1 FEATURE OPTI M ZATI ON USI NG ENHANCED | NTERFERENCE MAPPI NG LI THOGRAPHY
Field of the Invention The present invention relates of a photolithographic
met hod for optimzing the intensity profile of a pattern to be fornmed on a
surface of a substrate to mnimze undesired printing (i.e., imaging).
Claimof Priority The present invention clains priority fromU. S

provi si onal application nunber 60/515,708, and entitled "Ei genfunction
Filtering for Interference Map Technol ogy,” filed COctober 30, 20083.
Background Lithographi c apparatus can be used, for exanple, in the

manuf acture of integrated circuits (1Gs). In such a case, the mask nay
contain a circuit pattern corresponding to an individual [|ayer of the IC
and this pattern can be inaged onto a target portion (e.g., conprising one
or nore dies) on a subBEATBRE OBTIMIZAHTIQM BEING BEANHAMGEDeen coated with a

| ayer of radiation- sen$NTEREERBNEFE MIWPPING ISTHHOGRARIEYieral, a single wafer

w Il contain a whole network of adjacent target portions that are
successively irradiated via the projection system one at a tine. In one
type of |Higléhofjtha finieotign oj ecti on apparatus, each target portion is irradi ated

by exposing the entire mask pattern onto the target portion in one go; such
an appar athdspresent aeRicH yeldted of meshotdlitisgraphv@hRthodt RPRPtimiZiRg We MtéMipati ve
apparatus -commonly referred to as a step-and-scan apparatus - each target
portion iPElile phgirafters tpype Jpuarpdedisy veaee of arfbsitpte tohainimize yndesieedPrivtider t he
proj ecti Qf.‘eﬁtﬁﬁﬁ ng? a given reference direction (the "scanning"” direction)
whi | e synchrondusl'y scanning the substrate table parallel or anti-parallel
tothis direction; since, in general, the projection systemw || have a
magni f i c&llaimrofiPsioriey M 2 (generally < 1), the speed V at which the
substrate table is scanned will be a factor Mtines

The present invention claims priority from U.S. provisional application number 60/515,708,

and entitled “Eigenfunction Filtering for Interference Map Technology,” filed October 30,
2003.

Background

Lithographic apparatus can be used, for example, in the manufacture of integrated circuits
(ICs). In such a case, the mask may contain a circuit pattern corresponding to an individual
layer of the IC, and this pattern can be imaged onto a target portion (e.g., comprising one or
more 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 whole network of
adjacent target portions that are successively irradiated via the projection system, one at a
time. In one type of lithographic projection apparatus, each target portion is irradiated by
exposing the entire mask pattern onto the target portion in one go; such an apparatus is
commonly referred to as a wafer stepper. In an alternative apparatus —commonly referred to
as a step-and-scan apparatus — each target portion is irradiated by progressively scanning
the mask pattern under the projection beam in a given reference direction (the "scanning”
direction) while synchronously scanning the substrate table parallel or anti-parallel to this

direction; since, in general, the projection system will have a magnification factor M



that at which the nmask table is scanned. More information with regard to

| ithographic devices as described herein can be gl eaned, for exanple, from
US 6, 046, 792, incorporated herein by reference. In a manufacturing process
using a lithographic projection apparatus, a mask pattern is imged onto a
substrate that is at |east partially covered by a |ayer of

radi ati on-sensitive material (resist). Prior to this imging step, the
substrate nmay undergo various procedures, such as primng, resist coating
and a soft bake. After exposure, the suybstrate nay be subjected to other
procedures, such as a post-exposure bake (PEB), devel opnent, a hard bake

and neasurenent/inspection of the imuged features. This array of procedures
i s used asengrallyss)sthespersk Y @f whinh the substrata 4able isysspnnst veillche\a taetor é/? gmesan | C,
Such a p e r } : DI QEeS Cf .chi ng,
Con- i ot i 38 et K mallNaH R ool BT Mort oM R R Rl

pol i shi ngevie¢scas, deatribed riteesid eah be gieamids forofxfamapte, ifirvei WiSd&846,7%y dficorpdratedever al
| ayers are required, then the whole procedure, or a variant thereof, wll
have to BE® e@’p@ ¥¥°f or each new | ayer. Eventually, an array of devices
will be present on the substrate (wafer). These devices are then separated
from one another by a technique such as dicing or saw ng, whence the

i ndi vi dudih ageenefaeiuiies prasessousingd lithographie mreiectioposnpettusd at magh patteretis

Further inLonmiht Q. BS0RE AGs SHRPLORSRSER fANPE 1801 A nEsluidiLe SXOIP! €.

fromthe crochip bricati I"7de "t o Sem conduct or
Processi mgiterial (riesist). Edribt anthisoymaghgt @p, ensubatnite midy@nalergbl vakiotdploceduiresg Co. |

1997, 1SBN 0-07-067250-4, incorp rat?e/fgwéperﬁéél by reference, For the sake of
si npl i ci SYEh #HETPIRG dEHoFPRHYE 178 dral i R eTXPEYTe r POSTAE mAY P‘Fl_e
"lens” !  sHGURMEN otfidd ipPockurtl, St ﬂlﬁt-&f#&?t%%aké@@@f&%_@l@pﬁa@nﬁﬂﬁ%ﬁ@' ng

various wes of projection systems, including refractive opfics,
reflecti Gﬁﬂl?ttfg,neréfrmpcfatoacﬁfdg@ ringgeslyfsatyres, Thigrarray afppirecedurthds peadi ast 4 on

srotem el LIS APBREN S, RLELET e Shel il o B b I8,
radi at i onndergsl waiohs procpsRenich ARyetahifg hm-ingfletitka (dophed)pwnetalbiitret i vel y
or si ngmoglrdla ion, %ﬁen?o-'rlrlegl'rn]asn'iléal pF&ESL&%,r étc.:? 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. Eventually, an array of devices will be present on the substrate
(wafer). These devices are then separated from one another by a technique such as dicing or
sawing, whence the individual devices can be mounted on a carrier, connected to pins, etc.
Further information regarding such processes can be obtained, for example, from the book
"Microchip Fabrication: A Practical Guide to Semiconductor Processing”, Third Edition, by
\ Peter van Zant, McGraw Hill Publishing Co., 1997, ISBN 0-07-067250-4, incorporated

herein by reference.

For the sake of simplicity, the projection system may hereinafter be referred to as the "lens";
however, this term should be broadly interpreted as encompassing various types of projection
systems, including refractive optics, reflective optics, and catadioptric systems, for example.
The radiation system may also include components operating according to any of these
design types for directing, shaping or controlling the projection beam of radiation, and such

components may also be referred to below, collectively or singularly, as a “lens”. Further,



the lithographic apparatus may be of a type having two or nore substrate
tables (and/or two or nore mask tables). In such "multiple stage" devices
the additional tables may be used in parallel, or preparatory steps may be
carried out on one or nore tables while one or nore other tables are being
used for exposures. Twin stage |ithographic apparatus are described, for
exanple, in US 5,969,441 and WD 98/ 40791, incorporated herein by reference.
The photolithographic masks referred to above conprise geonetric patterns
corresponding to the circuit conponents to be integrated onto a silicon
wafer. The patterns used to create suc masks are generated utilizing CAD
(comput er - ai ded design) prograns, this process often being referred to as

EDA (el egctropic design_automatiop). st, CAD prograng foll a s of

pr edet er ghen[étgoﬂ “@ﬂﬂ:lﬁfﬁ“éssm%g?)?ﬁéfyp?wgla@rnéé’fv8 Ofﬂﬂ’é? ?@}‘?gf’ter?ﬁol\éﬁlﬁ%(a“?ﬁé%o rul es
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desi gn rgpg} |§$f§??@9 u%@ég{y f%aF%yngfgggghmgéaggc%@P#Fﬁgéh!%ﬁ#@%@?ons"
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width of a line or the snallest space between two lines. Thus, the CD

determ nes the overall size and density of the designed circuit. O course,
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e

r epr oduce t original circuit design on the wafer (via the mask). Anot her
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and node
design rule limitations are typically referred to as "critical dimensions" (CD). A critical

dimension of a circuit can be defined as the smallest width of a line or the smallest space
between two lines. Thus, the CD determines the overall size and density of the designed

circuit.

Of course, one of the goals in integrated circuit fabrication is to faithfully reproduce the
) original circuit design on the wafer (via the mask). Another goal is to use as much of the
semiconductor wafer real estate as possible. Even another goal is to optimize illumination
and enhance the contrast of an image on a wafer. Even yet another goal is to increase Depth
of Focus (DOF) and Exposure Latitude (EL). However, because of the increasingly
microscopic size of lithographic features, such as contact holes, it becomes increasingly
difficult to pass light through a corresponding hole on a mask. This in turn lessens the DOF
and EL. Conventional techniques to overcome this problem include placing assist features
on the mask so as to increase intensity of the light on the feature being created which also

will increase DOF and EL. However, there has yet to be created optimization and model



4 methods for determning the nost optinmal |ocation of assist features.

Rat her, assist features are placed after human i nspection of test
substrates. As such, the correction offered utilizing assist features is
often limted by the skill and ability of person/designer responsible for

pl acenent of the assist features. There has further yet to be devel oped a
way to optim ze assist feature size. This has also been |imted to the
skill and ability of the person/designer. The follow ng description

di scusses novel nethod and apparatus fo¥ performing this nmethod for
creating mexi numsized assist features (to get the greatest benefit) w thout
undesired printing. Summary The disclosed concepts include a nmethod and
program product for optim zing an intensity _profile of a pattern to be
formed i ingiheds fprégtergrnige digyupst opemak jogatianeofiassist fgatyien Radher.astipgfeathres

opti cal SHEpIRKd af3} Aurhh ASSRAB bBReCuBY AR NERL GAL Ldirdc BB BEER 'ufizin
resol vabl e Teature(s) fromthe given mask and generating an interferénce
map repr essstt Ratores is oélerflonited by thegslnkd raati abglity né rersoafdesigearorespoapible for

characterjstics the.opti,cal st em he esent ed ,b el genf uncti ons.
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centers, but undesirable printing often results. Nothing in this direct
met hod prevents such printing, which may be exacerbated by approxi mation

errors | Aineqoietle BUscARYPAILRGes o8N hiFod Bid hABHER oY pedGRfibHRIRHOR
interference map To a discrete-tone nmask. Undesire prPntmg s mnmzed
because tfhe creatirgnmexinmiunt-gizéd nssint deatmps (tangtt the greaskt pmabt) avidlbut edesiredm
mnjmze |.Oﬁa| i nbal ances of assist features that cause undesired printing.
The foreddPH and ot her features, aspects, and advantages of the present
invention will beconme nore apparent fromthe follow ng detail ed description
of the present invention when taken in conjunction with the acconpanying
drawings. 5 Brief Description of the Draw ngs

Summary

The disclosed concepts include a method and program product for optimizing an intensity
profile of a pattern to be formed in a surface of a substrate relative to a given mask using an
optical system. This is accomplished by mathematically representing resolvable feature(s)
from the given mask and generating an interference map representation therefore. In
generating the interference map, characteristics of the optical system may be represented by
eigenfunctiohs. Assist feature definition based directly on these eigenfunctions will have the
J greatest benefit in terms of maximizing intensity at the contact centers, but undesirable
printing often results. Nothing in this direct method prevents such printing, which may be
exacerbated by approximation errors introduced by converting from the intrinsically
continuous-tone interference map to a discrete-tone mask. Undesired printing is minimized
because the enhanced interference map, and the mask generated therefrom, minimize local

imbalances of assist features that cause undesired printing.

The foregoing and other features, aspects, and advantages of the present invention will
become more apparent from the following detailed description of the present invention when

taken in conjunction with the accompanying drawings.



Fig. 1 illustrates a plot of the first eigenfunction of a given opti cal
system Fig. 2 illustrates a conbination inmge of the desired pattern of
contacts, the nask pattern and sinulated printing determ ned using the
ei genfunction plotted in Fig. 1. Fig. 3 illustrates a plot of a filtered
first eigenfunction of a given optical systemin accordance with the

di scl osed concepts. Fig. 4 illustrates a plot of the filtered first

ei genfunction of Fig. 3 and the first eggenfunction of Fig. 1. Fig. 5
illustrates a flow chart for generating assist features utilizing the

filtered giaendHs foh%'?theilﬁ‘ra%ﬁr dance with the disclosed concepts. Fig. 6
il ustratmn—%‘nm—ary—rnﬁgu of a first eigenfunction in the spati al
domai n fog. an., optical, s em ut.ilizin asar illumnation. Fig. 7
illustr al?lgelg'af;wug%é?ﬁﬂ %?\ﬂfﬁﬁ&ggéyﬂﬁﬂfﬂé@g? Bg? SEFHERTENDXTGh in the spectral
domai n f oFigthBlustefiéd LedmisiNBioAMndEd bf the 0Esi@H PaBdm ok oHthdIatheRaskipadterntind
illustrates an exenplary image of a second eigenfunction in the spatial
domai n f ofmlged peipting dgtersy ngtthe eigenfunciign patted in Bigi hation. Fig. 9
illustrat NASEAR 2f Yof h C i Eian | ectral
domai n fJ$§ ?hgﬁoptlcglmg§g?%ﬁﬁ@%F#i§F§§§ ﬁgggﬁgfpﬁﬁgﬁﬁgﬁi%ﬁgaégg#agdﬁ

i |1 ust r atasordance xdtipthadigclosedgenadpts he first ei genfunction that has been

filtered L.n spati al in for the qgpti.cal .systemutilizin uasar
e o i R824 bt o Bt st feslictisg of Bies 3 ey e, frsf pidchrIbciioh
ei genf uncgfiggy 1t hat has been filtered in the spectral domain for the optical

systemutilizing quasar illumnation. Fig. 12 illustrates a conbi natjon

i mge of Higed dlustatese fow charh fasfgenasningassist fepuregwitiizipa thechlteredipigenfimatioat ed
printing j S i ed eigenfunction plotted in Figs. 10 and
11. Fi g.19%%&%%2%8@?zlge{lﬁiél%g%%@%c%ﬁtg | i t hographi c projection apparatus

sui t abl e Figr6 ulimstrates bn @xeraplary iexge gfiedfitst tigedfhactmindincthe tshatiat domeint for an

invention. 6 DeSCI‘I.Pt.I on s
optical system utilizing quasar illumination.

Fig. 7 illustrates an exemplary image of the first eigenfunction in the spectral domain for the
optical system utilizing quasar illumination.
Fig. 8 illustrates an exemplary image of a second eigenfunction in the spatial domain for the
optical system utilizing quasar illumination.
Fig. 9 illustrates an exemplary image of the second eigenfunction in the spectral domain for
the optical system utilizing quasar illumination.
Fig. 10 illustrates an exemplary image of the first eigenfunction that has been filtered in the
spatial domain for the optical system utilizing quasar illumination.

) Fig. 11 illustrates an exemplary image of the first eigenfunction that has been filtered in the
spectral domain for the optical system utilizing quasar illumination.
Fig. 12 illustrates a combination image of the desired pattern of contacts, the mask pattern
and simulated printing determined using the filtered eigenfunction plotted in Figs. 10 and 11.
Fig. 13 schematically depicts a lithographic projection apparatus suitable for use with a mask

designed with the aid of the current invention.



U. S. Patent Application No. 10/756,830 (U S. Patent Application Publication
No. Pending) filed on January 14, 2004, entitled "Method and Apparatus for
Providing Optical Proximty Features to a Reticle Pattern for Deep

Sub- Wavel engt h Optical Lithography" (hereinafter referred to as the '830
application) is incorporated herein by reference in its entirety. U.S.

Pat ent Application No. 10/756,829 (U S. Patent Application Publication No.
Pending) filed on January 14, 2004, engitled "Method of Optical Proximty
Correctlon Design for Contact Hole Mask" (hereinafter referred to as the
1829 applhealih@yy) 1S incorporated herein by reference inits entirety. The

' 830 applT garton describes novel methods for deternini ng assi st features,
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"I nterference ch defines whether each point in an optical area of

i nterest GOt Hé‘ieeMaSkc dh@fﬂﬂaﬁ% rferrpd trasdbes 828 @ppiveatign)is insotmeeaterbhareia @yt ar get
pattern. JThe §§%uﬁﬂﬁh&§at'0” describes ways in which the desired feature
printing cannbe enhanced by determ ning assist features through generating
an interference map that takes into account certain characteri stl cs of an

illum natj on. ste Such, an..i nterferenc ener ate
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may consist of inpulse 7 functions, each representing a contact or bright

spot. Nexarinting of assise fifatuses themsal vast S,p@gﬁg@}_ymtgeaches a method which allows a full-
pitch range of deep sub-wavelength mask patterns to be imaged using substantially any

[

illumination condition, including highly coherent on-axis (partial coherence < 0.4) and strong
off-axis illuminations (such as, for example, Quasar, double dipole, and single dipole
illumination). Assist features are added to a mask pattern that do not print on the wafer (i.e.,
sub-resolution or non-printing features), but which enhance the aerial image of the intended
mask features resulting in higher printing resolution with greater process latitudes.
Importantly, the placement of the assist features is determined based on an “Interference
Map”, which defines whether each point in an optical area of interest interferes

constructively or destructively with the desired target pattern.

The 829 application describes ways in which the desired feature printing can be enhanced by
determining assist features through generating an interference map that takes into account
certain characteristics of an illumination system. Such an interference map may be generated
by first developing a “goal function” that captures the essence of the desired imaging

behavior of a given mask. For contact printing, the goal function may consist of impulse



the natural response for a given optical systemis convolved with the goa
function. The resulting inage corresponds to an enhanced interference nap
(taking into account optical systemcharacteristics) that may be used for
determ ning assist features, for focusing light intensity in the areas that
will be printed. For a Chrone Phase Lithography (CPL) mask or a mask with at
| east two discrete transmssion |evels, sone assist features will be

i n-phase and others will be out of phase with the primary feature to be
printed in order to constructively interfere. In other words, the aerial
imge of the primary feature, for exanple, a contact hole, can be inproved
by placing clear assist features (transm ssion of 1009 where constructive
i nt erf er efia&ions,at!s rdpfestitthg d ¢Uneict 6 Bihe sp@pd Nekt)ake éiBenfamitiodlthdt ie@&sents
intensity can be increa?ed further by placing 180 assist features
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construc“ivegédt E3the intenﬁ%téﬂ Jhis phase reversal of the destructive
i nt er f er SAEESHR %?ﬂﬁéléaéw e P%Sg‘ of the mask to be used constructively

which maxim zes the intensity for creating the feature/pattern. Wile the
concepts disclosed by the '830 and ' 829 aEpIications do i ndeed descri be
e

novel  welPs 3 (Chipme hPhaseildthogiaphy (€L haaskeordat wash WeM, ahdeast fwg, distiglee may
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image in the area out si eature to be printed caused
by the agbé ptimhnafeatues to Fhe@rintsdah ardarge posstdictively Sutdrfedeer ni otheveosnthe

undesirabl e printi caused_ by assist feature ile i ntaini t he.
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| arge, and the O-degree and 180-degree assist features abut each ot her

di rect | y,intesfeteace mARn Then My asral imagpdrpRtly G2n baringpregd duthen by plcing 180
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di sadvantingefetehat nidpe heosd tcreatingige €PLt hmsk. In other words, 180° assist features
(transmission of —100%) reverse the phase of destructive interference and cause destructive
interference areas to contribute constructively to the intensity. This phase reversal of the
destructive interference areas causes all areas of the mask to be used constructively which

maximizes the intensity for creating the feature/pattern.

} While the concepts disclosed by the ‘830 and 829 applications do indeed describe novel
” ways in which assist features may be determined, at times, there may be some undesired
printing caused by increased intensity or bright spots in the aerial image in the area(s) outside
of the feature to be printed caused by the assist features. The novel concepts discussed
herein overcome undesirable printing caused by assist features while maintaining the benefits
of utilizing assist features. The method described herein further differs from previous
methods in that the assist features are relatively large, and the 0-degree and 180-degree assist
features abut each other directly, rather than being small openings in an opaque (chrome)

background. These larger features may be easier to render accurately in a mask making



edges between assist features is nore critical than that between an assi st
feature and its chrone border. Recall that the eigenfunction for a given
optical systemrepresents the natural response of the optical system It
has been shown that a partially coherent imaging systemcan be deconposed
into a series of independent coherent inmaging systens. Wiile many different
deconposi tions nethods are possible, the often called "optiml coherent
deconposition” utilizes the coherent kgrnels, which are eigenfunctions of a
characteristic integral function. The optinmal coherent deconposition nethod
utilized herein shall not be limting to this invention, The operator of
the integral equation is entirely determ ned by the optical imging system

- wavel engidoessNdithoulgh unisrhat;msigeplrsoj‘ffsbteby Qﬁe(ldlsuﬁdaﬂggé |tha$ thte posiieEng bbhe t he
intensity functionis as follows: z Y)=1012; ,Y) *w, (X, Y1 where

| (x, y) =°985% &FTee) astibfcicndresale HE qﬂrt’éfile@fﬂﬂ dhﬁt(W%eﬂ) arppypisé featyrg andgffer al |
|1l um nat ;199 glgbﬁtg;l ty; I\/(x y) = Effective Conpl ex Mask Transmi ssion

Functi on; \/m = it' Eigenfunction of the Optical System and A, =

Ei genval ue Correspondl ng to yr (x, y). The eigenfunctions are conventi onal |y

nunber ed of d i erenc
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ei genf unctl on repr esents, However, the efficiency of this "stimulatjon"
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be ut itilizee thef arhergan btraels,n*ghlah armelgcﬂfemcéme ofrap:haractensnc integral function.
The optimal coherent decomposition method utilized herein shall not be limiting to this
invention. The operator of the integral equation is entirely determined by the optical imaging
system — wavelength, NA, illumination profile, etc. Using this decomposition, the intensity
function is as follows:
I, ) =153 2 |M(x, )+, (x. )
is)
where

I(x,y) = Intensity Function at the Projection (Wafer) Plane;
I, = Overall Illumination Intensity;

M (x, y) = Effective Complex Mask Transmission Function;
¥, (x, y) = {® Eigenfunction of the Optical System; and

2, = Eigenvalue Corresponding to w,(x,y).

The eigenfunctions are conventionally numbered in order of decreasing eigenvalue. An
interference map can be computed using any eigenfunction, and the assist features derived
therefrom will “stimulate” the component of the imaging system that the particular

eigenfunction represents. However, the efficiency of this “stimulation” decreases as the

eigenvalue decreases, which makes the first eigenfunction, 1, be the one of greatest interest.



Consi der a single isolated contact. By convolving the transm ssion function
of this contact wth the eigenfunction for a given optical system an
interference map will have a series of bright and dark areas. Fig. 1
illustrates the eigenfunction for a cut line through the single isolated
contact. As woul d be expected, the eigenfunction has side | obes 10, which
can be seen in the second, third, etc., eigenfunctions (not shown). These
side lobes relate to the placenent of gither the in-phase assist feature or
out - of - phase assist feature, in order to focus as much intensity as

possi bl e I r i . he..f 0.h ri pted.
Fovever . Gnehitfe, T8 Ben@h Bl ETP R O et TrkolortQinkfably Pdiv

out - of - pheigenfargsios) may Baiitilized fortgbdratinpepunterfeensdmawt i ve interference in the
aerial imge outside of the main |obe, or feature to be printed. This
causes the undesirable printing to occur and is the result of |ocal
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illustrates a conbination i mage of"an exe ary pattern of contacts,
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the first, eigenfunction il.lustrated Fig. 1. Referring to Fig..2,.the
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It will be noted that the eigenfunction of Fig. 1 is not balanced: the
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results in an 1nterference map that causes re of the assist-Teature area

t o be covarmuchbintedsithe gy pessivds os the meiat lobe cotrbsponding 18 thedfegtueretoalss peted.

features. This causes undesit. rinting on the subst e Lch corr.esponds
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nodi fied to encapsul ate the _preference of not printing undesirable
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i n- phase lﬂéﬁi'@ﬁal%ﬁgé ures and out-of - phase assi st features, |ocal inbal ances
i t hat

. i . . .
are mnimze may cause undesired features to print. This nay be

acconplished by filtering
The undersirable printing may be seen in Fig. 2, which illustrates a combination image of an
exemplary pattern of contacts, corresponding mask pattern and the simulated predicted
printing utilizing the first eigenfunction illustrated by Fig. 1. Referring to Fig. 2, the in-phase
mask area is designated by 12, out-of-phase mask area by 14, chrome mask area by 16,
contact pattern by 18 and predicted printing by 20. It will be noted that the eigenfunction of
) Fig. 1 is not balanced: the positive side-lobes are larger than the negative ones. This fact,
combined with constructive interference from groups of closely-spaced contacts, results in an
interference map that causes more of the assist-feature area to be covered by 0-degree assist
features than by 180-degree assist features. This causes undesired printing on the substrate
which corresponds to the predicted printing area 20 outside of the intended contact pattern 18

as shown in Fig. 2.

To minimize undesired printing, the eigenfunction may be modified to encapsulate the

preference of not printing undesirable features, such as those caused by assist features. By



t he eigenfunction so that the entire assist feature areas conputed fromthe
filtered function w Il be approximately bal anced. This wll retain nost of
the desired feature printing enhancenents devel oped and described in the
'829 and ' 830 applications. The reason why | ocal inbal ances occur is sinple.
On a given mask, assist features are no different froma contact. The
assi st features create areas on the nmask that are in-phase or out- of-phase
(assuming a two discrete transmssion ligvel nmask). Considering the mask as a
whol e, assist features may be primarily in bal ance. But, considering

| ocal i zed- ar t.h . ften i i.s Jfound t. assi,st ,feat,ures are out
of il ancfBating il halliblic BALED ahd ol R bk T8RS Bla (FBHMES L © 00
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i nbal ances. "Local" relates to an average over a range on the order of i
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frequencies and removing the low spatial frequencies from the eigenfunction. The low

spatial frequencies correspond to felatively large areas of the same phase that contribute

significantly to the local imbalances. “Local” relates to an average over a range on the order
of A/NA.

By removing the low frequency spatial frequencies from the eigenfunction, the DC

component is also removed. However, it is desirable to only filter the eigenfunction in the

S

side lobe areas. If the filtering is performed over the entire eigenfunction, then the main lobe
would be lost, and this is the area in which light intensity needs to be maximized. In other
words, filtering needs to ignore the main lobe and filter only the part of the function
representing the side lobes to remove the DC component and the low spatial frequencies..
This filtering will result in approximately an equal area of in-phase and out-of-phase assist
features, and can be seen in Fig. 3 illustrating a plot of a filtered first eigenfunction. It should
be noted that while tall peaks above zero result, the area of the peaks are balanced by the

wide shallow peaks below zero.



the origin and then apply a Gaussian spectral filter to renove the | ow
frequencies. O her filters of course can be used, such as a brick wall
filter. However, filters with abrupt cutoffs, such as brick wall filters,
tend to exhibit "ringing" effects, unduly enphasizing certain frequencies
or positions while suppressing others. Thus, a Gaussian filter is preferred
because it is a "well-behaved" mathematical function. The mathenati cal
expression for the Gaussian filter is gs follows: / " Y] = 1 e-(s2+y2)/ R2
.fipaliai k (k., k,) I -1 e .fpeelol=p2 where (x, y) = Spatial Position
(in mcrons) R= Spatial Filter Radius (in mcrons) (kx, ky)=Spectral
Frequency (in radians per mcron) p = Spectral Filter Radius (in radians

per i cr oFiltefmgmay bk |petfGinicdt iBsutdizgod Gahisstanesphiidl tfRfef dhidh' Sillsejud ef 4t8£hd ON
and the unfiltered first eigenfunction. The filtered eigenfunction is
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contact si zes. ill'ustrates a flow chart o ps for ‘generating a
mask uti | suehrey bridki wabrfaltbrs, efegné wabibitotringiog” Stffepts] undilg emgshlasipiat @rtaini s

representgd by .a mathematical, expressi on, M X i the .effective conpl ex
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optical sheh@dii B JREI-Bdhaded”Avati@sRIchDRECRRO VELAMathbMatRla® Bxpressidhefor the
eigenfunction is filtered in the side |obe areas to renove the DC conponent

and | ow siaspian filterisgsfllemss. In Step 3, nore than one ei genfunction may be
filtered, dependi n the. aceguracy desired. In Step 4 and as descri bed
ab()‘\ge, the fi I?s@ﬁa&g’)gizgle‘rﬁ‘(unyc)fi on fromStep 3 is

Sk, ) =1 =507

where
(x, y) = Spatial Position (in microns)
R= Spatial Filter Radius (in microns)

(k k )=Spectral Frequency (in radians per micron)

X3y

p = Spectral Filter Radius (in radians per micron)

Fig. 4 illustrates a plot of the filtered first eigenfunction and the unfiltered first eigenfunction.
The filtered eigenfunction is convolved with the mask transmission function. Once the assist
features are generated, a conventional OPC loop may be performed to achieve desired

contact sizes.

Fig. 5 illustrates a flow chart of the steps for generating a mask utilizing a filtered
eigenfunction. In Step 1, the mask pattern is represented by a mathematical expression
M(x,y), i.e, the effective complex mask transmission function, and in Step 2, the
eigenfunction for a given optical system is generated. As described above and in Step 3, the
eigenfunction is filtered in the side lobe areas to remove the DC component and low spatial
frequencies. In Step 3, more than one eigenfunction may be filtered, depending on the

accuracy desired. In Step 4 and as described above, the filtered eigenfunction from Step 3 is



12 convolved with Mx,y) determined in Step 1 to create an interference
map. Recall that the interference map identifies the areas in which

i n-phase assi st features and out-of - phase assist features are needed. The

i n-phase and out - of - phase assist features are created with edges that

foll ow the boundari es between the positive and negative areas of the
interference map. Because the interference map derives froma filtered

ei genfunction, it lacks the | ow spatialjp frequencies that produce |ocal

i mbal ances between positive and negative areas. It should be noted that the
assist fe I k ley....h G h e can
o 5i rmpl (P ot AR R Sten P K R e BnUE ) REAL b R
provi ded inteefereacembp ideatifiesothe asead inndohiak @dphase agshafeatives grdomit-ebghade assist

i ntroduces no net inbalance between in: phase. apd out-of - phase, assi s
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t he exanpl e descri bed bel ow. Exanple The invention shall not be limted to
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condi t i onstedthmeahe agish feafRdGriongeMdated ideblly hdvertbmpieas curGdibshapes( Thgsocanle =
0.85, signma-in =.0. 61%’]]){ CoEt act Size: 80nm M ni mJ;T Pitch: 160nm Q{% i&gge of
the first8p dHet POBOngh fAPPIASIBEHONS K Withent s Beat ApssqyBhefiffecth sPiovidsdt 5t ed by
Fig. 6, sanplifdtibiegumlastdre- fhdi S§, lfﬁbﬂ&é!f HNftkddBes M héd hiaRfce bOweBLin-
spectral domain is illustrated by Fig. 7. It can be seen that the positive
and’ negatihgse andgut-pHplease agsest frsturgsel | ni xed -- along the x- and y-axes, after
a first positive side-lobe, there is a pair of negative side-|obes that

al nost nerge into one large |obe. Simlar behavior can be seen along the

di agonal dn performing the above analysis, local imbalances that cause undesired feature printing may

be minimized. This is further illustrated by the example described below.

Example

The invention shall not be limited to the following examples Those of skill in the art will
understand and appreciated that various extensions and alternative embodiments are possible.

Consider the example of printing contacts with the following conditions:

Wavelength: 248nm

NA: 0.85
) [lluminator: Quasar (sigma-out = (.85, sigma-in = 0.61)
Contact Size: 80nm

Minimum Pitch: | 160nm

An image of the first eigenfunction, unfiltered, in the spatial domain is illustrated by Fig. 6,
and an image of the first eigenfunction, unfiltered, in the spectral domain is illustrated by Fig.
7. Tt can be seen that the positive and negative side-lobes are not well mixed -- along the x-
and y-axes, after a first positive side-lobe, there is a pair of negative side-lobes that almost

merge into one large lobe. Similar behavior can be seen along the diagonals.



13 An image of the second eigenfunction, unfiltered, in the spatial domain
isillustrated by Fig. 8, and an image of the first eigenfunction,
unfiltered, in the spectral domain is illustrated by Fig. 9. The second

ei genfunction (along with the third eigenfunction, which is exactly a copy
of the second eigenfunction, but rotated 90 degrees) is a possible candidate
for generating an interference map. In this exanple, the second ei genval ue
is 0.41 tinmes the first eigenvalue, making the second eigenfunction nmuch

| ess useful for determ ning assist features. Wthout filtering, this

ei genfunction al so has | arge areas vx/nerl§ the sign remains nearly constant.
The first eigenfunction illustrated by Figs. 6 and 7 was filtered spatially
with a radius of . 0.25m and spectrally with radi us of 20 radi ans/ m. Fig.
10 111 ustAnimagafahs focpud eigerthnaiion; 'éwfé@mduﬁb SPatiah d?%mslﬁéliqsrraqe@mg-n, and
Fig. 11 iglaHgthahes dthRe fikdt %%Eﬁﬁinfztidn,shnﬁl't@é‘cﬂfix'ﬂﬂfétdp%ra!l QomhiAGs SINAthRH _b?oma' n.
The filtered function shows a much nore honbgeneous m xing of positive and
negat i ve HiglfesThetsstand eigetitimction (atangsyitctbe ghirddiginfpwtion, fwhickeisiengctly@nepyan

al so obs el . h hal fihtering.step.. hat the that the
val ue of (ﬁlﬂl\/qssefgrgdc l%n?&'%cgg{"o%t ?%%@?%g%ggﬁ?sb alep (gsglcla’?ea Jﬁfl dl(Eal{‘%of?)lr g“r’“ﬁ?at‘?‘&agt ive
to the nédattfgrehadb@sp. Ththif enaaiplgnhe/sdeted vigsnvakuads Dy 1 tiegsathafirdt Régeavalge,n
after the spatial filtering step, but the follow ng spectral filter] nq step
changed t%ﬁ%ﬂ%meg*ﬁ?qrv.mssngmcw muck dess yecdil for defepnining assish falgeesor Withey
desired i fai j redi cted
printi ng&ﬁ%{géﬁggie}%ﬁﬁ%gﬁn‘?%&%‘?IC n%g%?gﬁéc?%?lf esggggﬁﬁ&gﬁtﬁ %ﬁ%ﬂﬁhgﬁtgst rated by
Fig. 2. Recall that in-phase nmask area is designated by 12, out-of-phase

mask ar b 4., [ QITE . k. areacb 6, ,intended conta tern. by .18 and
pr e of c st Pisg TG0 TR DR 8 fng T WER P red ol P R a8 ng has
been el i . IRIneend Esuatralewith miadhue tbf 20r RdiaGé/g6. PFign10 Nfhstrads thehfilterbd Sireeen
acconplished by fi]ltering the eigenfunctiqn as described_ herein, thus

pr oduci ngigpfEcHemn the gpettipl damain a9 Fig. dd dHusiraten theyidliterer: st siggafynation in
feat ur es.yFigGarial AopGHEMhE Gkl ARREGE Shdwd LG ARR GoRbOinsGld RiiAPRAT at us
sui tabl e forsgaulsae \(/)\,it a ma?E éé‘esi gﬁed V\A&bﬁﬁ trﬂe a?ﬁ o?‘otggdncurrentl 3
i nvent i orposilitie ang pagativesobsnphis sedue 1odthe spectral high-pass filtering. One can also
observe the effect of the spatial filtering step, in that the that the value of this function is low
on the central lobe at the origin, relative to the nearby lobes. The function value was exactly
zero at the origin after the spatial filtering step, but the following spectral filtering step

changed this slightly.

Fig. 12 illustrates a combination image of the desired pattern of contacts, the mask pattern
and the simulated predicted printing. The desired pattern of contacts correspond to that
\ illustrated by Fig. 2. Recall that in-phase mask area is designated by 12, out-of-phase mask
| area by 14, chrome mask area by 16, intended contact pattern by 18 and predicted printing by
20. By comparison with Fig. 2, undesired printing has been eliminated from the simulated
predicted printing, and this has been accomplished by filtering the eigenfunction as described

herein, thus producing more nearly equal areas of 0-degree and 180-degree assist features.

Fig. 13 schematically depicts a lithographic projection apparatus suitable for use with a mask

designed with the aid of the current invention. The apparatus comprises:



- a radiation systemEx, IL, for supplying a projection beam PB of
radiation. In this particular case, the radiation systemalso conprises a
radi ati on source LA, - a first object table (rmask table) MI provided with a
mask hol der for holding a mask MA (e.g., areticle), and connected to first
positioning neans for accurately positioning the nmask with respect to item
PL; - a second object table (substrate table) WI provided with a substrate
hol der for holding a substrate W(e.g.j4a resist-coated silicon wafer), and
connected to second p05|t|on|ng means for accurately p03|t|on|ng t he
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mask) . tively, the apparatus my e oy ano tterning
means as maskabitherespeei toetemtBL;t he use of a mask; exanpl es i ncl ude a
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traversed condjtioni ng nmeans, such as a beam expander Ex, for exanple. The
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and a condenser ) t.he beam PB i npinging on the mask MA has a

desired (RMPHSHELY 8moﬁer#ﬂeé?1\é\?%§s‘dt?5§fweﬁﬁuti oninits cross-section. It

shoul d be noted with regard to Fig. 13 that the source LA may be within the

housing of the |ithographic projection apparatus (as is often the case when
t he sour cts dgpisted hergimy Eher sprpeatls, is of gr transmigsive )typeblite. thaa® transmisjiva maskbe

remote frgm e i Lo AL G1sB rbgjo?gtréf%@tl‘%)@ﬁé, %lue%camrpnee(w]lﬁl a reflective mask).

Alternatively, the apparatus may employ another kind of patterning means as an alternative

to the use of a mask; examples include a programmable mirror array or LCD matrix.

The source LA (e.g., a mercury lamp or excimer laser) produces a beam of radiation. This
beam is fed into an illumination system (illuminator) IL, either directly or after having
traversed conditioning means, such as a beam expander Ex, for example. The illuminator IL
\ may comprise adjusting means AM for setting the outer and/or inner radial extent
(commonly referred to as c-outer and o-inner, respectively) of the intensity distribution in
the beam. In addition, it will generally comprise various other components, such as an
integrator IN and a condenser CO. In this way, the beam PB impinging on the mask MA has

a desired uniformity and intensity distribution in its cross-section.

It should be noted with regard to Fig. 13 that the source LA may be within the housing of the
lithographic projection apparatus (as is often the case when the source LA is a mercury lamp,

for example), but that it may also be remote from the lithographic projection apparatus, the



radi ati on beamthat it produces being led into the apparatus (e.g., with the
aid of suitable directing mrrors); this latter scenario is often the case
when the source LA is an excinmer |laser (e.g., based on KrF, ArF or F2

| asing). The current invention enconpasses at |east both of these

scenari os. The beam PB subsequently intercepts the mask MA, which is held on
a mask table MI. Having traversed the mask MA, the beam PB passes through
the lens PL, which focuses the \ beami®B onto a target: portion C of the
substrate W Wth the aid of the second positioning 1 neans (and
interferonetric neasuring nmeans |F), the substrate table WI' can be noved
accurately, e.g., so as to position different target portions Cin the path
of the bemdiafgh befd nhdt ar pypdudesebefrigrlst iposh¢ iapperatgs (eansvithahe bél of edtable

accurately. siti.on the kK MA with .respect tqg th ath of the beam PB,
o it reRfe el i R sbenattp i ol Rk eshaten dfis Sl 15/ Gy etor
during a m&afe.g! Basg@Beial, AFoMeraMingd! ThbQuedit etlentiGPbRPnihsseydt [hst bothe

realized with the aid of a | ong- stroke nodul e (coarse positioning) and a

short - st r&fRBesEseRRrEOS. (f i ne positioning), which are not explicitly depicted
in Fig. 13. However, in the case of a wafer stepper (as opposed to a

st ep-and-scan tool) the nmask table MI may just be connected to a short

st roke acTheabaam PBrsubsequirelyf inkerckptsTthe rdlashi NfiAe dviidnls lodd onea usekl tahie MDD

di fferent, modes: l,n ste d he sk tapble is kept essenti al |
ot at § onaryvis rvsrsed b etk W, e (ragnPB Bipoudidiing fond B8 yEB ORI, ng o
"flash") RAMPR ohR DRkgePPSAILAIT &F thd BELsEERSVT AR HRDI® of ME seSorddRRitRRInkt ed in
thegx and/or y directions so that a different target portion C can be

i rradiat ebeany (e igerderomgtric- measugpgmasneidl), dhes swhsratel ablen®Is anme be deenedi o
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"flash". ste ’he nas irection (the
so- cal | edSitrdlagdy, tHe fiext tpositidning ngeans tdnebeyusdd ne atduengly wotition tispmask MA sdétht hat

the SubstFHReE ot BHhf e &P &feBE1 PoHBOEA P HeOL o MAFHS pe’

di recti onmak I1frape&ddi¥mgM/scah.N INMBbkelal 1Biovement of the object tables MT, WT will be
realized with the aid of a long-stroke module (coarse positioning) and a short-stroke module
(fine positioning), which are not explicitly depicted in Fig. 13. However, in the case of a
wafer stepper (as opposed to a step-and-scan tool) the mask table MT may just be connected

to a short stroke actuator, or may be fixed.

The depicted tool can be used in two different modes:
} - In step mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e. a single “flash”) onto a target portion C. The substrate table
WT is then shifted in the x and/or y directions so that a different target portion C can be
irradiated by the beam PB;
- In scan mode, essentially the same scenario applies, except that a given target
portion C is not exposed in a single “flash”. Instead, the mask table MT is movable in a
given direction (the so-called “scan direction”, e.g., the y direction) with a speed v, so that
the projection beam PB is caused to scan over a mask image; concurrently, the substrate table

WT is simultaneously moved in the same or opposite direction at a speed V' = My, in which



Ms the magnification of the lens PL (typically, M= 1/4 or 1/5). In this
manner, a relatively large target portion C can be exposed, w thout having
to conprom se on resolution. The concepts disclosed herein nay sinulate or
mat hemati cal |y nodel any generic inmaging systemfor imaging sub wavel ength
features, and may be especially useful with enmerging inmaging technol ogies
capabl e of produci ng wavel engths of an increasingly smaller size. Energing
technol ogi es already in use include a 193nm wavel ength generated by an ArF
| aser, and 157n wavel engt h gener at ed bgGa fluorine laser. Further, EW
(extreme ultra- violet) lithorgraphy is”capable of pr oduci ng wavel engt hs
within a range of yusmga nchrotron or hitting a materi al
(either <418 e@ﬁg‘aﬁﬁt’&§ﬁ§} W@Wlh(tﬂﬁcaég(e%y”éloéé@olﬁémﬁHlanﬁ?rdéfe 35t oduce
phot ons ‘Mr@é"ial:%ei Pérdioh @GR be BRSALS SwillRai ha TR 6'(:@1]11 ro"i‘r_ﬁ?e GPRESIBLGY e W thin

this range, unm nation may be produced by refl ctlve mrrors wwth a
mul ti-stack of Ml ybdenumand Silicon. The nulti-stack mrror has a 40
wher each _l.aver is

| ayer pai nd Sili hi ckn
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| i t hogr apistem Ry insglidgy subawayehenaeto fatiies, &n&lsﬁtﬂr BeOegpecidly @sefl] ¥ithrederging

wavel ength. Wil e the con ts _disclosed herein may be used for |maging on a
tegd et

subst r at dMagieg technglogies jcapable Rf prpducing wivelengths an%[bﬂ@ﬂf%ﬂlgbhéﬁlall%eslze
di scl OSe@n&?@ﬁ@Qéc'ﬁn@@é'lep%lrl?b?&dm"\ﬁstehn@lﬂﬁe taymnﬂlf a{/éléric%‘ﬁg g@:ﬁ’é?ét@d'

systens, e. those Used I magi ng on substrates han |con
waf ers. $tsf:lt, wad el 570 nmvnekmatlhn gqne@tetdf b3a adhwpmt: dases y Juethrern, RLOY \(extmmfg nlwari ng,

i ncludin a il i bed
oi g ARty if Gitihle BPtrodfiahE SutharuBlf Rt paaih f0RiA RS
rTﬁput er syrlchrmﬁroatldqutmg raanaeldae (8ititkr ROISE bbh Ylabng) wath TigH aieed, eladtionk @gor ds

are stored within gener al - r ose conputer platform At other, tines,

however , °fdse %afqdwaer Bhatens % thisgangs: Beqakse mastanatenals Arfaabserntive YRR t ed
for | oadi 9 randdl 311&:9%&&%9% | nvo? 1@’ chf?QeS‘?mﬁ‘aFg)Wxﬁlr aSHhEiEk BENCce,

t he enbodi nent’s’ di scussed one or nore sof tware products in
the for ml\drflybﬂmum randﬁnle;onod[heeguluf-stankdmmw has a 40 layer pairs of Molybdenum and
Silicon where the thickness of each layer is a quarter wavelength. Even smaller wavelengths
may be produced with X-ray lithography. Typically, a synchrotron is used to produce an X-

ray wavelength.

While the concepts disclosed herein may be used for imaging on a substrate such as a silicon
wafer, it shall be understoed that the disclosed concepts may be used with any type of
lithographic imaging systems, e.g., those used for imaging on substrates other than silicon

} wafers.

Software functionalities of a computer system involve programming, including executable
code, may be used to implement the above described imaging model. The software code is
executable by the general-purpose computer. In operation, the code and possibly the
associated data records are stored within a general-purpose computer platform. At other
times, however, the software may be stored at other locations and/or transported for loading
into the appropriate general-purpose computer systems. Hence, the embodiments discussed

above involve one or more software products in the form of one or more modules of code



carried by at |east one machi ne-readabl e nedi um Execution of such code by a
processor of the conputer system enables the platformto inplenent the
catal og and/ or software downl oading functions, in essentially the nmanner
performed in the enbodi ments di scussed and illustrated herein. As used
herein, terns such as conputer or machine "readabl e nmediunt refer to any
medi um that participates in providing instructions to a processor for
execution. Such a nmediumnay take many forns, including but not limted to,
non-vol atile nedia, volatile nedia, anq transm ssi on nedi a. Non-vol atile
medi a i ncl ude, for exanple, optical or ﬁagnetic di sks, such as any of the
storage devices in any conputer(s) operating as one of the server platform
di scusseda@isd\py at {ggpiAne reackingraadahie) esiuray FXasusiop@sush cosla b arosassas ofenor y
of such g CcSHEBH{eFrslee@t E:?Jb%ﬁs ﬁl&yﬁla&&lm thansibmshOheEdaRe! Afd/HdSomRE! 2l
cabl es; copper "w re”an I'ber optics, inc Ing the wres that conprise a
bus wi t hidowaloadip ftisitioay, Sh essen@alty thermavmee perforaied m $lsd embodichicats chistussatke t he
f or m of elggh{'c gp el ectromagneti c signals, or acoustic or |ight waves
such as SB@% %% during radio frequency (RF) and infrared (IR data
comuni cati ons. Common fornms of conputer-readable nedia therefore include,
for exanple: a flo di sk, a flexible disk, hard disk, nmagnetic tape, any

| oppy ! :
ot her mad¥etspé hergisg anmf siehas. cruputepyDMaghiye Fesdaplegpedival’ refeioany m

commonl y 1.2 - . . an ,cal

o um il PRl i BV e nBkDAARC Y £D0cPRRCTor RRGOEMuH IR BRES,
ot her nenmakeymety dorors, dariddingldet nat diarited eto, wan-eolatiteamepiar tviolatjled atediapand
instructions,, cabl es,. or_]inks transport.i uch a carrier wave, or . ot her
red; um | BHFITER iz OB, TP BB R AP EotiRhal et Rany of
these f QuémPastny©® %%&égd&@%@ln%u%@ﬁ?pﬁﬁg) HRrdtiny @b Y8 of the G@VENIIRGorANE OF
nore sequences of one or nore insfructions to a processor for execution.

Al t hough dissusspd abavgt Yolatdpmedis inelydep deamie gemons gughed mpinysemeyed skeh det ai | |
it isto u . th&1iS MBudeSc¥: o jon and
exanpl e S nﬁgﬂgﬁgf#tﬁn%o'tﬁ& %ﬁé}gpaﬂlg&%g% OByrgg%gy 0 deI ?&r%hx%agt@?{%l%’ étohé&:&é%géh%f t he
present ifivecoiticerintdeding tHel wirdésethataolnpriby a binewitkin rascoafputdn gystayp.p Eadieg-wakai s.

transmission media can take the form of electric or electromagnetic signals, or acoustic or
light waves such as those generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable media therefore include, for
example: a floppy disk, a flexible disk, hard disk, magnetic tape, any other magnetic
medium, a CD-ROM, DVD, any other optical medium, less commonly used media such as
punch cards, paper tape, any other physical medium with patterns of holes, a RAM, a PROM,
and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave
\ transporting data or instructions, cables or links transporting such a carrier wave, or any other
medium from which a computer can read programming code and/or data. Many of these
forms of computer readable media may be involved in carrying one or more sequences of one

or more instructions to a processor for execution.

Although the present invention has been described and illustrated in detail, it is to be clearly
understood that the same is by way of illustration and example only and is not to be taken by
way of limitation, the scope of the present invention being limited only by the terms of the

appended claims.



18 What is clained is: 1. A nethod of optimzing an intensity profile of a
pattern to be fornmed in a surface of a substrate relative to a given nask
utilizing an optical system conprising the steps of: (a) mathematically
representing a goal function representing desired printing behavior of the
gi ven mask; (b) generating a mathematical expression representing certain
characteristics of the optical systdd said mathematical expression

i ncluding at | east one eigenfunction; (c) nodifying the mat hemati cal
expression of Step (b); (d) generating an interference map in accordance
with tWaayigglaimedds: Step (c) and Step (a) (e) deternining in-phase assist
features and out-of - phase assist features for the given mask based on the
interference map of Step (d), wherein nodifying the mathemati cal expression
of Step (b)l.i nclAichethofliof bptirnizingsaiickenditylpeafiit of @ patteen gebd fonaed e swfaasoft o
mnimze, |l ocal inb?I ances ofks i d in-phase a%ssist f eat ures and. said

out - of s AL wlae o § ey mask udizmg At dRUeRSu BT, AN RGNS St ensi t y
profile acqgy di nghthenAicallytehres¥RZ& Fbab AindtioRteptRatiingQ8ir&i H@itfngvehaws:
represents certain characteristics of the optical system 3. The nethod of
opt i ni Hithgy2i¥en Matkénsi ty profile according to claim1, wherein the at |east
one ei genf ti LS. filt l.at. j.del g

ei genf unct ﬂgﬁ %@ néItﬁne g{%t:ﬁ!gﬁ&g%tﬁg%ie#ﬁé}?sglfoﬁg}egﬁes@iﬁ@gnc%?t? ?fl g@a(g%c??qgtl%scg%rt% ng to
cl ai m dpticatsgstemnsaidimathtmatieahetpression éndedifiglatdedsoenel esgehifilricdored out si de of t he
mai n | obe of, the ejgenfunction. ;5. The nmethod of optimzing an intensity
profile acd®tdi MPAyme s metemgica! exniessioa Ongqpt(E){;i ng renmoves the DC
conponent qgy CergeRdritidgOM ifRAticAte MhS AURBSUST e Hith thE rRUM 8NERP ¢d)ialid Stef (a)The
met hod of optimzing an intensity grofl | e according to claim1, wherein the
i nterferende mapletermisingpin¢phips assigelsatuess and byt-efarhast sssisyfeaeesrfes thietgiveh St ep

(a) w ﬁlgskt&gedro%stﬂé }nté?'{‘eren%E ?rpap(o?)Stepj(g),

wherein modifying the mathematical expression of Step (b) includes filtering said at least
one eigenfunction so as to minimize local imbalances of said in-phase assist features and said

out-of-phase assist features.

2. The method of optimizing an intensity profile according to claim 1, wherein said

at least one eigenfunction represents certain characteristics of the optical system.

3. The method of optimizing an intensity profile according to claim 1, wherein the at

least one eigenfunction is filtered relative to the sidelobes of the eigenfunction.

4. The method of optimizing an intensity profile according to claim 1, wherein the at

least one eigenfunction is filtered outside of the main lobe of the eigenfunction.

5. The method of optimizing an intensity profile according to claim 1, wherein the

filtering removes the DC component or certain low spatial frequencies of the eigenfunction.

6. The method of optimizing an intensity profile according to claim 1, wherein the
interference map in Step (d) is generated by convolving the result of Step (a) with the result of

Step (c).



7. A program product, conprising executable code transportable by at | east
one machi ne readabl e nmedi um wherein execution of the code by at |east one
programuabl e conputer causes the at | east one progranmbl e conputer to
perform a sequence of steps for optimzing an intensity profile of a
pattern to be formed in a surface of a substrate for a given mask utilizing
an optical system conprising: (a) ndthematically representing a goal
function representing desired printing behavior of the given mask; (b)
generating a mathemati cal expression representing certain characteristics of
the optical system said mathematical expression including at |east one

ei genfunction; (/)pro@ainf prodget! BempRdile RRédutble eXdy GasdpaRalile bSt &P 1akt) one d)
generating an interference map in accqordance with the result of Step (c) and
Step (Bychinedpadapleapediwnnyherainsraauion of thercode by at ieast one Peprarematyp sQBPHES| st

featur i i r . en.- ,
wher ei %ﬁyn%g{i? {l/tpg%gsglto ﬁﬁﬁ m t err%‘??g(gﬂplgg&plﬁ)g% 5’%0%?‘05%5‘%?‘2%85 EE)@&I ﬁ)& Ioﬁlt‘dlgfs%lrggﬁnt ering
sai d aintehsgsprofilend agpattemf torbetfoomedsio asmirface off nsubszae focagivenmmatlandesngodn sai d

in-phasg. a]ssi st features and said out-of-phase assist features. 8: The
pr ogr atfH 5P GEtiET: LEWSFYIeng to claim 7, wherein said at |east one

ei genfuncti@n r epftR&RicaIlE RptadbmingNAERL figictisd tépPestitilg\®sRRS bmingBebiam 9.
The pr&gram product according to claim7, wherein the at | east one .
ei genflribe gisen mask:fj | tered relative to the sidel obes of the eigenfunction.

10. The pr am gﬁld fgt ] | rel -
ei genf unct ﬂgil iggﬁ‘?l t e?gg&g%rﬁ%tﬁgg%g?r%s él mr?éfeﬁ%@geéég?wﬁ%ﬁ%ﬁtggﬁﬁ r?g{&?e on.
| t. Theptipalogstemm saidoathematicab exhresyiononadhdingratdeastvbrer eganfirdvaof;i | t eri ng renoves

the DC conponent .certain |ow spatial frequencies of the eigenfunction.
12. The pr ?IB} am%‘?‘@é’ﬂ]’t&t ate maHgaﬁ%prgqsgﬂn,ﬂ@?ep\,@H)gr ein the interference nmap

ir 235} fpof ( gt%i)e :Os (gg)ﬁé}stré%t AOnRYFADY AbY I cbrdnde@atH the RfsulPbeBtep %) i Slepi(he
(¢)  determining in-phase assist features and out-of-phase assist features for the given .
mask based on the interference map of Step (d), .
wherein modifying the mathematical expression of Step (b) includes filtering said at least
one eigenfunction so as to minimize local imbalances of said in-phase assist features and said
out-of-phase assist features.

8. The program product according to claim 7, wherein said at least one

eigenfunction represents certain characteristics of the optical system.

9. The program product according to claim 7, wherein the at least one eigenfuncﬁ_on

is filtered relative to the sidelobes of the eigenfunction.

10.  The program product according to claim 7, wherein the at least one eigenfunction

is filtered outside of the main lobe of the eigenfunction.

11.  The program product according to claim 7, wherein the filtering removes the DC

component or certain low spatial frequencies of the eigenfunction.

12.  The program product according to claim 7, wherein the interference map in Sf_ep

(d) is generated by convolving the result of Step (a) with the result of Step (¢).



13. A method of designing an optiml mask, conprising the steps of: (a)
generating an intensity profile of a pattern to be fornmed in a surface of a
substrate relative to a given mask utilizing an optical system (b)

mat hematical ly representing a goal function representing desired printing
behavi or of the given mask; (c) generating a mathematical expression
representing certain characteristics 20f the optical system said

mat hemat i cal expression including at | east one eigenfunction; (d) nodifying
the mat hermati cal expression of Step (c); (e) generating an interference nap
in accordance with the result of Step (d) and Step (b) (f) determ ning

i n- phase asgi st g . - 0of . .St tures.for the given
mask based%§h tﬁ%ﬁgﬁ@g§?g% ggﬂﬁﬁﬁﬁgﬁﬁg@@b%ﬁﬁkﬁ&aégggﬁﬁsﬁ%difying t he

mat hemat i cak) expersstimgnarointestieppilotile ofcpardastd bd foemed ih & sirthcalof heabdtrateone
eigenfugﬁtion SO as to mnimze %gcal i nbal ances of said in-phase assi st

f eat ur'SQUXHE SHYY M utibizing Ry Optical sYSMit eat ures. 14. The method of desi gni ng

an optinmal RSk @eRaEAcal fpresbii | WRfiSH Pepp@bgtinl desir&RBtintH@SHehavi
eigenfunctﬁgﬁ representsggg?{ainﬂ%ﬁﬁ%&ter#stigé of“%héﬁgpt?%glgs;s?g%

The meafibrigivén meski gni ng an optimal mask according to claim 14, wherein the
at | east eigenfunction,.is. filtered.relative to the sidel obes of .the

o1 gent unct 1 5h. * 2ene R haPatRasienl St EcR Bl Bink ek kPR EER R o

cl ai m dpficalwheend] said ethamatidabagiressiod iglgind anedst et digenfiinctign;ed out si de of the
mai n | obe of the eLgenfunction._l?. The, met hod of designing an optimal mask
accor di ng t(@ cI anqfitying thymatepatigad expressionof ggprekoves t he DC conponent or

desi gni ng a5 op paf MEEH IRk e hab Hoacl rR IR bp oyl Br sERROTRN SR O e
map in Stedf)(e) desrymirgy intphdsdassisofestotesiand ottef phasabssisbfeaBresfof the givenh t he
resul tmgsrk baSSE;[deOLI)‘l tfléj ?n'terference map of Step (e), :
wherein modifying the mathematical expression of Step (¢) includes filtering said at least
one eigenfunction so as to minimize local imbalances of said in-phase assist features and said

out-of-phase assist features.

14.  The method of designing an optimal mask according to claim 13, wherein said at

least one eigenfunction represents certain characteristics of the optical system.

15.  The method of designing an optimal mask according to claim 14, wherein the at

least one eigenfunction is filtered relative to the sidelobes of the eigenfunction.

16.  The method of designing an optimal mask according to claim 14, wherein the at

least one eigenfunction is filtered outside of the main lobe of the eigenfunction.

17.  The method of designing an optimal mask according to claim 14, wherein the

filtering removes the DC component or certain low spatial frequencies of the eigenfunction. .

18.  The method of designing an optimal mask according to claim 14, wherein the
interference map in Step (e) is generated by convolving the result of Step (b) with the result of

Step (d).



