent

| mage. Logtaribed bFyion bf R ERRRRER RN AL il R IR AR sa3T L e

i nt ensi tyapenm@fth@mmhmak Tmagea-urcé\polﬁ@rar@ﬁzhsmncal represenidl byt the bt our
map represents the value of N LS obtained on the watfer as a function of

the sour cdotpin EIGSpdé(ar) iand 1#4b)+ Fethis natiaulegicase, thetperfpgnmm thmélummﬂtqr t he
source poin ocat ed i.mat e relativ

o ent at 1 B Br P REDRELr BRERTS pTaV Bekink et HSpies G B S cattBRr  can
cont ri but jfafvidwal 96884 péintsval ue of NILS and, therefore, to the depth of
focus. Illumnation enmanating fromthis region is favorable for printing
t he i sol afoet#8] Refesringw HIGL Uigy amethod fdrroptimizing ilteconditions efjillomi@Bion of

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 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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P- 1503.020 is not favorable. It is therefore expected that the process

w ndow for this particular [lithographic problemw || be nmaximzed with a
guasar arrangenent. The performance of this quasar arrangenent can then be
determ ned, for exanple, by averaging the responses due to the individual
source poPrb83.¢Hbtured by the illum nator. 1001461 Referring back to FIG
13, the nmethod for optimzing the conditions of illumnation of a

| i t hogr apthieclepran featureon phpfpaesidt 08 ter wafee dEhe azrial imuge An bevaealyzedhe provide
i1lum nation cor}d' tions of th m na}I or arg adj ust ed based op ag{gl ysi s

il
of the reSPEAEOI! SORIE A it & Hecysrasd &g Profcdiiss casvbe Repiosmed done,
for exanp . | L1 . he axicon pair 22a, 22b and zoom
| ens 24 sh%&%p%{%yﬁréwg&&lgﬁﬁge&gg]g%g??cﬁgg%% the illumnator nmay be carried
out, in aposupadial®rhowh ptdveouslyy tetquality ofitlidaekbingape i) beldttdrmindd byl 001471
It should be understood that, in case the performance of a trial
i | | um nat Bying aeemdized aeriakamage logglapg (MO rmestic {npempkizgsiiades fepsirgyrdlor med

for the sgurc aints ¢ ed b h aperture aof .the illum nator. These
sour ce- pot N saBFotshoRBFiah e Y ah Gend Mk et e dor ot IR e
14(a) andihlddpptoachNthe Best ib@hinaGen sititeeShapd WaPBé QeAmAeLushg bl dnalysis of
i1lumnator ‘may be determ ned, for exanple, by averagi ng the responses due

to these aapl imags métnids (6.8l INILS oo oemsmsp @t sme fit@hdef@msReluer Thadesto FI G 16,
a nethod f.or optim zing the conditions of illunmination of . lithographic

o o et ol pRRE RS Al T s AR EHBtu e aHR GRoEs QUi e w1 now
be expl aj LS haBL | ' | m | t he
conditi onlso ﬁ%?' hﬁ}fl%ﬂ%bﬁgﬁmgﬁ%s aca%?g?ﬁteegﬁ tt)lg/en%llg&t ua?tg?l’ g?%ﬁ?gfﬁwaéﬁg full
resi st catifferent elemenistdd tiee phetdltthographit agparguaket reyuirgd as Inpuhpguaptersin

probl em selecting a resist_nodel, selecti n& a grid of source points,

cal cul at i Hi§ sgapaticn proguaso nNdwse PBRMPISE typigd B inglyde aeomeiriaparamstgehoighe t he

the i o By ey sennen oot YindpaPln, BB BaRlnl s sih B BHER £2S " on

anal ysi s @éer@e@umdfah@pkof&ﬁuh&ﬁsterﬁ)tm@ma%ﬁtaecmlr&mbaadt&rtsofth90149l As shown
previously, it is possible to define the best illum nation conditions of

the il uphotelitbegraphic eppasetuecilthenghppaminaramelend egdydre requisgscoadequaty)y

o L 2L g LG50 o A R W 0o A0 BRI 6151
fact that cfibigate MEinfgk Ys WEII HARIdPehd isShasél 6n Med0dRridt ofties efthdt iR fts 5iar
photoresist, prior to entering into the resist. The cal cul ated i mage can
then be evatestrdomver sus sone
[00152] A “pure aerial 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
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predetennined criteria to judge whether the i mage has enough contrast to
successfully print 26 P-1503.020 the desired feature in photoresist on the
waf er. The aerial inmage can be anal yzed to provide estimtes of the
exposure | atitude and depth of focus and the procedure can be perforned
iterativePyl>®d0%krive at the best optical conditions. 1001501 As al so shown
previously, the quality of the aerial imge may be determ ned by using a
nor mal i zeth ‘GéwiRadsist Nacter:| ngmalctjpgt}(ehd{drﬁ) Imaggerto Relyy rirbe. ZRIES Yol KE69d, @at ur e
si ze) . | ue corresponds e log of th sIo e of the intensity

i mage (or 3%@?%0?{2) theegdiye Sients g whis a%edawortawﬁﬁ R bY FSTerenetat i on set t ng

h
N LS or clbIndeLEE T BRier NEACH il BBIcY B brSiess Bfidod of (RAGERAE, °C (O
process | piockssde torseledd ehel mynitluwdigition Aerafgnent, a il gesiq dalculayion sakibgh.

1001511 In order to sinulate the aerial image of the mask pattern, the
par anet er desipblen ddealiysthisrcalonlagion sheitld take mta aceswat Bicistans §f &NP@Slébpar at us

are requir ' . t i | I io r These

oo amet or SRy bRSFer AR BEBYaly pROGESAG Bk BN dRE , system
and the 'b&dﬁiﬁ WhérCthe ?d}@htibﬂtﬂe‘a‘@ch@ﬁée@%&feﬁuéa‘l‘ﬁﬁtufb%ﬂtﬂ@ré@l&ﬂﬁi h@Rati %t ure
NA of the projection systemand the partial coherence factor a of t

phot ol i t howtesples of dppems;ttmmnw Dreperginghemthe patuagref the sesm,y ebeomeqmlraéd to
adequately determne.t f|Ie of rhe aerial i at the of the
ohot or eei bie fepiEordngigal aBtpisd St itGred Ty ¢aRgR 18 it Weoped and
I s based r

[ 001521 A%aé‘%‘%nib%%?‘ B Ro b 2 and e fEﬁstm%om‘easQEO UGB (b o o
t he final ofﬂhml;@rmonﬁoeﬁmmt@ftﬂeeesubﬁﬁte:@ztle This is due to the fact that
this approach di sregards the effects of the im e receiver, i, , the

phot or esi ¥p154irihBe method beging in 3D orisres bthogriigMaehlem 15 defingdy, thﬁ t he .
h t

Cherm car Dinop Aol o Bhafs eBicis St Blorfb s Spa @R AN ES S T,

in the cakafdration. Basically, in order to match the predictions of the

aerial imge calculations that use a fixed intensity threshold to
det er m nelo0HS! Bhe methwddinn mrﬁeeeéhtﬁ ﬁm@@wh&wa tpmap@ce% telopupgd to print thei t e

di ssol utio cont fus an. of 5P S.
Unt or t unabBiep RudsRed o Cing Sagef ST umg s S AEREY BBfharssiie

phot or esi €er 8} (eIl @Pefeﬁa@e{helr%ahml &%@1&%&@9&& a@SaRC irfthe dalhlation of

di ffusion of the active spécies (which "smear"” the projected optical

i mage) anthetresstisiamitical djmambm(or(smeb;amt iteetriatibn whth vadablephwhasdesesind and
focus, the photoresist exposure, the photoresist baking and the photoresist developing.
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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gi ves predictions which match experinent. The reasons for differences
between aerial imge predictions and real resist processes, and sone of
their characteristics, is discussed 27 P-1503.020 in "The Resist Vector:
Connecting the Aerial Imge to Reality,” Proc. SPEE, Vol. 4690, p. 366
(2002), tHRe56h02G e contents of which are incorporated herein by reference.
1001531 Therefore, in order to accurately predict the process w ndow of a
| i t hogr apts7] pihechsie of theaes stinmade] rh@2) asty aldol takd intt acoourety 'mamgemant a
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a particular geonetry of tern to be printed onto a wafer. [001551 The
met hod t h{pa158r od’beamtlnani thelepro(caﬁi)s twlstep €B3) wiege dtunpinatomsiles, ccaderapsasd'nttng
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critical Sl ze |tsv latio varl suc as dose

and focusntirt hmspbml@nmtlﬁatlllempmra% thet;imml@ﬂmmmﬁ“lﬂsd illhaknatignapstethhe
phot or esi st devel opi ng O her responses, such as dense/isol ated feature
bi ases, sfhpwnigddG Sr?ﬁ@‘?ﬂg and mask error enhancenent factors, may be

et ne. D TEREL B b S 1 P RO R St ORGSR

I nvent i onindiviguad S@irt€pdins RingtdMilebLachRIRANS! Indthé eMbEdiaaRre 8FthE Ynvehfon
I nhonobgeneity of the resist, a nonplanar topography and the vector

effects. Wpeesonted in FIE}. fléceash oéthersepayateespbasss maylapreseané a e¢ssbor senegoéai c
wave propagates obliquel y when hi rica tures are . u Al t hough
thece vorRaBlegr patE e ST iR CeB et RGHORMATED o e fe sty EHECOERT o

image, a gRladl BF kemmk th@?)eﬁ@lc‘&quocﬁg (flﬁlf)stﬂefEx%bEurslﬁﬁﬁlw b’eEIh' cﬁ"ﬁt eS the

contrast | oss obtained on the wafer. Thi's is due to the act
i nci dent Faegus at 8% ftxpbsurs Latiugh (BOE@S%EL), the dose-to-size E;., dense to 1solated

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

29



when they propagate in the resist because of the resist's refractive index.
Therefore, a resist nodel with a rigorous el ectronmagnetic cal cul ati on may
be preferable to accurately determ ne the resist response. 28 P-1503. 020
1001571 The choice of the resist nodel in (B2) may al so take into account,
in an enpddpmeztt of the invention, the photoresist baking. A post exposure
bake may be used prior to developing the resist pattern. Besides renoving

the sol vempprokifiatelbI508%.8 R eragfrificant 6dnthbigdbnae feeddptiasdf Pbud. Miliumenation
phot oacti ve conpound to be diffused into the regions of low concentration,
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where illumnation f , each representing an grid point, are
gener at ednagdelobaadted fontht kepssunihttude and thictdose-w-siZd B .4 i ght  source points
contained in the files forma light source point grid that spatially covers
the enti @1l dfisr svatlating the s¢paeate rdsperisasfoo theindivivbiapsmirte pointscthe sretifodt he
illum nation system sho in FIGS, 7 .and 9. 1001591 The ngt hod then
oroceeds MENBFSe %aftwggéwgsrﬁamlwg@mﬁg@ggﬁ?@te%qlfﬂvﬂt faged gp an
i ndi vi dua : | ' | atp odi nent
lana‘igr! G&hO L dihmnded Q:Qllll?]s SFf}{gé séfg@'tééalﬁﬂét L. ‘rh@gcrféﬂha&lb@oﬁﬂ@

of the invention represente each of the separate responses
may repr ebeshrrangeatont $andve deeerindisedo for @xammpleghicaveragiey the sespbnses waptated biys
using the simulation nodel. The responses studied may include, for
exanpl e, theactiaptlymipatenbeiag egnspdered: he Exposure Latitude (EL), Depth of

F t 89 bt ud o) ): - 0= Si ;
o 1 sol at D163 RERRR(oirbn b i el Bbirdmnch SRR oh ol finipha borid o
filml ossprozestevintiow anglliehoghiphic problefl wiivan b€ 8fplain&d CinQhis (eMbotimenlt, thear

resol ution, or absolute resolution. These responses can also be visualized
by pl otti mgthoddeginatin(B)raag pofceedscdostepBb kingbe sameiway pom the embpdimeptir ce

I ti . [ 0016 R ' t |G 17, I f t .
a6 Rt R ot B B B B B . e
hand quadygfifedQd thefetdot YEMBRE e rédpohtR. MUPikst o&leae@né&ionﬁ%ﬁeecme Q
visualized s the deptﬁ of focus in mcrons. As shown in Fl 17, he

sour ce posimplegaveragehas by cOudting the ppmts ingluded intthe eirdle 1t Tlee fist brdaper t ur e of

the illumnator. The lithographic problem studied. a pattern of 65 nrn
i sol at ed F‘P‘ﬁfé‘éioﬁmaﬁt %({]qqggyenterpo&tion to mal%e extra gn(il\f)iosmts. a preferred

embodiment, the first order correction may still also be done by a weighting of the points
based on their calculated sizing doses, 1.e. by dose weighted averaging. The 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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chronel ess phase |ithography (CPL) mask, a 0.85 NA and 193 nmradi ati on.
For symmetry reasons, only the upper right hand quadrant of the

i Ilum nator need be visualized. This contour nmap represents the depth of
focus obtained on the wafer as a function of the source point position in
the illumPridP®¥20 1t is shown that only the source points |ocated at
approximately 45 (relative to the line orientation on the mask) and a

radi us of p@8ides 156@o020aepaging proaes|by phoiding a0‘hRhharesolatien’tgrid thetwetuces
contribution to the depth of focus. Illum nati o emanating fromthis

regi on i sDYRGRGAABITErsCaps Wﬂl%ﬂ?ﬁ@iqn&eF the e ol QAR DR BCEHE f r om
out si de t{l | ' ot favorable. It is also shown that a maxi mum depth
of focus olﬁcél%gfll}g%étgretﬁb 0.6 gmis expected with the best quasar

ar r angeme [vo164PWhilear filsOsrdetidorreafion haseheen applizdas aechvifige rdsporvealoalitel

| atitude and the do se-to- size E 1: 1. [001611 After cal cul ati ng t he
separ at e Metagonzethod slustrgtediin &G Huae. ushgrackillgesisticglculaen it showdi be hen

proceeds to,ste B5) .where the,ill um natiqgn_grrange t.1s . adj based
o o andRrSTERLIER) aMEE Bap e B e B BOBET PR KRR 6 e
The perfopaegycar ghd $5e Dbest arrangenment can be deternined, for exanple, by
averagi ng the responses captured by the actual illum nator being

consi der e®14spBe&ingRef O | Hgsimolakpi ok @nedwith aesopinmaryiabsiutitivn softedrea

met hod for .obtai.ning a refined rocess window of a.lithqgraphic problem
will now B@nwgﬁﬂgmﬁ%aval? atjq} are gHBBF i RaLcWtons pRinsd YLLPRTSHAEE 1) and
pr oceeds - ( ' : L AL geeteTolRis hoMgp in FIG
16. The ng‘%ﬁﬁggdtj'ﬁ‘e%‘ég‘? })%gne%ggtgaﬁgﬁ?ﬁ/bﬁg’?be%gs |rr§lt oré@r?lgﬁ %§§ correction
i's appl i ebvieo Thheis e degth of fdoue isfaldured eitponsag the OF fvalustof drdividual
correction may be do si mpl e average, i.e. by counting the points

done by a nm .
i ncl uded FoRreqioints (metiod of Fia. k6, raveragedeon il ey ). aritstsrden dose serresior by

i nt er pol at.d qelr i hnts L i .en t he
1ret or db B8 b AgREEE MER ih P o ol Bed b C A EAD RN ot 1T
based on hhag'yor@aosibimitiod of af imerpdRs@Syrid and -a firyt sla&edose caédidnaver agi ng.

The |ithographic projection apparatus may use only one dose. The
cal cul at i bneterpetaeansy dospaxeighéller mi ne a  best dose for each individual grid

int. Even | int.included in t ircle. | ' .good i ndi vi dual
Pasponse, tee| T B e Gast et redoepl e Rl oL s ORISR BT hoor aphi ¢
proj ecti ognAMRAcHRS 8% %ﬁpo??’rl%slatﬂﬁae ES3ehin) SbRidQUARREIVEral QrrhdiRleRBRFNS €

obtained wth the rea um nator. Individual points may thus be wei ghted
on t he badlumiotot. NEIGIi20 frepreseots thediffeeamt atrivegementsdised ohuthis tdels éltervdosshe dose

of the li gerg:% Q%Pme%rggailo%clgéaglnat ?I?ep;?urp?ltp%asxic lghlcs) SSI?OVE')I? ifor}tegch 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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having smal | er differences are wei ghted hi gher than points having | arger
differences. The first order correction may al so be done by a conbination
of interpolation and dose weighted averaging. [001631 In an enbodi ment of
the invention, the refined values are obtained by increasing the nunber of
points coR Ri1&8PH&¥P within the aperture. This is done by dininishing the
spaci ng between the source points. |In another enbodi nent of the invention,
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changi ng the specific source points captured. [001641 Wiile a first order
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shoul d be? [GEV=THOEHTE %ﬁu%?éﬁ#ﬁ%grthws@&?éﬁnme% affgh soyEsg MGASYIRRIEASt hod
i11ustrat ‘31‘3 @&plﬂeﬁo tli]e rﬁdlgﬁlon g’r%ainég \é/?\ﬂ(i’réﬁ é%‘l%é%?lsgﬁ fs' xﬂgiettgr FIG 19,

si mul ati ons obtai ned w a conmer Ci Si nmu atlon ware using a full

resi st caksutatrizflhanigawenihsed id PIG: a8Y Ubath iindicatOtiatpredidtivhd (bbtﬁlhal wihhods
described in FIGS. 16 and 18. Calculation is done for several enbodi nments

set fort htheapgiied ofitheprasent iwp@ti@épatiﬁf@for'flbm@hitbe peedictipabpinediir usi ng

t he DOF val f nd|V| t hod f Fl e
el upotfst TR e Boin R HEE R b TR RS e on et B06R°  om
i11um nﬁﬂle)precﬁﬁldnﬁbﬁfaﬂ%ldainﬁﬂthgrabt‘iial(ﬂlhﬂﬁﬁid}%ﬁtu@éh @Bgo&wselédtioﬁm map") or
a conbination of an interpolated grid and a first order dose correction

("i nt er pobptimizameh, dod desagi.ght ") . 1001661 The bars in the diagram represent
the val ue of the.depth u with, a i nyl t aneous. 8% osure |.atitude
oot e g REefae & . o Supabiins dufinstumiind BRCRMR S ARBHa et bo

repr esentﬁ,ﬁjgﬁle@hd‘df&g&med% Fﬁ@gﬁgﬁfb}% ot Itbg?é }%}Jg&l(){l{)lﬁsaébt mOPwith A58alar

section of the projection beam S s own for each

I |1 um nat agrial Thegeanetdc bf differdnt défocus vahics QNIIBH2eamg NIESES). CHine dxfoaibtuatdned,

for exanple, by appropriate adjustnent of .the nultipole generating el enent
38 in FI Gforgnaxirgglqgﬁ{le Pﬁé’ei‘ﬁ ‘E’W@@Wéﬂﬁ |d§teﬂfl’(§lb'lgetﬁ13 best alilwmnaion eengliigns gre

cor 1 pOngs 1R AFY §hd'o 9T BATISEAL! A b lhefhi BRUBIMR shllha SR AL QNS O

above and corresponds to a pattern of 80 nm holes with a 200 nm pitch and the trial

illuminators used are identical to those described in FIG. 20. Results indicate that the
acrial image metrics predict the best illuminator 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
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comercial software (ProlithTM wusing full illum nator calculations and the
results are conpared to the averaged results of the grid sinulations. The
conparison of the different averaging approaches di scussed above to the

cal cul ations obtained with the trial illumnator allow a quantitative
anal ysi s 8fl53phe2laccuracy of the averagi ng nethods and sel ection of the
best illumnnator. As averaging calculated grid points requires less tine

t han r unnbagxplaned | atthsrsboflinvent, selestion ofthe iilldminhuoammmgenteheis plioes smthat

i nvention _can nore _quickly determne the best illum nator for a particular
|.thograpm631%% iHProgessibiesRss. i Sepsttialbe poiorel OvESa PHAFEETESIFEE ot h t he

| thy P h
ot hods. daggrly 2y af BbHlent éf%ﬁ%ﬂ‘eﬁﬁgﬁﬁ%ﬁﬁéaﬂ'ﬁ@ﬁ oo BeER AL b2, it oo
i nt er pol akiethddfingludihg: defising d llt&iﬁgrlafihelpattérﬁ&ﬂwllmﬂed eﬁ GisOBstiale; ktlectingla

predictions of the DOF value (simnultaneously constrained to at |east 8%
exposur e ﬁlmulatMéyOdfw@tﬁcwg 8 Eéd ﬂéﬁ%@@@l@tﬁm # pupl pl@ng@fe@ne dlhumipator;

maasurementls are co ar ed a(I ction obtain th ProlithTM The
compar | soptipuafisthe AR ook fpr iR st nifior o o aremintaic  18) . pata
i ndi cate tdadsemiRdi &Eﬁlpaﬁa 99@1@'09%éé‘o?ﬁmﬁlﬂﬁm%hﬂg%@&mhmioﬁrnﬁfd%f‘t

I nvention satisfactorily match the prediction obtained with ProlithT™M
These rescdlcidatog znmetm:trepﬂemnng eramitdnad' thoef sephmtqmeqmms foningmmtidwab scﬁlave)r ably
match the redlc I ons ob{i ned wit, the act ual |II tor dfor
sour ce seP%‘stl“é‘H‘ cfgeHs; AR %d-'?%’ﬁ'g aFadgiaea lﬂha”%‘?‘?@tl qi‘& G 22,
predictiopgypbtained with a full resist cal culation (accordl ng to the

nmet hod described in FIG 16) are conpared to the predictions obtained with

a scal ar [oaem] Bl the megieodnitiuistrateddin KIGE 24 roprinizigion of thevillhmésatiohlcbsfiBomnid
NI LSF3). The defocus used for_naxim zing the process w ndow and
det er m ni hefed BB thaskast that fgpinany lithegraphisinrobiers &V%OPIEPSEC fRilwre MeelemismsiRg 0. 3

D o pondtropd iy, IRRH ARG ARRRT R ! A h UGRANES fye BRG

corr ESpOI’l

i Il um nat ﬁfaﬁqmq&ea@ bAl@iithgskl Tthis hB@Calee sallckiREBbskihd Ik, captureResul t s
indicate that the aerial inmage netrics predict the best illumnator to a

| esser extremnannbthmmmhlnem@rmam@ pod mlo@ speaificallwibgiveadatianr¢fghe €D asip FI G 22
S carrleﬁ{%r F’f? ? litho gshlc probl em The |ithographic
probl em s C$;08 df e?real} eéB?St“ées Fﬁi to a pattern of 80 nmholes with
a 300 ri n'[oﬁiﬁsfth Fl@tﬁlb ik bih htSdsefl] dbSBAA bAlseRS iifhealbythEr abiRfKoedge
MVEF2 (i . .2 gm defocus) mss the best illum nafor predicted by
t he equally print structures of the desired size. In this graph, the lithographic process will be
deemed robust if a large variation in focus and dose mimimally impacts the target CD.
Practically, this requires to keep the printed CD within a range of acceptable CDs. This
range is schematically illustrated in FIG. 25 by the CDs comprised between dotted lines (1)
and (2). ldeally, 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
1s characterized by a CD increase outside the range of acceptable CDs while the second
effect is characterized by a CD decrease outside this range.
[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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full resist simulations. [001721 Results in the trials described in FIGS.
22 and 23 indicate that NILS neasurenents, which may be used to maxim ze
the process window, |ess precisely predict the best illum nation
conditions and further do not quantitatively predict the process w ndow.
The fall PaBb3.020 accuracy is expected to be worse as NA increases (stronger
vector effects) and for certain processes which have noderate contrast and

print far falee/diderto Bhiall B i defboiBg Byldoffigtso, CDOkfidfiomek#hinithgpraesst o FI G
24, a nethod for optimzing the conditions of illumnation of |ithographic
proj ect i ofizgopatradipsticalbycdesregsadga sebstantiabpisefosalmroesss over theprsdeteomined | | now

1 um nat B eaeT Bige el be Bboinslednd e FR0S e (DOFT BT SHHFL B LGt i ned

S substag@&e?{abbéigwd_over a predeterm ned range of defocus. In an
enbodi ment of the invention, isofocal conpensation is achieved with a

met hod i nioirs] Myre ekefei fimiallyg, the methvddoagitinnizingtthen mntinatioa goeniditiveslobn a
substrate;, selecti ng a_simylation mgd&l ; seé&cti ng.a gri d of .squrce points
in a pupi Hh9ERRBICAPPRAS PrEYifssa AR embodigieatPLhe my BUYAE 4P% MedpBlbes for

I ndi vi dua Lnt.s: rﬁp&ﬁ&? (o t of a
single or 5%%?#%g@r()tPQgiﬁﬁnﬁog?i@g{]hseQ%g%t:%)tvﬁe Si nmu 'aglhgﬂ{eﬁo%@lt%lﬂ%ggﬁogu ézi"ltti ng a
metri c repsledaes,ifogeachkbwte poinofituated is ehpaitlaintat@s e at 4 given defovistindl
source points with defocus; and adjusting an_ illum nation arrangenent
based on &9MBP3es Hisgesylhwith gha ¢Pobtajurdiar the hest fopes. TEineRMPYtRiRt Sated in FIG

24 Gim . _ Ll o . i o _ t hat
For many PEERbERUSHoETed o AT RRBUF |l B BRRRET AbFnbRELs ocus
exi st. Thiife iMimiatioh Sonditibdslis! Heh peMBrmdll drl e bads otk eBmpaRIoRTT MicSresulfsocus
exposure matrix at fixed CD on the mask. This matrix, also called a

Bossung ppPetained dgrtaacle sovirerppainta iviote spew fealynadiustmient ofthe dhyminatibnor e
specifically,.the.vari.atiqn of the CD.as.a,. function of focus for different
exposur o ERLTSSY Pirsined by Rrlcpiie anpaimifigion AREAST RGN P BB AT AL e
focus ar eilﬁ@ﬁihé&ﬁﬁgﬂaﬂuéiﬂgiﬁ tiddrbduded ébndﬁﬂiﬁahi'gli (154 &t the hibkEald With Bfead b

desired size. his gFaph, the |ithographi ¢ process wll be deened

robust i f the illamyator prodacingrsmatl s os thersdbdese ni ni mal |y i npacts the target
accept abl BEBb T miediodal FEpTeSons ke misyor salcigatioaiahs GDR oBeFBREp  he
CDs conpr Wﬁogeéc\?@ﬁny gﬂl‘feergsﬂohgheﬁr Edoh source point by computer simulations.

{00180} In an embodiment of the invention an aerial image model may be used to calculate

the separate responses. In this embodiment, the incident light energy distribution onto the

photoresist surface is simulated. Simulation of the aerial image may be done with the aid

of commercially avatlable 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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and (2). ldeally, this robust process will be portrayed by the "isofocal"”
segnent AB in the Bossung plot. [001761 As can be seen in this graph,
errors in focus and dose can lead to two opposite effects, which can
trigger a failure mechanismfor the |lithographic process. The first effect

i s characPdbfP>8Y by a CD increase outside the range of acceptable CDs while
the second effect is characterized by a CD decrease outside this range.

[ 001771 Thepe(NiLs) metrio(mdanalizedte tedreathtesside).t Hbigvahieicorrpspmods® the slope
substantially.isofocal. (i.e. . insensitive to focus errors) optimzation of
t he Iithoﬁ%%ﬁH@EngB%@§£“¥§B%@HF@3ﬂbd in an enbodi ment of the invention by
conpensat | f W th . i I | Sl hi eved,
o o 2R RFf il B RaDGe suii iR BAc iR ol mdy g Fariih

i | I um nat evithpleftue bfihefimtehsityehidsieold of thegbridlDmape Livingahe ciiget\¥D.h t he regi ons
produci ng 33 P-1503. 020 failure due to smal|l CDs, wth defocus. By doing
so, CD vaAiltsmarely,in@ereiicr siabedimerisf thenmensionathe respassy sudied maxbe 8itsed, a

substanti gl | y. i 0 r 4 hed : may
oo e gk SR BRSO el DeBEPARLREN G5 n MG it
accept abl gfihe ammag@gvidgqﬁéiﬁéetm)e specifically, the method for
optimzing the illumnation conditions of a |ithographic apparatus

provi des 08188h Irearisthtir embodiodent hethe pvesentiinyensionaimuiation of theaespoasssdomt s f or
the variations of the t et .CD with defocus., The metric,.in thi nbodi ment
cal cul at oSRPABE LT SBLPLRETEIA USPe AL LE T UGS JRUNSRBROMT D at - a
gi ven def ofus ofiifd imaQERRESEr, | Bl e Eﬁ&weﬁiswaﬁ@n{o?@sp@afﬁgﬂme%@fee& dub® st
focus. This conmputatfon Is "subsequently reiterated for” all the source

poi nt s | ooatrecidnrofttieeledtramignatiofield Adjhukhe photoresfst wilhbe addountied ddri inhe

conditions is then perfortned on the basis of the conparison of the results
obt ai ned FYRPEARMN. sHisrfull rpdstproceppiimulatian may@lio toke intg arsewriithe gepsafe

ar rangome RO S SaL i AR A AR R VAGRY, GEEF Lol e BRI o s

condi t i onzerbidfifusidosofatil & phidasspedice oihite dikdsticdf contrig. i | | um nat or
producing small CDs on the substrate. 1001791 The nethod of the present

i nvent i onl04184blasthisgnodel] iaputrarameters maycompsiso issaietigroparamaterssd RehigrBnaxs
generally of the response for each source point by conputer simulations. f
001801 | n%k%m@mﬁ%otﬁxmpﬁ%mm{waﬁ baks papmeteRyE e lepghbe used
to calculate ,the se ar.at? respanses. In this Eoo%megt, .the incident

i ght eneﬂwcmrscpp? nem %@@pﬁﬁgatlon rate constant ampl)> a0 optical parameters

(Dill B).

(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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photoresi st surface is sinulated. Sinulation of the aerial inage may be
done with the aid of comercially available sinmulators such as ProlithTm
or the like. As nentioned previously, the nodels used in such a case are
wel | knova %n? re based on the Fourier optics either in its scalar or

of oY%

vector f hi s enbodi nent, the characteristics of the different
el ements of the phot ographi c_apparatus, |ike the nunerical aperture NA or

speci fic pRAareF Hectomigymiad thefoarisroptics; Riasticallys Hriwsiatudatiogmaee earmigd aitti on.

vorsee sottts b boAn AR Ralab Ui b S REr SR et

contrast {00159} A6 @stivhéd/previonsly, Keyeeld@fit p2@mlehad 10'18n labridliRheE Sfiukdtions t he
waf er. The aerial inmage can be analyzed, through a focus range, to provide

est i mat es gy compnsibe siptance from thd éocahplamopf the dravpsiarpingage glang, masningthe

f d i ively t ' t,th t apti di.tiaps. .
b act | cal ApteReee HERlAnE rEre e et biany B Renge ey SoteraBed o ot OBEtieal ng o
contrast P.{g dPﬂEﬂ%} tHeQldn e Wadtleh GFﬂJeQﬁas?f}n&o%ﬁn%%aQi%Qir%{ QRfecd Nilesy Met T C

(normali ze o the feature size). This value corresponds to the slope of

t he i nagepammeresd yy §leo ihrdeal meavage)f defi@O dB&htibhpartialcobedond ofthd , t he
response studied for each source point nmay be the variation wth defocus
of the i nHBmypgtensypiemy Hicqugrericalapseniel thalgpesygicn Hymipatingdhget CD.

Al ternati Moo L e 1A ' udi ed
rmy et hiohgandoluo? 3beiales HHP RS Hhs Glont BFGC AR B o RIFALERRORRGT BT
(i.e., atspafigl drmsmidnyfuhmcﬁsﬂap.ledenti@? tlidsptikelhadk. | mage gi ving the target
CD). 1001831 In _another enbodi nment of the present invention, sinulation of

t he respolf88] Adfernatively, the sinadatingi meded srryibe baeadrip apetbieiamnbayiment afithe esi st

| culatign. ln thi h,.th f t of, the inm j ) i.e. th
phot or osi S entfhSih FuPRRECRMationy e Fisharrstin el BR Bt ERE sesbiy or
the el ect fREBARSINL &f (HedlsbtWntaBnéthen N A Re@bY Ble ninlHonkReasigooMhed for in the
conputation. The Tull resist process sinmulation my also take into account

t he st epsphdtorepishoaamoppilaiar tipkgraphnorthp vettor effictst Thevedispnors] shawdd alby
consi dering .t effects due to non- zero diffuysion of ,actjve physical
speci es oP Gty kg et freBRtoresy exposures he Abgtareis BakERRd fiput
par anet er Sy, iB%sisCIREIDEdi Ssol ution paraneters (R, Rmax; Mack4 n and M h;
not ch rmdgﬁl n, Slnoot o 0? ﬁd M h), bake parameters (diffusion |ength,
quencher morsapNatuadllyoin theeyveranipdt iaffikt adsiso taltwdhtdorcio mséda Bésehitia patameters b
optical paraneters . (D]l E'g ) )
run the simulation will be defined and loaded in the simulator. These parameters 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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[ 00185] Referring back to FIG 24, an exenplary enbodi nent of a nethod for
optimzing the illumnation conditions of a |ithographic apparatus using

i sof ocal conpensation will now be explained. 1001861 The nethod begins in
step (C 1) where a lithographic problemis defined. The 1ithographic

probl em r épt5886Ht s a particular pattern to be printed onto a substrate.
This pattern, which is used to optimze the paraneters of the |ithographic
appar at us [0 Mpre emtﬁmlla, ifnmpetion Gitds) cachaepresentfig e endividluatignidtpoim, syst em
is preferably represe tive .of .an aggressive configuration included in
the sk ESRAIES EESReAin s o8 SRR A Cp LOE LeHosua ou® COB3nghEt Bt he

si mul at i oGS 4 b fl | ect ed.
1001881 T?}le Si nufltg??%sr?ﬁ?n% e?lﬁ:@?/ thz%?ﬁz:}%il?ich{f%%ﬁ%%\hﬁ %g!hsiﬁ% o fe&?nvent i on
an aeri al illunmager ambepupil plahdr 38 of ths ¢ljurinatich gtsfetrbsltolmnnd‘*flGSh'é-S)l i dent
light energy distribution onto the photoresist will be calculated.

Cal cul at i B1¥nHenedrB thesforegoingdistassiays ibshonkihe wnderstaodithatithegrigofsousss. 020
scal ar or t t-hi | ation
R G L T B e P e C
as Prol it bd Mterpgthvedo (ivhidatidhBlek, the grid bPEHLBRIpokts E’fﬁiljﬁtic%ﬂaﬁﬁéﬁ eviously, key
rel evant paraneters to run aerial inage sinulations nay conprise the

di st ance prametrivelly orthke spndméoroiofiwaec. Gau55| an i mage pl ane, meaning the

di stance I best f .f.ocus i.sts. as determ ned
byt he. gelide Sl At 1§ Fic 2 mbnfh KB A86 &R URibRMGm Rt Uiy

quasi - mn%mce%&nkmﬂhtprma&e step €2 %@fe%ﬁérﬁﬂ'e%iﬁ%ﬁse@'a?@cdl&ﬁétb’dj%ra
nmeasure of degree of spatial partial coherence of the | I um nati on system

t he nuner mdnlgmimemampelrm the lens systemillumi nating the seni conduct or

substrates, aberr ns of he opti cal s ste and a full descr.iption of
the spat i"QP{ %ﬁ?%@%‘&ﬂyf‘ﬁﬁ%{” Ig%?‘%é%"ﬁ? Sﬁ@wﬂ EPB?FFE%FS%%SCHE%%M

Al ternati ygl s of ddgubili olGs PRGEStid] saaﬂgebﬁ{a SRaegl RNt of

the invention on a HH | st ca%cu atron. In suc case, Hﬁe Simul ation
may take exdnoplecoaititil dltdmsmn af t}mrpangn@tuméiboreinenﬁcnmyagmhmld necssbaty caused
by the non- honpgenei of the, photoresist, a non-planar topography or the
vect or ef figineth eﬁqﬁ%ﬂrcé%ltherﬁb‘aﬂrat%houl d also preferably take into account

ever opi iy PEb0TEE PR Fe SR, RSl e B LR shkee pBAE, BeTbR

I's used, dragpnideads PItPES &Y Stitnate the variations of the separatc responses for individual

source points with defocus.

[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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run the sinmulation will be defined and | oaded in the sinulator. These
paraneters may include, besides the set of paranmeters used in the aerial

i mage simulation, the dissolution and the bake paranmeters. [001921 It
shoul d be understood that selection of the sinulation nodel, in step (C2),
is by no Priveh820 inited to an aerial inmage nodel or a full resist

cal cul ation nodel. Additional nodels |ike a Lunped Paraneter Mdel or a
Vari abl e fozoap Refettimeni HGSnDéeind o), atchplirg cnibediindnts of entairog ment s of
the invention. In all these enbodinents, the nodel is selected because it
has been ABEHRGN @%omﬁ@rw%mfwet&a@ af ﬂlFMS@ﬂantm@ﬂ@m proxidse. BKG%i38adst ood
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feature bi ases, side |lobe printing and sensitivity to mask errors. 1001941
The net hothetlﬂemrptcm Eedsymmetsy rpsnS3ninterupper mghit daed qeasiian of i nt s,
representi ngla di sgret. zaél on of the source beam is defined in t he pupi |
pl ane of Hiyznipgtpr hsed be yisualigeds. 1503- 020 1001951 More specifically,

i1 um nat [o‘ﬁ%bé Fgggthggﬁgﬂlcfm&%mdlwwﬁga fgd?fih&’bfb!ﬂ'un%léé iR Q138 nnASikh.

gener at ed e simulation twar e I ght source points
cont ai ned(See RiGe26d)i FES. Xoamreprasentsghdonsom ncap of thenmetgicirdspoinsds mneda\k/itly
covers the entire cross-scction of the |IIum tor at the |? pl ane 18 of
the i || uniesist sderlalyon: dmtiad 6ass, the mstidgscaloulates aud compars eanf il dieensiinedoi ng
di scussi o t Q ey be
defined di fgrteé%rq%mn?eﬁp agtbgé'{qﬁéﬁ 9@%&;@@&5 ?"le t2 ﬁ[;eisldarlllvéé{n |on O?IPdeuga e, as
an al t er nghiches bmainleh wiihnatkDithaigk k@sulatide 191thid eofmislothe et sumspai@sthée

specified parametrically in the sinmulation software. [001961 Stil]

referri nglltt@lSPv”Y threshold Qttbéstrﬁﬁmdﬂb? inggmsityrihzeshgldar & 012un defocen ledlisce

d t
e Cal coPBemED T ORuA L BACAnaln St gt WEE T HER RrLRRRR o
of the segﬁ{@gtﬁmqgaﬁgm&gtwld]}Qﬁp‘{t@gent aresult or series of results of
e

sinmulations using t sinmul ati on nodels. Potential responses may incl ude,
for exanmoz3] Fheseiconal mapsrdiaterthe fegidns of tietidnmirsterdhadzeneratzraniingreassi t y

e e e A5 S R i S S50, LATERE, o

the met hoge e jlluminator gives a CD change with defocus compared to the CD obtained at best
focus. In FIG. 26a, the CD variation is calculated in nanometers and in FIG. 26b, the
intensity threshold variation where an intensity value of 1.0 represents the open frame
value.
100204] 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.
Tﬁey 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.
[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
center of the quadrant will be representative of the region in the illuminator producing a

diminution of the intensity threshold and the CD.
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then proceeds to step C5 to estimate the variations of the separate
responses for individual source points with defocus. 1001991 In an

enbodi ment of the invention, this is achieved by a nmetric that cal cul ates
anot her set of responses for the individual source points at a given
defocus. THeOM4%ic will then conpare the responses obtained at defocus
with the responses cal cul ated at best focus, and generate a

net ri c- r ePPMes Eh¢sscontpphmapumer bp sedueed inpneigmbedisnant phthe inveatipe ipemdeur j s a
critical dinension,.the CD abttai ég«rebd at. def ogus wi FL #«;{.ﬁtﬁbt racted fromthe
CD  cal cuPSPREPIGSERs OPRaFLielocy PehTars \aseiavn i FIG% &P Pel y, if the
response st Gfthest hhis oriljﬂ%v%‘l%?io\ﬁs W&?E@é&?  THeMrst SHe@BErespontS b Ol d

obtai ned at defocus wll be subfracted fromthe intensity threshold

det er mi neckgidn ¢fabi ilbiafinatoscreatmgomi augmsotatiomef thaGjytwhich freprdesen@id or t he
intensity threshold with defocus. may be.established.,K The val ue, of the

def ocus nEEFPEEVERbY the PeiHy e e iReian ﬂi%@ﬁrr%ﬁﬁﬁén%ﬁa the gp B Siam TeRiPR 1 | y
sought. | 3 ' -1 h ' t may be
wihin a PuE s EP e Rlics” Tork SRS E Recoh ref ToHEsRiay RARE Rt

opti m zat thenllehirabg crdatiiga dahinatios oNthic G msd istréresented| Hysanafppbéiee sigret ri ¢ can
t hen be visualized by plotting the contour map of the netric-responses as a
functi on ®#8%¥burce | ocation. 37 P-1503.020 [00201] Referring to FIGS. 26a

atn che TARDERIGTRRS R4 InnfiRgd R opBRziod s TlEfhalion SEAAGOIR"C
cor r espongsih® isofR alRenkatbntprbaeds @f stdp€6) Wherd tRétiRimiaktidr GnRitidnk oPihane

18. As can bé seen in these figures, the source point grid has a 0.1:0.1
spaci ng r dleninater are atjustefl batedapethe anadysis of thevenetrid. umi nat or. For symmetry

, | h LT hand .of th il. . nat db
i sualt 2ol Ppbmapimaimen iy BB saRUR A gR e MR CRM TR 50 nm
holes in & 3Afkdtit kasa&ti : Ebgll_uﬁ?ifﬁétion'ﬁhﬁcoﬁgﬁlé l?a;gti&ﬁeﬁscﬁm tour nap

of the metric-respohses obtarhed wt resist calcu lon. In that case,
t he netri eugméntationt efshavalue ofiha respotides (CD ior irdaisitgithrestwildjrwith regidme pat t ern

obt ai ned at best focus and _defocus. FIG 26b is an exanple of .a ¢co ur
map, whi efpduginggdimpmgionof theyafuef th%r&a@né?wr%&qcaﬁ%% mmt@%@i@, t he
metric CORpaALE -] NSi hsdw,m best, .f.oe : jntensity

t hr eshol dmt?%p’ f’;"sg% s;ﬁn&%ﬁ%@%é&b}aﬁhﬁ |stgg%83?%gﬂtr%%’gﬂglﬁkg%% not ed t hat
a vari ati @i ThhBalkhdieg bOlhd regibr@ngay be donedn apembadimemagethe shventian bpn i s

equi valent to a CD variation., . ) . . .
selecting some source points in the positive regions and in the negative regions, as shown

in FIG. 28. 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, then
that point may potentially counterbalance a relatively larger area in the region of opposite
sign. Naturally, if the source points have substantially the same weight, the balancing of
the regions is done by selecting an equal number of source points in the positive regions
and in the negative region. In FIG. 28, this results in selecting a 0.25-¢ illumination
arrangement (i.e. the arrangement that defines an aperture corresponding to the arc shown
in FIG. 28). In so doing, the lithographic process is rendered substantially isofocal over the

range of defocus studied.
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[ 002031 These contour maps indicate the regions of the illum nator that
generate an increase or a decrease in the hole CD wth defocus, and the
magni tude of the size offset. Each area of the illum nator gives a CD
change with defocus conpared to the CD obtained at best focus. In FIG
26a, the €B50af2Mmtion is calculated in nanonmeters and in FIG 26b, the
Intensity threshold variation where an intensity value of 1.0 represents

the open f{oo2ure Restdisue ter@@2 QA varakion Mithth M2VeiiNumiationl trandenicat irk Ghowha,
the regions_of the illum nator producing an augnentation of the CD are
concent r attellG. 39t Aliseareptesrsraspands e f sfatripexpopere dhpd diluntrates theheayiatien pEibe a CD

on_ of. d 25- hi . ds; i B |
o i ng e R Gr A Angled 8 a SRR BRIt i B SRR B n °
di m nut i ogarPhe 4B irfdRis @hph, iRG@ILHMbR dohRriast 8f the CD Bé‘er'il?@ran%@of faghs case,

the curves in the Bossung plot will "frown" severely and holes wll be
cl osed (CBudedegardizas ofthe fxpassre gn@GRB5[ Similar i nformati on may be

obtained in th ont.our ilLlustrated in FIG 26b. can be seen in
this grapw,Wh@Sﬁ?@gi’e&PH?r%QOfi thad Sy %"rnt%mé?seoaﬁ?saw%ﬂb&tt 1% the CDs
is the I :qni tﬁ?%‘[ﬁ -1 ' b | e
quadr ant ng&(f.(r%l\?/ﬂelgggllfeg g%ﬁéwtﬂgi?ﬁg& %%gﬁt&&g'd?g%%%ﬁ%ﬁg%gﬁ %B@gggﬁ%%{{]i ve of
t he regi osmbodiinizat of the iMveatien the Bxgosire Patitude EN] the dosstoodizd BE: 1] thi degthioy

t hreshol d and trle CD. 38 PB 1503. 020 100206] These contour naps may be
reduced i fPcyhat BpBddDRA@HEL ndensenisorhissott MEEFont our maps representing

opposite |sof Lar s shown j.n_Fl GS. -b, 1002071 |.n.these maps
only two ‘@%ﬁgE@gﬁﬁgﬁﬁéﬁg5@%&%ﬂ¥ﬁgﬁﬁgpéeﬂgﬁﬁﬁggﬁﬁggggﬁ p?gn%ﬁénﬂpegion of
the il unyasindihatidrestthe eptafalahaiBethédt io® theaflumitRtdeDCali ffdnioF tHeanest ed
respectively by the positive sign region in the full resist nodel and the

negative siayirebegpdom the samprizaiplenset fortiyin thaprestniinvsntioCohvasiis ekparate he
ai i it | oFFeBIEh D e g g gp B R B eyttt BeSrpih S ogr on-
[ 002081 Redyedsehtiv R bPa §h o_?éer]gés rb?ls{ﬂggitﬁﬁs fuGing AR diMuftiBl mdiRl.

i1 lumnation conditions wusing isofoca npensat ron proceeds to step (C6)

wher e t heNaturalty, siatilations dordiath ofithesd respromses haybe ruatwiith am geradljroagegnodzhsed on
t he anal ysi sﬁgf t he rreuﬁrj c. 1002091 In an enbodi nent of the invention, the

opt i i zat Poh{Wkreifeaquiaiinnat i on conditions is carried out by selecting a
type of i lo'oi‘m PRYS. OB AL ERIPIIGT rﬁfﬁﬂ'o%[}ﬁneﬁr@iﬁyg fillPre8it 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.
Similarly, useful areas that lead to a favorably low E1:1 are also situated in the upper right
portion in the contour map.

[00215] It is therefore expected that the best illumination conditions to print the 90 nm holes
in a2 360 nm pitch will be provided by an illumination arrangement as shown in FIG. 31.
This figure indicates the profile of the projection beam in the pupil plane of the illuminator,
This arrangement combines a on-axis illumination and off-axis quasar illumination.
Simulated results in terms of depth of focus and exposure latitude obtained with the
illumination arrangement shown in FIG. 31 are provided respectively in FIGS. 32 and 33.
As can be seen in these graphs, there is almost no variation of the CD and the exposure

latitude through defocus.
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augnentati on of the value of the responses (CD or intensity threshold) wth
regions producing a dimnution 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. 100210] The bal ancing of the regions

may be dohd>PhV%h enbodi ment of the invention by selecting sone source
points in the Fositive regions_and in the negative regions, as shown in
FIG 28. BPHE Fia3teompares venaiongf thavexnesws lattedewith defoshoier @ pregess i nt o

account the. aptit f thes ur ¢, Qi nt.s ript .the.target, CD. In
other "wor timZR Ml Py dandinF el IR B9 e LRSI L et i Wit

at tri but eghakighi@@CdepAdH BEusRR aHxed UBsd l,ﬁﬁ‘tuﬁ@,ﬁ@} RbfoRM Rflpesatioh WAL on a
simulation, the weight of a source point will depend on the intensity of

t he aeri asimplalgmimdoradesigd of (Hnsefhea cempensatipoising a comples ib@smatel and f ul |
resi st cal culation, the wejght of .a source point will be inyersely
propor t i olRE§etNg MaxumypLess (@gmdﬁeéhtsgﬁsﬂn? shovsiihatiispfgeal cempensalion cp'to si ze)

at best f&ﬁ;‘ét%mé;}ﬁr i%g{e%%gltﬁe DOF ’fﬁ'i@.ﬁrgﬁfb;ﬁﬁoeﬂm%ﬁ thife éxg)Werere't 'escaﬁ%r ce

poi nt, then may pot enti counterbalance a relatively |arger
area in theatlegiceasdd wikikoasintaning high. DOBby tambining dpprdigistoparaer it nts have
substantially the sane weight, the balancing of the regions is done by

sel ect i ngillmieyorl Noig thas thegrmesnhancementroyld be ettaingd by anaheingegrighinagend in

t he negatjye.reaion, |I.n FI.G 28 this lits dn selecti 0. 25-a

1T un nat IR Bt frime B chdh NI Ml foPes RIS 8, 2ner ture
cor r es pongioPrtiofaliih @xposursRAWde, subh h fhalys® wolld ok 1641 8% comMndtiohk@ahaphi c
process is rendered substantially isofocal over the range of defocus

st udi ed. ®gs mdsHaxBA0uhdabed fo ges isofeal perfoemasceofitliChighalosalatitndewi t h a
0.25-a illum nation arrangenent are shown .in FI.G..29. This graph

cor r esponBITLA SR APRIG R s Heed 1A oPUM4E Be Hiyprigatidnecopdifions FesAnger e
critical g j h r ks A6t r
cever ol elboEaphi brflehy BxARifatigh 0P ExelhoRe 1 WK o Ofconlt hlE RIS
vari at i onmast Helpein€dd simaltaridoasly asigg anfattérated phaselstife chask &gds i esmichisionhe
exposure energies. [002121 It _shoul d be understood that supplenentary

r espons esthabd Cembipation efguasariliyrginatien dondensy peheskandsnallsigrpe Eor 1solated

i 11 um nat . ondi t.i h r . | gl | i gent  of
the T nvert TSl e” M ERRAAAASHE ah SROHAR iy Ry (RTRRE BT, O}
of focusligbg@phitlpalt&eFE@id doredifige td PPnRiRtes iRk 4V&RM pildGRLAinaldieseh

responses nay carry additional information that nay be pertinent in the
det er ni nat il Bhnwfsourse uogeriavhl numenea) @perture,girovides new mbormation. Fi6a$.c\dkak i on of
the res poalso%\;ssimulation 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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may be based on the sane principles set forth in the present 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
for each Bfl1530h&de responses may be run with an aerial image nodel or a
full resist calculation. [002141 FIGS. 30a-b illustrate contour maps

obt ai ned waurée shapeiwithites itgies oébcarigatient(in terms hENAf andsfuagprdlhiiminiatien)rae feonse
studied is the maxj mum exposure latitude. In the second graph, the
dose- t o- sPyRil lﬂﬂ“@ﬁ”ﬁ@%ﬂbﬁ%‘éa“% anal yzed As can be seen in these graphs,

responses AT o £t b Epih IHELAR RS DRIFREEL BRI isPlec ot REFRC

condi tion 1thFQVI01%><i Hently, s ﬁg&%ﬁn&f:atémwdimﬁn ﬁ@taﬁbnbbﬁ{c quéakdr! enhance
t he exposure | atitude are |ocated in the upper right portlon of the

quadr ant . illuiinaticarthyy, lead tf aisignifiearns indrease irethe depthaofifosnsr dibthat casw ifdfodalar e

also situated in.th ion i.n the contour 002151 It is
her ef or e CARRISHIAN THAES FHf 2ot b B G WESHIE 2 G0 Bt he 90 nim
holes i “Efi‘:gﬁﬁg dﬁ”b%&&lﬁ%ly"f rthé’ﬁo lidRk. b&{mﬁﬁtl%)h bF{He%hhf?&h gf hgngement  as

shown in ureln tes the profile of the projection beam
in the pupOF@%Ee fuﬂmlonldfqmt:maleaﬂy coriﬂhbsatartharrmremhls:mmblammson axi s
illumnation and off axis quasar illum nation. mul ated results in terns

of depth Bf¥DPBcwhichgauldebbepeedicid wlaéta@ckﬁrepﬂedawrtsmleﬁéy indjcatesitheat i on
1| d 33.
re oanere Bl thresdiomeaithiafios S SYIAely WEARAS dotifide R ilcERonRE 208 O3

the expospyoRess| atitude through defocus. 40 P-1503.020 1002161 FIG 34

conpares variation of the exposure |atitude with defocus for a process
opti m zedlogi2 hR(:fE)nrg rovd tr AlGe 817 caingithiod rfOI( dphiminiag teeemdifidng of ilfusmination of

calculatio h naxi.nm zes ocus fi x dose latitude,

2ot ocal | DHBER RSB Pra LR cCrriieds o Frmpianeat SEbe RS b4 BP¥or Son
conpensat beﬁs{ﬂ@&ﬂ Iﬂtﬁ@@mb%ﬁm#ﬂt Wil \Fé'hl@ﬁ‘%e LRERESH 108k ABRNAHE Hose

| ati t ude. I's f1gure shows t | SO oca conpensation substantially

| ncr easesadcoantedor iflloptimiziggithe cah&nosmﬁ/vﬂumhatlon hMoee(pamuularlyahet ude can be
greatly increased while maintaining hig y conbi ni ng apprqpriate parts
of the i fbareiipRssItivilyite tftehtbltlmerweogaw@*ewwahe@ﬁ@medeéalfemaen iSREEE by

anal yzi NG, At o8l TROP naf AiHatbh R Hher 546 5616 Y SITBS 1AL S i 2t

best focu ecaus
[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
simulations using the simulation model; and adjusting an illumination arrangement of the
illuminator based on analysis of accumulated results of the separate calculations.

[00223] A major source of CD variations in lithography is caused by lens aberrations.
Therefore, regardless of the light source utilized in the fabrication process, the fabrication
of devices having critical dimensions of 150 nm or less requires that the near-diffraction-
limited lens utilized in the fabrication process be substantially aberration free. As is known
in the industry, aberrations can be caused by various sources, such as a defective lens or an
aging laser which emits a beam having a frequency shifted from the desired value.

Accordingly, it is desirable to verify lens performance (i.e., qualify the lens) prior to
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proportional to exposure |atitude, such an analysis would also lead to a

conbi nation of on- axis and off-axis illumnation to give isofocal
performance with high dose latitude. 1002171 A sim | ar approach was used to
optimze the illumnation conditions for another |ithographic problem

Exami nat i 8nl583.00 case where a wi de range of contact hole pitches nust be
printed sinultaneously using an attenuated phase shift nask leads to a
concl usi omstalaton, and theni to avhsequently quastar thellénsrpenfatance(dudng deneeg. pntanhes)
and small _sigma (for isolated pitches) gives best results. Mre careful
anal ysi s & f3bricationprgeesd)-pitch”, in this case, the Iithographic pattern
studied c | 4 | 1L Lo 1{h a
193 nm soRva! agd tpiemafahfite bitchs e IATKRHOOC CAThORIERAMA |

FI GS. 35ailerf@bmetrivhiid  TBbically,tBS lenk & bt @iali€igd at the PRedrly el Yhenfa@hintduing
exposure | atitude (max-EL), the depth of focus (max DOF), the depth of
focus at 8winkial metallstrssiartbe figldi QnesomnmomesiEe utiliper fon dens gualification is to
curvature, .100218] e first three responses obtained wth.full resj.s
cal cul at 1 B Wareapd ot et AindRERRST R Rtk Sl ialber R ERlE,
this isol gheGhsini(€h). Bﬁrin?f?ﬁ?sc(ﬁlﬁﬂﬁcﬁibn%ﬂéésé}%th '2Rf@Pand "aUfXGHY Ratures
sinmul ati on shows that addition of a small quasar arrangenent at the very

edge of ateanguspiel (i.ewiehmrasdadtandoigan alvo odhqeanskdireshionoor the shbdttateglanehi c
performance. It was therefqre concluded that the best_ill um nation

arr angemsin SqmRsingtaaseseta G g)r&éackegfee&%res s$rAkjq measyred- In ordes lRaeribhlepey ond

t hat nor ol Al | ' results
n-terme. B EBARE SubiB nilpelR CRARRERENE e O Horos B AR

( DOF@YEL pxpostrel fidldistheat &dts ofl tHel D ndasurt@entt AR thypaslwed itd Heteintiaé i on
arrangenment predicted with the nethod of the present invention. This graph
shows t he whatherer a thsr lenypyriggyenceds agceptable i on of the pitch. For reference,

FI GS. 36b 6c ill ust e the 41 P-1503. 020 source.shape w types
of ar r ang it ARerabll G Sritond beterda By [oRS aPHRE I MEPRMIC, P TP ane
of the il Ty MarONusHROLARMhAK CBV RSB GR]M drbitdalh) \%ﬁ&? 8pPi dodte iR bR WL
remai ns stable, regardless of the pitch. Mre i'nportantly, this figure

i ndi cat es anheioreapaneularly shd diffeencoin width bpimear the ildft and meditilon (eithisidenblet 0 a

significant increase ip the depth of focus.. In that case, i sofocal
Compensat HBASEIROHENAS Anetomodns ApeEation. | THis s Hietvis wasdeietied oty Fiahtos o, 90

quaser | LB o R rachi, R Rl alete il e, o

thi s resulid FIGTB8b. Aotadbecseemar thissfigure, this structure includes two lines/ 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
illumination condition of (.256 and a radiation of 157nm. For each lens, the RMS (Root
Mean Square) values of an aberration set, which correspond to aberrations on several
points of the lens field, are known and have been extracted using conventional
measurement techniques (by interferometry, for example). Each RMS value, each
corresponding to an aberration measured at a specific point in the field, represents the
quadratic sum of the (Zernike) coefficients of the Zernike polynomial, which is used to
model the wavefront aberration at this specific point in the lens. More specifically, this
RMS value represents the departure of the wavefront of the propagating wave from
sphericity. It should be noted that, in this trial and in the embodiment of the method

illustrated in FIG. 37, the aberrations are considered together as an overall wavefront error
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i n DOF, which could not be predicted with standard cal cul ations, clearly

I ndi cates that isofocal conpensation calculations are extrenely useful to
optim ze the lithographic process. [002211 Referring nowto FIG 37, a
met hod for optimzing the conditions of illumnation of a lithographic
proj ecti oR-28p82Gt us according to an enbodi ment of the invention will now
be explained. In this enbodinent of the invention, the effects of |ens
aber r at i onshartkan axcspeeifitc eberfadions. ninophérmrariisn gacthkMSoaberafiomsaloé may

i 1lum nation. MNbr. articularly, the aberratjqn sensitivity tqQ the

1L nat PSR TeRonl a0 e o SHkEiBe SeREATTBHORs WHth BeUNe ©mbol nt

| ocati on, hat «Lnf b Ot S: t the best condition of
i |l um nat ?%%&1?1810%191&' n th’l @Stgﬁ%}%glﬁﬁgﬁﬁglf&bgﬁgﬁ%ﬁ ‘ention, the

opti m zat jcom7pfAsiche bs seends teae griphs, thezdduble latsstiuafurOR veBNsHetiation YensBive.

achieved with a nethod including: defining a |lithographic pattern to be
printed onA&mall sbgsetionod ;IOslallereﬁgforaex@mﬂ%q, maygenemec lefigighbvertipy) limegri d of

source ped . 1N ' e of,,the illumnator; defining at |east one

aberrati oﬁfﬂ;%‘ts“al‘%ﬁi ﬁé%e@%a}@m *system cal cul ati ng separate responses

or 1 ndi Vigagh) FRGSIIIVE aR@ 396 Shdi thel @htduP fhapé of the BOIF@BSHF P/ igdfoe) Set, eac

for indivig ' thefc@htduPfhapd of the BROF @B S EADSH: %@.ﬂ h
a

of the responses representing a result of single Oor series o

si mul at i onwrvawraugspdnse simmiited faythawbalble lirertruagire s$imiatems wWereidéneatsingra
arrangenent of, th i | lum nat or based on analysis of accunul results of
the separ Slbresis) ‘Eﬁi‘}“é?‘}%‘r?é‘.dr}?b‘gééﬁe gondutions Jlhieigatan &b Pi(ﬁ‘iﬁ?@w n

| it hography+i.S C Ll | I he

|1 ght “sour SR RS e ten FFCP B9E (8 cfifr ma TISORERYHIE AN Bl gt

devi ces hauitiog of thictdeattr oflihiggihahmatr ddvotdly contibutbeios highdepth of tdeas. Bhe
near-diffraction- limted lens utilized in the fabrication process be

subst ant | 8PMiastk phsyiseforal survaize map indicateroiipt illpminagen fomythecgdge abder at i ons
b i . fone !
aser cuhy AREERSHAD ERATIONRGSe o BEokc B BaGR] TR TeoflSrBlB b 8T 19

Accor di ngbymbinhtibbofeshAlBEibMatafd Wedd duasdraNEmBRRIbR WIRBEAL) imProveteal i fy the
| ens) prior to 42 P-1503.020 installation, and then to subsequently nonitor

t he | ens pthogmphimrecadsiri ng use (e.g., in an |1C fabrication process).

00224 Dur i he | facturi . .. the | f b
A R A TR N WA R
at the fagiphydeaidsdri@imAgan s ,Flcl}!gtfl),ta*’tlﬁal dinilhAdo t?@@ﬂ@i'llh%dt@d‘itd G Ba

field. One common practice utilized for lens qualificationi1s to print
waf ers ane donducted aResutts phthidliriabars isbowsn of FICh d0niAsican be Seantinithes Wigdtehit ior t he
critical indicated that the altemnate settings have higher sensitivity aberrations and that an
illumination with 6=0.25 remains favorable to limit CD variation of the double line
structure. These results clearly show that it is desirable to take into account the lens
aberrations to optimize the conditions of illumination.
[00230} Referring back to FIG. 37, the method for optimizing the conditions of 1llumination
by reducing aberration sensitivity begins in step (D1) and proceeds to step (D3) in the same
way as in the embodiments of the present invention shown, for example, in FIGS. 13 and
24. The method then proceeds to step D4 where at least one aberration set for the
projection system is defined. As explained before, this aberration set contains aberrations
corresponding to different locations in the field. In an embodiment of the present
invention, the aberration set consists of 13 individual points. However, it should be
- understood that this aberration set may include more or fewer points depending 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
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dimension (CD). During this qualification process, both "vertical" and
"horizontal" features are neasured (i.e., features extending in two

ort hogonal directions on the substrate plane). |In some instances, the CD
for 45-deqree features is also neasured. In order to verify lens

per f or man&e203%4f fi ci ent number of CD neasurenments are required across the
entire exposure field. The results of the CD neasurenents are then

anal yzed Beeredips sefs.roregpvadingrto sevendsimiles prejaetigraryplomeen dansess may dept abl e.

[ 00225] An_gx | & var,iatiQns genera by |ens .aherrati on is shown
nrre saemeRgRiGotbaliln R b s ihaomode 08 cARKEIR: Brmhes L r ary
uni ts) of ;GerdRiDARI tolabEoudt Fd#hiddBf iﬁBEtiﬂ%lﬁ%ﬁ%R:Bhdiﬁbﬁsréfmluﬁ]'ﬂﬁtigh.f Myrénce in
wi dth between the left and right line (of this double |ine structure) as a
functi on ohpérentlyabamay atsodwe.podhibls vatly thstembedimaent 9€lheqirestni mvedtiam tori al f or
Its good sensitjvity tq Iens(éa}berrat l.ons. For reference, the 'do"jgrllﬁpl I ne

st ruct ur e 3FCQUBILIOF thegtistripytiqn of hitheggaphic apparatyses (g hsTRiorhakerratighs)dn then
" " ) i ; . ; = _
et el R AR o0 A0S I Ol GBaph
phase shi ptocedsndow PSWis al so pl aced between the lines (See FIG 38b).

[002261 In this trial, sinulations of CD variations are performed for three
simlar | @835 Asgisorexplained peejrieushy. caghy pejittcfitiabgpptiemsai Vil doyey a nuneri cal

t f 0.7 i, L uninatj dj_ti f 0.256 and di at | f
T T Forouspfiial R pllugn Ehid Rpis8 Pert Bftsabd el G ofmeer Wit o SeeRERAS BE, T o
set, Whi CtheGRUMiiRS BORHorhial BRE [ Akd RNGMANSOY WatbiromAbBirstidH atthie shRvke fiel d,

are known and have been extracted using conventional neasurenent
t echni quegoifibin thefieldi er onetry, for exanple). Each RVB val ue, each

corresponding to.an.aberrati measuy ed at pecific Int in.the field,
repr esent g’”%ﬁb.ﬁ‘?‘&ﬁ%} i t?éﬁﬁfn%?“aﬁlﬂg(sf%ﬁt?ﬂ ﬁ% CBHE%HDPQ@EE é’eﬂ'ﬁn?qfe. Zer ni ke
pol ynom alyyriMdCiith SndlGrelveral 1ehRISH shdufi ¥ et Q8d BRGHE 8«9 ﬁmgtbetdeﬁﬁed
specific point in the Iens. Mre specifically, this RWM valué represents

t he depar tiffeecroly. idnen embedinent oftthe pteserimyzatead,ithgsata¥ ebdrrations syahbei city. |t

shoul d be noted that, in this trjal and.in_the enbodi nent of the method
i || ust r at 8efined, for example, toirstimgietha sangiyity pba patisnlapabegrapgnia ther as an

overal | . 3 : : LF4 -at i ons.
I n ot her %é@w&a@ﬁaﬁ%éa etp‘gﬂgc%?%g@e\?ﬁ %ﬁﬁn%b&dg?gjﬁ%gs%ﬁlt% ngﬂfhg te@%ﬁ%ﬁﬁi pes of
aber r at i olpar{othdt @nibbéinkei,db¢ set beayrindlidyiateredihgimparedny dberfa@idns thadst i gmat i sm
field curvature, distortion or spherical aberrations). [00_2271 As can be
seen in t hresticgHypHleneapatcupplithpgraphie prrsessr(éoricxampley theddhogzaphim

sensiti Vepattem to be printed or the illumination conditions).

[00233] The method then proceeds to step (D5), where separate responses are calculated for
the individual source points in the grid and for each RMS value of the aberration set.
Calculations may be done either with a full resist model, an aerial model or with the other
models discussed above. Practically, these simulations may be run with any commercially
available simulators such as Prolith™, Solid-C™ or the like. In step (D5), the CD of the
studied lithographic pattern is calculated for each source point and for the individual
points/aberrations in the field lens (or projection lens). In doing so, a set of CDs for each
source point is calculated, each of these CDs corresponding to one aberration. Next, the
CDs (obtained with the several points in the field lens) of the calculated pattern are
compared to one another in order to estimate the total CD range 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 paragraph) are defined in step (D4), the highest range
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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% 100228] FIGS. 39a

and 39b show the contour naps of the DOF@%EL and isofocal curvature

response si ed for the double line structure. Sinulations were done
Puinps Bt

using a I st calculation and for the sanme conditions of
I1lum nation as bef ore (O075NA and  157nm. As can be seen in FIG 39a, the
cont our népthgmighest @oariaaig anK af the lensas may pe faken inte pcgopat @éiﬁeémnwr t he

1 um nat gt aRtaRio AR LSS B Podload PR inhadgous. By contrast,

the isof ocal curvature-na um na ol romthe edge of t he

i 11 um nat gozapy shamerbamlnﬁemm@ﬂmﬁ it (if tPthe e o e sHent InivehtSori lagEREQ] €
expected that a conbjnation of a sma If_ Si gma and w de qfuasar i1lum nation

will gr eame;hqdméw@mtm@bemttqmgr endhi © ebest cpbitiog ofliHumingtiens. o

| i dat ho f th |
o e Theebteofifer Say’ oF whebfl Aty SRS R hetkitin bRl Comeifesin
i Il ustrat 6Flllluﬂnﬂtf§n tﬁ%}abe usad %M%&ﬁ%mﬁ&%ybfﬁm%v&hbﬁ s éklanﬁﬂ@ E}QWn in

FIG 40. As can be seén in this figure, 1t is indicated that the alternate
settings hmbedlmegha?thsmnmmn/tht)avahgs vaté ofthe §tivirkabnamay bt vatculated and Wi t h
a=0. 25 remai ns favor to limt CD variation of the double |ine

st ruct ur e UsefHB SHIPRE ¢ °c CHRUSH $ARSINBYy that it is desirable to take into

account zeirsfﬂ-ﬁord I tﬁ?éaﬁr@;;%ﬁ%&ﬁ@ 11?]-1}@1 ?f?&f’éc%x‘tdﬂfb%s%e ln% HOLARLET on.

1002301 R I ng akto I'mzin e conditions

of illum estilatonshyay teeibe ngusired bapiovinghe soitowr yp bEtenssponsestaep (D1) and
proceeds to step (D3) in the sane way as in the enbodi nents of the present
i nvent i onfuigBomof yagrcedgeatione, in FIGS. 13 and 24. The nethod then proceeds

L0, 510 DlhgPREfind B35 99 AREHEAL H3Rhh Ol B o RSN BYS oM TS

def i ned. rra Ion set co ain errati ons

corres pondwagdah@e dithftlee" ﬁﬂsodlﬁeﬁﬁdmmpﬂegbnt hfvehtict showhn'in #GENPRGréBAE. Of t he
present invention, the aberration set consists of 13 individual points.

However, FIGsRoormgsprads tmide rusmrdd%m héthetllﬂumlnal@e et the ipupil plane riﬁy Thrscl ude nore

f ts d di ht I db
noteq. 1 nbRHpY TPLBBRReE 3 C) Vot T Aoactiions & 1 Jouiduef sobise IaGpoe
nmanuf act urpy efdh s%ﬁrc@%’oﬂ{t Sthe hiph@d @D v@ationtis sldaEd. diife URBSAIRIRAPHE tthg at

several 44 P-1503.02 aberratlon sets, corresponding to several simlar
pr oj ect i opresers tevention shovs@EIGa3), daleulatiohs medona feg tiipe §ibd)ar ldnses dvdtthevay, it

may be pO}SnSg'hQSlt %ﬁ 8ar1n£1%?1lm EIII;]ye otd tEll: Eénsgsfls pF tted ?(?reera(r:l'?géu?‘gespoint
100237] As can be seen in FIG. 42, the area of the illuminator that minimizes aberration
sensitivity is located in the lower left part of the illuminator. However, it is also shown that
a small ¢ illumination will increase the CD variation due to aberrations. It is expected,
therefore, that the best illuminator arrangement will combine a ¢ illumination of at least
0.25, in order to reduce aberration sensitivity, and a CQuad illumination (in order to
increase the depth of focus). In this particular trial, an augmentation of the small ¢
illumination can drastically reduce the aberration sensitivity to the illumination conditions
while still maintaining a robust process window.
[00238] This approach was successfully applied to select the best conditions of illumination
for the same lithographic pattern (i.e. a double line structure) printed with a Chromeless
Phase Lithography (CPL) mask.
(00239] Referring to FIG. 43, this figure shows the variations of DOF@8%EL as a function
of source point location. This contour map is obtained using embodiments of the invention

llustrated, for example, in FIGS. 13 or 24. As can be seen in this graph, an illumination
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over time and to account for this drift in optim zing the conditions of

illumnation. More inportantly, it nay also be possible with this

enbodi ment of the present invention to account for the distribution of

Iithograpgi ratuses (and therefore aberrations) in the fab (or those
APRERT

comng fr actory), and therefore to devel op a nore robust
| i t hographic rocess.. . 1002311 As so_expl ai ned. previ ously, each point of
the aber r TS gwfwvndilngrﬁa%htéma%ﬂl@ga%ﬁaw cyeaperdhe 44t of facusof

repr esent ﬁ*eﬂnﬁ%@%ﬁ% lEsgSsum of the cocfficients of the Zernike pol ynom al
t I mu

that is use ate the wavefront aberration at this specific point

in the fi glogho] ROOARBIA tetinis fod CThvdrhaeion dié &) abefradigrobadiha@wih theensbodimédd4)
correspond(s) to aberrations extracted with one or several |enses, it

shoul d beolihg@reserioavantign shown yeklls P 7 wegrepesenied mddG. d# 1 The eentpyr mam an

enbodi nmen f .t r nt _inventian e set qof errations my be.

dor neq. " Ingeaise g Bt araBieRibbL B pesblErclfces B CBSRH B0 Ebgpitions

aberr at i oiThg Gorith mag BTG4 RO sGLRGs tha Auadad ilhhdhaf@Rhavind Dok llargéd |

I ncl ude typical values of that aberration.” In another enbodinent, the set

may i ncl ute83i/A5eR48Y) itheg thesgsanitiaHy selected mtFlon43 (had/0.50QB67mayagivybéttet | uence
a particular, |jthographic process (fqr e l.e, the lithographic pattern
o be pr 1 ok (55 MRORPISe TS Arep ars § DB SiqDB ). The mot hod | nen
proceeds Fdﬁzﬁ} ¢hisERImptIMAGE BorsSRA4tEd f ETES RONSRiSh ApPedeis (b @DSHrib6n of N

I ndi vi dual source points in the grid and for each RM5 val ue of the
aber r at i otheslauble 1Belstruttatd srsfunetyonbef vioyafrowt dbheation ¢iln RM S )ulThis Bguret nodel

an aeri al el or with the other _nodels djscuss above. Practically,

t hese si nﬁ{é‘ér?y B'H&aWéﬁh%é{’?fEﬂﬁl%sFW%SY 188 iryCrF qeggywamaé)o@&éb RH#S3E or s
such as Pyed: : anq% o} S ke ﬁ%@'ﬂr ) ot

studi ed | ??Jhlggﬁﬂa-p 1io§‘ pat e(%Ergr}1{lt'i Eoitgﬁégl}"gflgg&?%r acﬁ@bgpc@gﬁ@fwg%gﬁ{‘ or

the indi vEaunatan soidlibetabtaibey ¢vah iwdthslehsabichetidrisalfaiplte 66 nfilliwges) ecti on | ens).
In doing so, a_set of CDs for each source point is calculated, each of

these CDs (082} EKpAfdilngrates the arigsion of thegfxposg Latitugg as efianctigpoiderth of t h

t he sever ' an-1he fi f. al cul at t e

conpar e TR BEhibder difiplem G beelin ERE 45 R el bt an

al t er nat i YiRInvinatidhearrdnpéiefthatigIaEbidlan(0.89/a50 yasaP 45 hembypstilpgivel f or each
source point. In cases where additional aberration sets (corresponding to
ot her | en&werabie procesh stndaw.ohkis gfrargeatent represenis e igeed eorpprogiisechesawsg it n t he

previous PRbABARMCRD V5iHE due T MeRbAdhite SlPmBntiiRg 308 Brotass

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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or the highest CD variation in any of the | enses may be taken into account
to determne aberration sensitivity and to select the best conditions of

illum nation. 1002341 It should be understood that it is up to the user of
the preseﬁtlspﬁng tion to select a nethod of weighting aberrations in order

to find t conditions of illumnations. Therefore, other mays of
wei ghting. aberration sensitivit d sel ectin the best. ¢ tio
T S nad TOREHE) SR ditey B PR R HEhP R sr it pr ook Kop Ghen

exanpl e, ifjfnahsk@(EXA) ment of the invention the average val ue of the CD
variations may be calcul ated and used to estinmate the aberration

sensi ti vi (092451 QP30 Tolves modicatian taithe designpattent tordompensare fot chdiges in

i1 um natl on conditions, the results of the _calculations may then_be

vi sual i zefFaBye phape end size Hat CERY GUFNgBHICHT trmféerrf&eéwsre%claéo ﬁle wajere Whsa of
source '0&%tﬂag€m|1}8g&%e§-}eﬁﬁéﬁﬁﬁ 490 fn{l%{%élz Se\%Pa I%igg&? rﬁ{aauggﬁ%h%%”t of a

contour map ‘o accor ance e present

i nvent i onirfid ghepattBnIkese Aistdrsiond ﬁﬂtltﬁefﬁnc “Etitﬁvaﬁaumrdepaﬂeﬂd@ patehhe upper
right of the illum nator at the me pl ane 18. This contour map

r epr esent gensiy, Mey gpunging andiline-¢ eh@et:enlagt Direschanges to tirecpatism ean ogmw
| ocati on. For..each source hest CD, var I&aél on |

the. enbodPFHERFITE o RRRE JFEicB e SpRLe 15 Tty ) et a3 ok e Ahbiifn, ' ov

done for {RLAR rétidR paferh ﬁﬂﬁl@ﬁtyaaﬂﬁahﬁroxﬁhﬂh&%cts(:@fﬁﬁéﬂcﬁtdnﬂﬂntbﬂel%ﬂye Qﬁd the
lenses is plotted for each solurce point. [002371 As can be seen in FIG 42,

t he area diffusioa alntlIlmmfﬁactstmmIngrmmtmtdetsh@mesmg on sensi t | VI ty i's

| ocated in the #&V\B | ef t rt of t}weilllum at or ver, | so

shown t hat0024§} akes; SPF‘U RESE tht FIPaF“FfN ‘ifﬁ' t‘t/%.‘t‘}"élﬁt%?t’ ue to

aberratio f or
E&Tedr rtﬁes@’&&?&ttggs Fof umn lgtl?lgr?hgsﬁ og%eﬁﬁuggcgtﬁ tbeghé-gﬂhli‘% order to

arrangenent w conbine a a |

reduce abexteadingthedmesising\ iaynmerhehdesh@p@ et rebultsrin adine ¢m tHel rosisirtigtrmdre
i ncrease the depth of focus). In this particular trial, an au nentatlon of
the smal | clepely raspmhies fhq mlwty igtended %mthqmedeentlﬁé 1spsterigd Dy pdding (or

sensitivi Eﬁ/bt}agtlw%ahﬂhﬂ%sgg%%gﬁnﬁ%nd' tions while still maintaining a

robust process 1I'§ approach was successfully applied to

sel ect t hﬁlohﬁﬁ PhaserBifl ingéks talfe ddvhntaideitth@mterfedénck Refestdim cohéromiratiiafly
pattern (i.e. a double line structure) ﬁrlnted with a Chronel ess Phase

Li t hogr apkghefapimagiag Rystqno Gpducertbe spatia @equsner of a gigen obieet, fo gphprcedisons t he
vari ati ons of

i nt. | i on. Thi.
cont our mEEA SRBT e R dS R b SeoRuR LB R A apierRnee dertichss e
T IOIr U%X ﬁgﬂ)gﬁoﬂsﬂu&i@t cHfic odthond\h £3RiDySRBhg 44 ddAitnal paRrnedNayer 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-shifted
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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46 P-1503. 020 arrangenent providing a tight quasar illum nation notably
I ncreases the depth of focus of the lithographic process. 1002401 Results
in terms of CD variation due to aberrations obtained with the enbodi nent

of the p;@s&rd]f; %qwention shown in FIG 37 are represented in FIG 44. The
cont our p At cates that a guasar arrangenent favorably reduces the CD

variation due to. aberr tionfs The cgn our pin FIG 44 also suggests
that a qua¥drsufh |args mmbehel ialyresgan B auge, a@@sow%/m@l%@@wa@%n t hose

initially Lkl G 43 (0.80/0.5080') may give better results (as
It enconpgégrg{s?&{aﬁ?pérég}graar ea where CD variation is zero). [002411 This

assunpt i one®| twin ahbsdinedt éfithéinGentden, oplitniAatioeof s etirse ishehlebed aithat i on of
the double line structure as a function of wavefront aberration (in RVS).
Thi s fi gumethad iselpdipg; dpfingng althogmphigpeiterate b peeisd onithe supsirae;dsfiamgy

duced b ' 85/ 0. 45' i1l uninati . F hi
1 nat P el Rttt G R arihd el oG R et o PR B o ' °
obt ai ned guedtinglaldimhiRASH ALY 8élkQlE Odrid ¥¥ sofircE PoiHitd inl ARMApIark M2l FIG 46

illustrates the variation of the Exposure Latitude as a function of depth
of focusilluminatey calcnlating a¢iaoate raspensge fos mdividsaddoiiree PpiBts with apd withoutbe seen
in this graph, ,an. illum natjon_arrangenent having | r poles (0.85/0.50
quasar - 4SHE iy g rarifEoaah Of UG aPSRB e S EROUGs FRIBIVOL ARG e st etent
" epr esent SinhifRRd BRI BB FANRE ahd adLAKEY AAIMIEHE Saf R besbon due
to aberrations while“still maintaining a’good process w ndow. 1002431
Ref er r i ngilhommator bas&d od Analgsismef dvedmiitatedaptiiltzicf ithegsepiratecnaivdidtionns of
illTumnation of _a lit hog{ hi ¢ projecti (t)n anar_at ys according to . an,

)9[81

embodi men{003%01 Referring, bagk; éa Wi 47, theoethed for,optimizing the gonditions @ ingtien of
order "t o bkl ined (B1F Anblh BhobidBniC ORI W ebd, rhe HERAh A brofecdiORS 1 1

t echni questep (B2)anmhererhadi aRi faturkdde defissdt andnoadell &4 thel ssmplatit] Thekeanaskt hod
for optimzing an illumnation arrangenment providing simlar results to

t hose obt assifé&afireh whidhgse eaniopred el hefr priitivigtthe pitereen thermaskpmpy inglyde t he

enbodi nent_ of e,.pres invention r .esent.ed..i ElG. 47+ | Q
features Cafl %Iégosdluglﬁﬁtfoffg%en '{eflenl? h%’ £ 8@%%8%0&? ?50 ni%ht?’ r(ln:é) nlg &é%nar’lé}%e a?}je%%:) of the

i | | um nat giclwdetif @adthetSdnitthdafieitlof ¥heAf derfioR PRade\sRi T Etdowds Ah tkahRidfReS .
[ 002441 Mask assist features or reticle enhancenent techni ques (RET) have
been usedmask assist feature is shown in FIG. 48. In this figure, the mask assist feature corresponds
to 50 nm anti-scatterring bars {ASB) disposed on each side of a 75 nm trench.
[00251] Next, the method proceeds from step (E3) to step (E4). In these 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 (ES) 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 Ey.}, 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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extensively to inprove the fidelity and manufacturing of small dinension
features in 47 P-1503.020 integrated circuits. They generally include
optical proximty correction (OPC) and phase shift masks (PSM. [002451
OPC i nvol jfication to the design pattern to conpensate for changes
in feature~shape and size that occur during pattern transfer fromthe

ticle to th fer,. th t.t ' f df th t.icle t
CILEATET R RN W RSN O e TR BCRL
di storti oggediifhydife liﬂi%g‘{\l‘léjérga(!l)adf'tﬁé ilﬁlﬂﬁnﬁﬁmﬁpﬁ%(s%sﬂﬁfsésee{sp%ooé%E‘%f ty,

corner roundi ng,” and |iné-end shortening. The changes to the pattern can
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cases, these two options could be combined (i.e. for a very difficult process). The present

invention provides a useful tool to help in deciding the avenue to follow in order to obtain
the most cost effective process.

t00256] 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. 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
done with a 0.93 numerical aperture.

[00257] As can be seen in FIGS. 49a and 49b, a very wide CQuad or quasar arrangement

may be desirable to obtain the best condition of illumination. Results for these types of
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paranmeters. For exanple, when |aying out phase shift w ndows on dense

desi gns, phase <conflicts may occur. In addition, mllions of features may

be laid out in the design of a single integrated circuit. The burden of

data processi resources for iterative operations 48 P-1503.020 over such
wBeus

| arge nu features can be huge, and in sone cases nmakes the
iterative,  operation inpractical. [002491 In an enbodi nent of the
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Pr oxi m t y pfose¢ds blyicaleulafihg yhersasheaesponses mithedemask @sist featuraniidesameniltsaie t he

i nvention, Fhase shift wi ndows. An _exanple of a  nask _assist feature is
shown in Blugratggin FIGS. {ila and ik, avhighyepresant theseriation ahthgseresransessiidnds  to

H _ U exhich Gl o
(002511 NI REHholR 8ot O (o BRR BEURRRTAP sopblisedfordpdiidi | 207

steps, a BREed pdisits afidh@serminatifesf Be bddtber BApimbAbe Ao @ilH e ghbddiéntseir ce
points is selected in the pupil plane of the i1llumnator. [00252] The

met hod t h&g psessaiaiavention repregenfedsjorgiamplesiaddta &3 aud bb seaantbgseemialithigsdual

i.nt | ated with apd w thout th k i. f :
cach of "t vy dhE eSS heNY uelkan TS bt tigipaGorl Ay pE 35 abis F 2biEr
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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 ¢ 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
drastically reduced, a substantial isofocal process over the predetermined range of focus
may be obtained, and the focus range (DOF) over which the CDs remain acceptable is
augmented.
[00260] Using isofocal compensation analysis, it is concluded that one can match at least the
results obtained with mask assist features by selecting a 35°CQuad illumination with a 0.1c

illumination. As can be seen in FIG. 52, the CD variation of the trench with this

illumination arrangement is relatively stable over a predetermined range of focus. For
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enhancenment factor (MEEF), linear resolution, or absolute resolution.

[ 002531 The nethod ends in step (E6) where an illum nation arrangenent of
the illumnator is selected based on analysis of accunul ated results of
the separate calculations. More specifically, optimzation of the

condi ti on8-16P3.P2Q uni nation is performed in an enbodi ment of the invention
by conparing the responses calculated with nask assist features to the 49
P- 1503. 026:{erengeo theesoss sbationafdhk wwsulhogibeamngkerady asthe popil pless of theen, t he

i1 um natﬁ[u ar rangenent %e% el ected by determ ning the area(s) of the
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wi t hout ntskillamiiation freat smad] poled tin gideetoropsimizesthaohditiets afdlipaimtibe Fer t hose
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feat ures t0262kBeteringnomteFks S, thisgraptashopadhs vasptionof exposnredptitugeas a

illum nati.on.arr ne I s.dane by... conparing sinulatian results optained
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conditions is done to nake the nobst cost effective process. Specifically,

i t shoul ddéxeldpegto give verygaokd acsuttesAs can bs sagn ¢ thiegiapmdbeabthograpbicypmokess aken
to produce a. reasonable nuf acturin el d. Therefore, one atfenpt to
Uoe o el SPICRRFY VTR e S0 (rALTSEASORE TER e Brocsmevelgped Wi
alternati ; X FHid b33 RS, I i ' I n
Some " cas oW aisE RARE it KR RINR RRRETRE o ol it SRR Gs 1o ¢
pr ocess) . obtame¢ methanisk assivtefostues by selettdeanappaphiate iilomination Aahpeementdaci di ng

t he avenue to followin order to obtain the nost cost effe_ctiver]rgrocess.
[ 002561 TRGCETdaBes WiB theyasthed of thepreneniingentionshovn feeexamipledn FlGS A3 aad i on

ant - ot T e R oA Bl sel B AP aplodr SRS BLTSRBb O
condi t i onhe@mbodimiktit bAtHeQiressBSint éritivh sHOWR iIDFIG aAl7e61d @ quidkey 8&&lop a
illum nation arrangenent using the responses cal cul ated with nmask assi st
f eat ur es. 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
illumninator 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
present on the mask, there is no risk of opening them by using high exposure energies. It is
therefore now possible to use high doses with low bias to improve the process window.
To illustrate this principle, reference is made to FIG. 54. This graph shows the variation of
the exposure latitude as a function of depth of focus for various biases. As can be seen in
this graph, it is possible to increase the depth of focus with a -5Snm bias (corresponding to a
70 nm trench on mask).

[00264] Referring now to FIG. 55, a method for optimizing the conditions of illumination of

a lithographic projection apparatus according to an embodiment of the invention will now
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Sel ection of the best arrangenent was perforned 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

radi ation Hé@ #2093 nm wavel ength and the exposure is done with a 0.93
nunerical aperture. 1002571 As can be seen in FIGS. 49a and 49b, a very
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nmay be deSitHoghiphictpatient ot ﬂleéplurgpgd)f@ﬁﬁﬁﬁ&ﬁrs wmﬁeme lﬁmvﬁmat §cusde pdilts; dal
response indicates that a small sigma illumnation may be best for this
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illumnation and the size of the a illum nation was determ ned by i sof ocal
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[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
designed values match the actual values on the substrate, or when the CD's of multiple
similar features on the same semiconductor device are identical. CDU is generally
considered by process engineers as one of the most direct indicators in determining whether
a device will function within specifications.

{00267] However, pattern fidelity can deteriorate dramatically in sub-wavelength
lithography and the resulting semiconductor features may deviate significantly in size and
shape from the ideal pattern drawn by the circuit designer. Given that deviations from the
target CD may dramatically affect the product yield and the product performances, it is
desirable to account for CDU when selecting the best condition of illumination.

{00268] It should be noted that one of the approaches to determine simulated CD uniformity

is to use a Monte Carlo method. In this method, all the variables are changed
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rendered substantially isofocal. By doing so, CD variations within the
process wi ndow are drastically reduced, a substantial isofocal process
over the predeterm ned range of focus my be obtained, and the focus range
(DOF) over which the CDs renain acceptable is augnented. 100260] Usi ng

i sof ocal &Eop@Pdhtion analysis, it is concluded that one can match at |east
the results obtained wth mask assist features by selecting a 35CQuad

i || umi nat siomltanedusly With malued delectedatndomly Aoncthairbesusedr(of kndwWididtbutidne CD

vari ati on_of this i.llum natiqn arrangenent is relatively

stabl e ov lﬂaﬁﬁgf%%ﬁ ‘?gr}P%MB%?Q?‘Eﬁ%Vé’“B?H’f‘HéQ%SI B0 ehtaipsmpa resptste fiosence,
the cross g&fel Mo Mol %ﬁﬁ%aﬁ%’?@io@eam intensity at the pupil plane of the

illumnator 1s represented Int igure. [002611 It should be noted that
it may be[ods®| Raferéng backaa¥FIGase she methed i @ptiftzing thendndivions of fllagination
I1lTumnation fromsnall poles in order to optimze the conditions of

i || umi nat MoRS besh COW st keging injstepd B bksang) nsogegdopiorstgiFBheThatdsiar ed " i sof ocal

bal ance" wt . T rii. real st c. I .sjzes. . -Thi e
achi oved DuRBisSRERdS At adRohR o Bt hmlRion MRS 1R BN PRl
[ 002621 Rafgfidof 8eurb@poih@ i béacrhe atlthé sudl @Rk SHBMANTIBatsAH g @73).ONext
exposure latitude as a function of depth of focus for the best

| i t hogr apHieangthodproseadiste plap (2D wiiertia phisitp o parameterseandrtbeinasgodiated an
alternative.process thgt dges ,not gfe assi st, features but which has been

devel oped EFGRIEEGEFS Igfinsg apd Qaded InRE SEUHABE ‘seen in this graph, the

l'i t hogr apniu@m[)[rp@.e%ﬁlbodw@h 8Pa[ pristROHTerBA Kh&Wwe PEIC. $3! MNesit Blyfpalagd t er
results than the process devel oped with mask assist features. This results

show t hat rdsponsss gressicblatedt dovepier,camey bhdespablietto valcdhteas nsanyoedpanseeds Wi t h

mask assi st features by sel ecting, an ropriate illumnnation arrangenent
in accor B8fte rFﬁa{Wg‘rWdHB?defFfb‘?egﬁ'ﬁé‘e‘%‘?Pgil’FRFS?ﬁ‘ivmog’hM for exanple,

in FIGS 1 j : . '

appr opr i 2t RO Tmy opE preSelHaler ane pREH BBt AP ER B Bl

I nvent i onranige{wm), thehddse rahge (B ethe &ams gberedtioyis eMSlinpnitliwdvies ) dgrsgstindlaps ocess
that gives good results w thout using nmask assist features. Wth the

enbodi menlevek (Yo theivayaven ehpalispydersity Pplandgie maple Chagagetnnpe Jihg flaze lexele
28011 5, Bk ey HBL T B M 0 D50 L AP S ARG BV, 1
that by usdspef éontabtiipltiee fild kmage AMHoRId bd dnddtstaidhat thiRRIsPaEpbtasial
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
and for each parameter. In FIG. 55, the calculated response is a critical dimension (CD) of
the lithographic pattern defined in (F1). More particularly, the CD variation is calculated
for each source point over the predetermined range defined in (F4). In the embodiment of
the invention shown in FIG. 55, each of the parameters, i.e. each of the causes of CD
variations, are treated independently.
[00272] After determining a plurality of CD variation (each of them being obtained by
varying the value of the parameters over their predetermined range), the method then
proceeds to step (F6) where a metric is calculated. This metric determines the overall CD
variation induced by all of the parameters. More particularly, the metric calculates the

quadratic sum of the parameters and determines an average CD variation for each source
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shown in FIG 47, it is possible to reduce the pattern bias on the nmask
and, therefore, to increase the depth of focus of the |ithographic
process. Thus, as there are no assist features present on the mask, there
is no risk of opening them by using high exposure energies. It is

t her ef or ePrAoW s si bl e to use high doses with |ow bias to inprove the
process window. To illustrate this principle, reference is made to FIG 54.
Thi s gr appoiat @hs mdtleodthen aetdsan sep (F7)heheze po dlunenitidn dreadigerasntas adjostéd on of
depth of focus for various biases. As can be seen in this graph, it is
possi bl e P#eil QB pBalyEs Phdeqsli® of focus with a -5nm bias (corresponding to
a 70 nni 1. ' t , t hod for
optim zi ng)‘)??‘égﬁggﬁ@flg? %ﬁéerg@&?ﬁ%ﬁ#}.lnaﬁ chtrﬁé gger%g‘ﬁ‘fel rﬁﬁtgg‘?%ﬁ‘?é’ r%F J(;)rljeect i on

appar at usimestidrtoigtednirnh WPty Sientingdhe Oeviriavient Tasrefrt it soWbE:

P-1503. 020 be expl ained. In this enbodi nent of the invention, optimzation
of the il hugersiead bat ths CIpesriationder eash aepree past mayhs determinedlifferantlisn on

Uni formt metrigc. Mor articul arl the.critical. di ion uniformty
of a1 1t hoNeEEpadinaiSar e Ry Fay eramiple i o EBPURBl ot Be SRS ce. poi
| ocati on, jRBgidMNAfe Hi%ﬁe@f OBl PRSP idd 1688 BISRE phrame R £/by FpRestRiSthe €PNdi tion of
illumnation. [00265] In this ermbodi nent” of the | nven¥| on, optim zation of
t he sour ceanmiondotrbe stu@idd sonet pomt.i s achi eved with a net hod i ncl udi ng:

defining a |lithographi.c pattern to be printed on._ the trate; selecting
a si nul at l“B%?“hEg%WF d1of OPHITRZ 40P APLPTHRS é‘bls}Pé@%BGWﬁ“é‘Jf ISl pl ane of

the. 1|1 umtpataringhiit] AdeiePhidbalfimbubRiARERER AR ifbdrafiioge of

vari ation; separate responses I ndi Vi ol nts and

for each piobleneshoivur ial HIGY 56fThipprobleat eurfesp@nis o @pattdre of 66 pansds line
representing a result of a single or series of sinulations wusing the

si nul at i ofiTyRberes prinied witha ¢y maskeds pen beser §eflG. 3d. ealataticrofdhe gn of the

| it hographj rn . for .the pluralidt . par . for. Ladi vi dual
sour ce. poP SRR aRirtohoy Rt ot Rk E ACARI B B AR Bkl ok B8 ) Vs
of the mefrivistiod shoWniifi FROLE)i iRBRAtes fHat 4 Bifall R&LN I lubiiNA{n Ay bOMsiraBlead | on
of the conditions of illumnation is perforned to maxim ze the critical

di mensi onpani foothid speeifichithogriphitipatiem.hogr aphi c pattern. This is achieved
D T Bkl 9, MOl TRl R B o001
Critical dipRistPiSactsidinoe With 4R ARdHSER of the TRUNtiBH shdVen RARTGESH, &ize and
ensure that 1t is within the custonmer's specification, are especially
i npor t ant finotitluEsomircegpoint location. This graph suggests that a quasar illumination with large
poles (or at least larger than those determined in FIG. 57) may be desirable to lower CD
variation.
[00276] A comparison of CD variation for different illumination arrangements and for
different parameters is shown in FIG. 59. Calculation of the CD variation for each of these
arrangements is done with the embodiment of the present invention illustrated in FIG. 535,
In FIG. 59, the CDU values were calculated using the actual illuminators depicted.
However, the CD value for each arrangement may also be determined by averaging the CD
values of each point contained within the illumination spots (similarly to the embodiment
of the invention shown in FIG. 18) As can be seen in this graph, the quasar arrangements
with poles larger than those determined in FIG. 57 lower the CD variation. 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.
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mai nt enance during substrate processing. CD uniformty (CDU ) refers to
when the designed values match the actual values on the substrate, or when
the CO's of multiple simlar features on the sane sem conductor device are
identical. CDU is generally considered by process engineers as one of the
most direBt!5Ph®%ators in determning whether a device will function
within specifications. 1002671 However, pattern fidelity can deteriorate
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e t or - cpaipr gy PaD e o oy ot GoAT P s ARGt oHie destytiiionds
tar get CDh&quq&apBQhﬁ@hk%na&ﬁﬁﬁt the product yield and the product

per formances, It desirable to account for CDU when sel ecting the best

condition of |Ilun1nat|on [00268] It should be noted that one of the
approaches to determne sinulated CD uniformty 1is to use a Monte Carlo
nmethod. In this nmethod, all the variables are changed 53 P-1 503-020

simul taneously with values selected randomy fromtheir assunmed (or known)
distribution. Wth the nethod of the present invention, it is possible to
obtain simlar results to those obtained with a Monte Carl o cal cul ati on.
1002691 Referring back to FIG 55, the nethod for optim zing the conditions
of illumnation wusing best CDU netric begins in step (F 1) and proceeds to
step (F3). That is, a Ilithographic problemis defined in step (171), a
sinmulation nodel is selected in step (F2) and a grid of source points is
generated at the pupil plane of the illumnator in step (F3). Next the
nmet hod proceeds to step (174) where a plurality of paraneters and their
associated variation range are defined and | oaded in the sinulator.

[ 002701 In the enbodi ment of the present invention shown in FIG 55, at

| east two separate responses are cal cul ated. However, it may be desirable
to cal cul ate as many responses as possible for each source point in order
to define a good process window. In an enbodinment of the present
invention, the plurality of paraneters may include the focus range (Vm,
the dose range (%, the lens aberrations (RM5 in mlliwavcs), the system
flare level (9%, the variation of pattern density (% and the nask CD
range (nm. The flare level corresponds to non-inmage- formng |ight that
reaches the substrate, resulting generally in a loss of contrast in the
final image. It should be understood that this |ist of potential
paranmeters is not exhaustive and that additional paraneters nay al so be
included in the
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cal cul ati on. 1002711 The nethod according to the enbodi nent of the present
i nvention shown in FIG 55 then proceeds to step (F5) where separate
responses are cal cul ated for each source point and for each parameter. In
FIG 55, the calculated response is a critical dinension (CD) of the

| i t hogr apRilé0p8% ern defined in (FI). Mre particularly, the CD variation
is calculated for each source point over the predetenni ned range defined
in (F4). WHARS §HdMERAS: of the invention shown in FIG 55, each of the
paraneters, i.e. each of the causes of CD variations, are treated

i ndependently. [002721 After determning a plurality of CD variation (each
of them bei ng @bt ai | ; . . their
pr edet er mi ned ?'angegsq%rﬁgd rf%rf& Iﬁ)})ﬁg{i‘?ﬁ%ﬂ%C\S?g%igggéflglgﬁléﬁ%ﬁﬁ%ggﬁo\%ﬁc a
metric i Sapmratud By anpulén ssmodation,chelBtheprabhie appdratue vematikingn ilaninator on

i nduced by all of the paraneters. Mre particularly, the nmetric cal cul ates
the quadpR # BIojSsHPBFYSHR, the Metod<ComDES@Edet er ni nes an average CD variation

for each source 54 R- i Nt od .t he in step (F7)

where an illum nati g%é’ggggﬁé‘g’%aﬁ’?' {El Qsatta‘gljetﬁ)rsi;:?3 teoglgfgga@ed;suggtg%ﬁ’al ysis of the
metric. [00273] |t shedting ademunader slogeld that it is up to the user of the
nmet hod of the present invention to determne a way of weighting the CD

vari ati on. Ther ef or ssleqtingatgnid of sperce paigésr 18 tagawgiltphane of ke idominaterat i on f or

h i nt determned differently i t her enbodipents of
the i nvention. For CHSHEITE PR oo e vatoad vty RO R gt | on, e

hi ghest  CRs¥éHsk@febRRehtHIUCREUIPYT 4 1810 3F JFRE 8F SinWMionS RERS B sibmlRtic
variation for the studi ed source point. [00274] The net hod of optim zation

accor di ngmodel hmd enbodi nent of FIG 55 was successfully applied to sel ect

the best illum nation arrangenent for the |ithographi.c obl.em shown in
FIG 56. This probl éﬁ?@&&@gﬁm@% aangemegf ‘ﬁfotgP ﬁg‘@'“ﬁf‘ﬁ"? &ﬁ‘%‘?dl"f‘ﬁea ysis
structuregs hﬁhﬁi‘f’ed’@eg 15 ks {<c. As143R _be seen in FIG 57, calculation
of the DOF c%EL as a%‘&ncﬁ?or?g%é scgur ce p%i nt |ocation, according to the

enbodi nent of the invention shown in FIG 16, indicates that a small

quasar illum nation may be desirable to print faor this specific
I'i t hogr aphi ¢ pat t er & MEthod 2epprdiag & ¢laiay Livheres epghepf the respoarses sonfosdy  map

|| lustrat ?)?pc())%{ﬁ% hAfiRlanERYRS inﬁat { priBElss v&ﬁ?@% gi';g{‘ﬁlglgidgs AEL U AR Srd¥blh €

enbodi nen the 1 nvention s n
focus information.

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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function of source point |ocation. This graph suggests that a quasar
illTumnation with large poles (or at |east larger than those determned in
FIG 57) may be desirable to lower CD variation. [002761 A conparison of
CD variation for different illumnation arrangenents and for different

par anet er 8-1583.8bwn in FIG 59. Calculation of the CD variation for each of
these arrangenents is done with the enbodi nent of the present invention

i Ilustrated i n7Fl G AShethod acderding &bclainhé, wiidrkivial spadingvef the @ailddsiivithinch usi ng
the actual illum nators _depicted. However, the CD value for each

ar r angemeFANEFEPIEY-8btbR2det er mi ned by averaging the CD val ues of each
point contained within the illumnation spots (simlarly to the enbodi nent
of the invention shown in FIG 18) As can be seen in this graph, the quasar

arrangenents i th pohehod at@eding faglainh Dseheleih eliadim@thiédigrd fsinferholaskto t he
CD variation. Mire inportantly, this graph shows that selecting an

i |1 um nat dicrasasidd goid pokd dendiyde sidinAdeagingl one may not be sufficient to
reduce CD variation. It is concluded, therefore, that the best CDU
approach defined in the enbodi nent of the invention of FIG 55 may be a

useful tool tg optiAztddRcsrandith cRs 19Whblel B idhk e fimiRatnyen
| i t hographi ¢ problem 55 P-1503. G20 [ 002771 Whilé spécific enbodi nents of

t he i nventiramgemaneinbledes akpssting bl latnonation iatrangemenbby vapymgecpasiten dflant t he

i nvention may be practjced .other than as.described. The _descriptipn is not
| ntonded FHOUYERAM duleTeHYs b puEmsal Bosm SR PfRs AR KEpptical 1 A
met hod fo i mi.ZL: ﬁ&%' ' I, k: ] 'Q:%nﬁ‘ﬁ idrbYOREaPhi C
appar at usélgf&%%ﬂé%é%lgrgng?%u atltk)én]l“,)19 SPFY?%%%L%% appaarbg? }&g&conﬁgi sing an
illumnator and a projection system the nethod conprising: defining a

| ithographic pattern to be printed on a substrate; . selecting.a sinulation
nodel -, sel ectithg aAgrehodaceosding b ¢laimnl.svhesein adisting tredhungption e

i1l um nator.; : ' . i ndi.vi dual source points,
each of t%réangrefehglﬁgﬁls:@éégp%ber%gggéﬁ uﬁ%‘gogé ﬁg@ﬁ%‘)o&%ﬁggﬁﬁ}g@ e or series of
sinmul ations using the sinulation nodel; and

11. A method according to claim 1, wherein adjusting the illumination

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 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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adjusting an illum nation arrangenent of the illum nator based on anal ysis
of accunmul ated results of the separate cal cul ations. 2. A method according
to claim1, wherein each of the responses is a focus exposure nmatrix and

results in a grocess wi ndow t hat includes dose |atitude and depth of focus

i nf onnat i 8ri5080200 net hod according to claim 1, further conprising
calculating a response of trial illumnation schenes by averagi ng separate
responses for the individual source points contained within the

illum nation arpangenent. 4. A .nethad according to cl.aimpl, wherein the
esponse | o - 161 RERbad feporsife gt FE Qe srBulstidk Meitbertt oBRBSC s 1o
bi ases, si del obe prﬁﬁlwﬁ a defdcly;] 0ss, sidewal | angle, mask error
enhancement factor, 11nhear resolution, or absolute resolution 5. A nethod
accordi ng to cl ai m éalcilatinghspamengefosis nespossep forghd ndividisgd smges poiats adthe
ftinction %IP i ndi yi dual ,source point positions. 6. A nefhod according to
claim3, £ slwe?a%l q dsfopsapipopics gepiessnlng a tasplypf a ginglear gtisiPlor t he

responses?iﬂggag,lﬁg‘ﬁgg?e\(l)ai%lﬁ}aﬁogﬁ{oragp JAgcording to claim1, wherein a

spacing o n range from0.01 to 0.2. 8. A nethod

according to cl ai m gompdraipahe séparuie tedpdreedity thetkepsrateiefsoRe kespesbet or
increase the grid point density to aid in averaging. 9. A nethod according

to cl ai m ndivigheal pyrcappintst i ng the illunmination arrangement includes
adjusting the illum nation arrangenent by varying a position of an
axi con/ zoom nodul e rel ative to a pyramdal prism a position of a

di ffractive opyycal A REMBIBAEcording RS¢IhinP 16, Whedin AREIIafinB cafPrisddr by
adj usting a programmeble nmirror array. 16. A nethod according to claim 1,

wher ei n adg¢temnining separatielnheint respomses farnndindeatsotrce polntsles sel ecting a
mul tipole illumnator arrangenent. 11. A method according to claim1,
wherein adjusting the illum nation arrangenent includes defining an

i |l um nation aggangamgBhodhiddr@ngW LbRO| £ WARAGH fld Rfaraft) REBEespdgses A Met hod
according to claim1l, wherein sefecting a simulatioh nodel conprises
choosi ng eortepomsd eifiteo cemsaigmedneation ed teovahrel aftthd defoqmtresponseor 4 dimimuiost r at e.

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 0.4pum.
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13. A nethod according to claim112, wherein the resist nodel is a

cal i brated nodel capable of adequately predicting experinental results.

14. A method according to claim 12, wherein defining the resist nodel
includes defining a resist nodel taking into account at |east one of
vect or ef PdoPs02thon-zero diffusion of active species, and finite

di ssolution contrast. 15. A nethod according to claim1, further conprising
cal cul ating a B&tri & methpd esmnding ¢o slaim &i,iwerah s¢lbaimpepamatation asplehses f or

i ndi vi dual source points with ﬁle'f ocus , and wherein a he

dj ust] t
i | 1 uni nat PYAPATE aplgeHEANCb Al setst Buordels an At Heaaqmaﬁjlﬁlffﬁa@l?ngﬂ?d pPaRmEtgement
based on ﬂ'\%ﬂlﬂyﬂdsd%]aﬁﬂthm(ﬁaffi_sliS§§‘10tﬁé1.:.l'503' 020 16. A nethod according to
g

cl aim 15, erern calculatin € metric conprises: applying a defocus;

cal cul ati ng separate defocus responses for the individual source points at
the defocus, each of the defocus responses representing a result of a
singl e or seri@é4 of A mtthod aeqooding inselagn 2hevhsirern the resint medrdlis a ealtbratedpar i ng
the separate respqnses,wth the.separate defocus, responses for individual
sour ce. poftids! capable af pdethaidly RIEdiF O PEAmERUl T “wher ei n t he conpar i ng
conprises determning separate netric responses for individual source
points. 18. A nethod according to claim 17, wherein the separate netric
responses cor 2&spoAdnethbéheccarding o claignhtvelterain thef resibtemode! urclades deBnidgf ocus

response or a diminutjon of the value of the defocus response. 19. A

met hod ac@&7t ﬁ@dﬁﬂl&@mailwpf?@%@rls@%O?fh%f HetoE e ﬁm@ng&ﬁ&?@é@n of acive
subtracti Car oA ; : sponses fromthe separate responses for
i ndi vi duaP&cgegharn?e pgférll%gﬂl%ggf&@re{r?gt hod according to claim17, wherein
adjusting the illumnation arrangenent conprises mapping the netric

responses as a _function of individual source _point positions. 21. A nethod
accordi ng to cP&i m Asmethpd pegordiag faeleim &5 twhereip thascaanalcTasPORPESHOGMER t

comY | 52 cREEEL 9 Akl BB SRTARIRURAL AR 10 sour ce points

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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22. A nethod according to claim15, wherein the defocus is wthin a range
from 0.02 to 0.4m 59 P-1503.020 23. A nethod according to claim15,
wherein selecting a sinulation nodel conprises selecting one of a full
resi st nodel géﬁ%tl aerial imge nodel, a |lunped paraneter nodel and a

variable thP d resist nodel. 24. A nethod according to claim 23,
wherein the regjst del is a calibrate del capapl e of ,adequately
predi cting expérime : ; t :

di ct i i' gpthpd aggording dasclaim fﬂ%ﬁﬁf&@@@ﬂﬂiﬂﬁ@lﬁp@mﬂ ¢ pibsn
wherein t i F e ef i 0j esi st npdel taking into
account atggqaéagéteé onﬂggsgg %Q@%ﬂéé{pgﬁp %?[dsfﬂ,ai grzl)gﬁcie gérg%g?lﬁlf) gés)'i on of active
species, and finite dissolution contrast. 26. A nethod according to claim
15, wherein the separate responses conprise one of a critical dinmension of
the pattern and?an Anbewhed ascordipgihelpian 13 furthereempagingdeampingle veriationi m 15,

wher e n_agp Hatl gyt BRLIUTL RALLRE, oALLRASETENL LOURY SR sel ecting an

il lum natron-artange € variation 0O separ ate responses
is mnimzed or reduced through defocus. 28. A nethod according to claim
15, further conprising calculating other separate responses for individual
source poi nt s, 3&achAonethpd agnonding tedpontbovirespin espaningiof the spweeipeinbm a

single or ,series of.simulation ng.the sinulation nodel. 29. A nethod
accor di ng eS8 M ?IWE%QWO‘Qﬁ}%@'?i'ng the illunination arrangenent
conprises adjusting an illum nation arrangenent based on analysis of the
ot her separate responses. 30. A nethod according to claim28, wherein the
ot her response84.conprmstbod necordifng éxglemsui & wheréin admstimgetbe hllwhinhbeus, E1: 1,
dense to isol ated .felatures bi as, arbi h&ga’?/ feature Dbjases, sidel obe
printing, AMEIMERsClUdeARINE 2 pogiiian ohALRXIEON BROM MOFHEIRIBHY® FoARBRMIdY near

resol uti OBIP%?,{ ; i 1% difPRkiVE bkal Qitgﬁm'gﬁ%t?ﬁgsi%ﬁ’o?&n zgj[%éﬁ?émg&je,%?[;?rdi ng to

cl ai m 28, conpri sing mappi ng the r separ responses” as a
functi on adjusting aprdgamrsable oerrgairtaly. posi tions. 32. A nmethod according to
claim 15, further conprising mapping the variation

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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of the separate responses as a function of individual source point
positions. 33. A nethod according to claim15, wherein a spacing of the
source point in the gridis within a range from0.01 to 0.2 . 34. A nethod
accor di ngp t?’ fh m 15, wherein adjusting the illumnation arrangenent

y

i ncl udes vai a posi tion of an axicon/zoom nodule relative to a

el enent, a posjtion

pyram dal pri pos t|on a dlffl’ e optlcal

of an apertur eﬁ@] | adé, 9‘:"05‘51}‘%%‘{?15’6“ ;ﬁ" RRES RS ManPYIe the gregtestas A
met hod acegy Hirfddoh 9 & lcTbrd Bf ind{V2d IQou’i‘ 1tfo'it§ i 11um nation
arrangenent 1 ncludes selecting a rru tipo m nator arrangenment. 36. A

nmet hod according to claim1, further corrprl SI ng defining at | east one
aberration set for theggr oj ecti.on system and wherein cal cul ati ng separate

responses for 4indi ¢ mehpd aeaording poflans 3&arhsreia s %é‘l’aéh‘l’%arbﬁ@‘a%@bﬁ ate
r ESponsesi\&ﬁénéﬁggbé’rtaql‘éﬁL tl?a?b!rrquca]té?f) h@%lza:ﬁmﬁoélﬁﬁnstlﬁ feid t;f tgp @Q@noﬁber ration

set accordin eparate
responsessys@im. i ndi vi dual source points and for the at | east one aberration
set conprises calculating for each source point separate responses wth

t he aberration set. nmet hod according to claim37, further conprising

38 A
conparing for ch u h separat e nse . det ning the
grentest one. 58 aABEHEA=ER:Sbal Rt RE et R BRER I T 1R el % & e
CD vari at bé?"ifroﬂ{ or&Bﬁs&dt&tﬂ%&ﬂ%&@él%pﬁ@élk%&n 61 P-1503.020 40. A nethod
according to claim39, further conprising nmapping the greatest CD

variation as a function of individual source point positions. 41, A nethod
according to cI im 6, rein.the st. one .aberration set npri ses
Sberrat | ons  h& ar & eas aroraing e 8 PR direraion wf corsideel
proj ectiop,g eﬁﬁﬁﬁsed}i‘o\ﬂe?all @a\,r:gzﬁtolﬁp%@lccor ding to claim4l, wherein the

aberration set I's an aberration set fromor represent atlve of a real
optical system 43. A nethod accordi ng to claim4l, wherein the aberrations
are consi dered, together as an, over wavef r ont gﬁr or. 44. A pethod

according to cf¥i m denethpdpesordingtq F‘H{:ﬁ%twheé‘a%fie 88 ableast.ong @pergation 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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for the projection systemconprises defining a plurality of aberration
sets, each set corresponding to an aberration set fromor representative
of a real projection system 45. A nethod according to claim11, further
conpri si nﬁ defining mask assist features configured to help print the

r

lithogr apRr'®0$82% ern on the substrate and wherein cal cul ati ng separate
responses for individual source points conprises calculating separate
responses for #hdi viAduethod ecgording & elain Wi futthennemprisingudefiningla pluraliy of

features. 46. nmet hod accordi.ng.to claim4 rein adjusting.th

T um nat PERTEF S Bre Aot B poedorteRe iy e AP AT BRI E CPhe gri o
that gi vevi@RRARTHR lith6@ashkit Ph@dn Wil thO PlurdTRe Kf pitdhsfers SAUBF @ individual
substantially simlar to the best responses” cal culated with mask assi st

f eat ur es. selitce poinstahd svhasuwcalculgtingsephraierest®psastfer midividuad semmekpastsi st

features are one of . aopti cal Xximty corrections, anti-scatterin ars
and phase “¥RPFIes GRIGHE gﬁ%pawﬁé oHatigs foRipdividg) surespaintgd Jof cagl Prgt hod

accordi ng 1 ﬁhrﬂf Jididper conprising defining a plurality of
par amet erg{eg)n@]at el }a%ssécrlp'at ed variation range and calculating a netric

representing CD variation of the lithographic pattern for the plurality of
paraneters and for the individual source points and wherein cal culating
separat e respofifes Poncihadicsoadiag taelaine 88, yhaneis adipsting the dduramation at i ng
separate variati . for i ndi vi | . I.C i fo t he
plurali tygg?ng%g{reg{rrée% rec 93@.{1&% gn%?ﬁ@? lgég[%gr%aﬁgéﬁ%ag?%ﬁrﬁn@a&%ﬁgﬁ g}lien

adj usti ngnfdfg.i | | um nation arrangenent conprises adjusting the

illum nation arrangenent based on analysis of the netric. 50. A nethod
according to claim48, wherein the CD variations for each of the plurality

of paranmeters e trieated.as i ndependent,variati.o 51. .A net ho cordi ng
Lo blaimso. wibr el f BEFRPRerge e Haet & Hiskep 8D bt g of g%
quadratlcpﬁymt?afka}sm%svﬁéh;eatb@aﬁnti@;senaaﬁ%ﬁ%;ﬁ.e poi nt. 52. A nethod
according to claim48, wherein the plurality of parameters conprise focus

range, dose range, lens aberration, flare level, variation of pattern

density  and mapk OR a8 soditang b U090 S R RLRR SRR AL,

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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an illumnation systemto 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 systemto project the patterned beamonto a
t ar get poPﬂﬁBﬁO%* the substrate; a processor to define a |ithographic
pattern to be printed on the substrate, select a grid of source éoints I n

a pupi | pHhmangfon aenpemertibasad aramspsisaithecascemplated reapigodthe sepag
individuaklgq A3 Qints, each of the responses representing a result of a
single or L e 50" Si nul ati ons using a simulation nodel, and cal cul ate an
optim zed 63 P-15034Q&8cthblyWatine bedn sodtAIREIHRANs dd@sed tdmodifph ¥fdsg Of the
accurrul ated results of the separate calculations; and a selectably

vari abl e bestiona ontenoty distribitzan indhaprepsction beanmroxitifig the ilnwénatios gystéro il
intensity distribution in. the proj.ection beamexitin he . illum nation
syt em i hac<ariappeHEan RS NS R PRI eleH BIv B B ERD

cal cul ated by the processor. 54. A lithographic projection apparatus
according to claimb53, wherein the processor is further configured to

cal cul ate a nef4i c Adphegaplic pepjsdionappaausbecdohding apelaimt 83, wiss@arises f or

I ndi vi dual source points with defocus and cal culate a netric_representing
CD vari aPTOSASS@F ‘tSH{‘)%heﬁICBF%WTF?t"(ﬁalfp'é?‘%lﬁﬁicﬁ%méfﬁ%ﬁ}t}%i VRgatienokthe seRgEate dose
range, le ] on: g of ; l.all - | mask
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i nstructi emsatiochavittopplurlity BOpaimetetswdnpisingfoarsram@e desrirande, fns abdrthtionat or
according to a nethod conprising: defining a |lithographic pattern to be
printed ofla leyghsvapigtien of patterrdensigy andsmagh &Dirémgermdel; selecting 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 sfngl @ MEcHRY teg@Sabd medit Gicb@swidls hiaghihb exsdublaink@ittion®del ;

and adjusting the illum nation arrangenent based on anal ysis of accunul ated
for optimizing an illumination arrangement of an 1lluminator according to a method

onses for

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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results of the separate cal culations. 56. A device manufacturing nethod,
conprising: projecting a patterned beam of radiation onto a target portion
of a layer of radiation-sensitive material on a substrate, wherein, prior
to inmpinging the mask, a cross- sectional intensity distribution in the
proj ecti oR-1585M0 s optin zed using a method conprising: defining a

| ithographic pattern to be printed on the substrate; selecting a

si mul ati on nodel ; sedledbtingsepagtd rdsphsesdor mdivpdiah saureapaEnisugrch opthene of an

illum nator; 64 P-1503, 020 C%| cul ating separ gt,e responses for. individual
source pof§IPYISCRERRFFSERtngfrest bRiFOHRRIS OF 5ice Qe FMUIRIioRs pEidg the $mullioR ng| e or
series of _si ions using the sinmulation nodel; and adjusting an

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

accunul at ed resul t sadjistingeansitipairation aahgd¢ch@hi ofthe illumindtorbided dnaasiesisi ng t o
claim 17, wherein the adjusting conprises weighing the individual source
poi nts. 56faccurlatasresidsof dhangpargtecdalouiations. wherein defining at | east one
aberration set conprises defining one of a representative aberration set
and a representative aberration set of specific interest for the

projection sysggm aSmethodBidoptingdfrahith 1Y viRr&h AleBdPBtinposmptisestitggliggponse
is a CDvariation, the mnmethod further conprising mappihg the CD variation
as a functheondigidualredurdegpoitits.sour ce  poi nt positions. 65

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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