[0001]SOURCE AND MASK OPTIMIZATION [0002]The present invention claims priority from U.S.
provisional patent application number 60/458,365, filed on March 31, 2003, entitled "SOURCE AND
MASK OPTIMIZATION." U.S. provisional patent application number 60/458,365, filed on March 31,
2003 is herein incorporated HPMerence SORRERIARD INASKNQRITMEOATIGRON of a power point
display titled "Source And Mask Optimization For Memory" attached thereto and incorporated by
reference in its entirety therein, a power point display titled "lllumination Optimization" also attached
thereto and incorporated by reference in its entirety therein, and color drawings labeled Figs 1-29
attached #8&d. [000JikrERBsOR THventhow kG \p1iio6on fom 818, ofhesionahpernelaspsaaaarally
to a method and program product for optimizing illumination source and mask features for
microlith&§tabesy. [(6SBAEK GRGUND [BOGGILitAbgra00R; apptitleds (BODRCECJAND eXRMEE, in
the manufacture of integrated circuits (ICs). In such a case, the photolithographic mask may contain a
circuit pABAMIAAIEONIn IS provisicurlapdtentrapplivetich amditbisspatsSiBesatiled tnagdedPBQ a
target portion (e.g. comprising one or more dies) on a substrate (silicon wafer) that has been coated
with a lay@P3fiserivrinserpmiviedrianeniromsist). itn getivetyl inchidile waiacovibeniuriofavoaler
network of adjacent target portions that are successively irradiated via the projection system, one at a
time. In BREyFEspIAlt phieiesiedish MashriiptimezatiotaBat Pdeticoryd attaticdechbie@xpading
the entire mask pattern onto the target portion in one go; such an apparatus is commonly referred to
as a wafSicoreppsd | anefrennstie iprutinety, temsinonlypesferredits alisplste fitkedd ‘Glamapgiaratus,
each target portion is irradiated by progressively scanning the mask pattern under the projection beam
in a giverRERIEY s drlsstatahed  Setateirmpddircetimyptahity sphaerondosits seriraipgibeisybatiate
table parallel or anti-parallel to this direction. Since, in general, the projection system will have a
magnifi(fé’d%q"?é’f&ﬂgﬁ/llfﬁéﬁérﬁlw_dl%?ﬂiﬁﬁ@p@e@m&l-which the substrate table is scanned will be a
factor M times that at which the mask table is scanned. More information with regard to lithographic
devices as described herein can be gleaned, for example, from U.S. Pat. No. 6,046,792, incorporated
herein by reference. [0007]In a manufacturing process using a lithographic projection apparatus, a
mask 1 [FIEL]D OF THE INVE&'?ON ¥ Jraphic pro) PP

’[0004] The field of the invention relates generally to a method and program product for

optimizing illumination source and mask features for microlithography.

[0005] BACKGROUND
[0006] Lithographic apparatus can be used, for example, in the manufacture of integrated
circuits (ICs). In such a case, the photolithographic mask may contain a circuit pattern
corresponding fo an individual Jayer of the IC, and this pattern can be imaged onfo a érget
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 térget portion is



pattern is imaged onto a substrate that is at least partially covered by a layer of radiation-sensitive
material (resist). Prior to this imaging step, the substrate may undergo various procedures, such as
priming, resist coating and a soft bake. After exposure, the substrate may be subjected to other
procedur822daiad J27a posBg, syt anpslE Btigaveiniontbat taduarddotite anchne go; such an
measurement/inspection of the imaged features. This array of procedures is used as a basis to pattern
an individPRRER 15t SOmEmedy scferad o, ssurvalprastepped |3y emnakiprtative InpieIGOIYABeMEBHgESSES
such as etching, ion-implantation (doping), metallization, oxidation, chemo-mechanical polishing, etc.,
all intend®&SEets fon B AtRdARrSe lagapaTe ey crashidljeg et apertioquire dirtidncth o peleraorgyire, or.
a variant thereof, will have to be repeated for each new layer. Eventually, an array of devices will be
present GAHUTE, a6 amagh a5y Hiler dhec eroisetionebeupaimtedgiom celrancthdirbytianeghsique
such as glicing or sawing, whence the individual devices can be mounted on a carrier, connected to
pins, etc. FARHEE| QR hilg ey annusiyrenaaning thasubs utedishiel ploalislampisi-feomléh &b 0ok
Microchi Fa\%rication: A Practical Guide to Semiconductor Processing, Third Edition, by Peter van
Zant, Mc%‘ﬁa TP ISR &b Sehetl, fbe Rroiertios Fesem viillchpusaendmrdicativ efiesion e
[0008]Far the sake of simplicity, the projection system may hereinafter be referred to as the "lens";
howeve BTN SHo (e w&éé&wméhﬁ@téﬂbﬁgﬁﬁmmﬁm%mmbﬁw%m idoiznéOthat
systemsatin(;ii%%n%refractive optics, reflective optics, and catadioptric systems, for example. The
radiatior} sy GRS iR SERRSEnMiseombormationcBotitirgandatoy lshogegehitedigtichnes for
directing, shapi ghor controlling the projection beam of radiation, and such components may also be
referred 888%%%, ol Ilenives gl%lé’ﬂﬁxé@ﬁlaié?@ﬂ Furifet, Fe KA46Eh inepparatedmeinbe of a
type haﬁing glvo or more substrate tables (and/or two or more mask tables). In such "multiple stage™
devices e AddltBhal tables may be used in parallel, or preparatory steps may be carried out on one
or more B while gne or more other tables are being used for exposures. Twin stage lithographic
apparatus are descrit;igd:fl BRBREAGIBINE PP ass usRg 3 dihogrephis pvwioctist epparainsomaraded
herein ?é{teferelnce. OO%Q]The photolithographic masks referred to above comprise geometric

IHJ%E 0

patterns “correspondl B LR FonAts 18 Bt ifetraarioito eostedn iafer. iper pafierns
used to te such masks are generated utilizing CAD (computer-aided design) programs, this
processrgléef(ai‘][%?] egigr%tgwr%%?%laaipo(erﬁl Rrigdide 4 iaemg Fian Sraatibaly 2iv snOmbengo grainssiollow a
set of pégfgceet&%g'nggcgesi n rules in prder to create functional masks. These rules are set by
processing and design fritanshe EEEeaacndasioft hake Adimerpesyradbasibsirate mayibeen
circuit dey SHC ates,.capacitqrs, etc.) or interconnect lines, so as to ensure that the circuit
devices%ﬁ %&%‘ﬁ HOds e %'gﬁc?t QFFW’Q?PWHM&E%WI%%%E pufesthitekgons are

nes do not | eracqu\fw %lﬁ’

typicallyjefe wcritical. dimensions” . A critical dimension of a circuit can be defined as
the smallest EvI\':;‘l%c? o %tllfﬁsepg? Oc'ﬂéfoﬁr]ﬁ\lglgﬁ% AR BATR LA e cRdEEe inHish st basis® the CD

detemm fsieP I nd density of the designed circuit. [0010]Various techniques existto -
“achieve iIIuminat%?n%@r%leg ion oPp%égfgﬁth%%rﬁﬁgl‘Eﬁ'\é’f%u% RSrngA dayentiony ithemmdessalso have

been kpggasH Cc tly illumination.optimization and mask optimization are not generally
linked. U.S. Pa Y’lé'%g%egggﬁg&% Ifg%shéﬁ%lul’l‘?i’fﬂﬁﬁ%ﬁ@é’esﬁgﬂiﬁ%rrﬁlﬁm%%ﬂﬁn fiRstion and
mask Qptimizati ries, of calculations which attempt tg, linearize the optimization of the
rask gg%%ig i%{%%%zgﬁﬁﬁ%i?&bég}s‘ %"’Hﬁ%ﬁi T ﬁé”a’e‘ﬁ Athindividnat laernARereraiayersog

slope) 4049 Euﬂ%lﬁc r traints, to be used in the calcylations. Rosembluth also recognizes
that the caliulatiohghﬁa@%mﬁgg% ymng Sh %gmtrﬁé?ﬁoﬁ yilh dave e he vepeatedfsmaghtion of

the MRk 2RSSR 4 senbluth requires using several approximations in the calculations,
instead of the actual ima%?r%pga% t?%%%r%‘é%ﬂv@%%ﬁ?&%%&% SeatedTefrsdidhrsadisyisemask to

form aap@QHgIg ' Inearization of the mask transmigsion also requires the use of a significant
number of variabies, %@%@%ﬁe@gfgﬁf%ﬁ PGSRt (SIRs o StRanga cisaendhe011)As

logic fﬁﬁ%ﬁ?%ﬂ@%e&iebéhﬁ{&ﬁeadn&e% to ‘8}?%‘3 ma g-r?&)lementations

pins, etc. Further information




that precisely form a desired image with minimum computational time. [0012]Summary Of The
Invention [0013]In accordance with the present invention, a method for optimizing an illumination
source for a mask illumination may comprise the steps of: providing illumination from an illumination

source toregptdingityuch soucces goiats tensb trinedd Ste exangd anfrsio phit ok SR LI TREhRRAION
points in an image plane of an image formed by the illumination provided to the predetermined mask
pattern; d¥tertitielrguideintefmiticomiiinaderdogs stapcThi il UBditiatio by Pere v iiagme NI Grapo MLl
determining an optimal illumination source as an illumination source which maximizes the image log
slope at #fubbshingddrafif@niSRbhOsIHIE 2250-Hamen fiotatai tendthbyaqieegeiermined range. [0014]In
accordance with the present invention, a method for determining an optimal mask may comprise the
steps of dé@8jining oftmiimsalféerasonphidty;stiod projeletidnmgsieny kiayniieeehia ot akfarapission
mask based on the optimized diffraction orders of the ideal mask; and determining an optimal mask
based orthth&lepsinbdwanemibisidarm abkyidHer dirotdéyaptsmtotedisoatiompedsitzofdheus eglenask are
determined by determining a magnitude and phase of diffraction orders which form an image in an
image plpieteaiitohsyrbeins zios idingirfrastivil opticaiceflngi wtopetiat, uaet selsdiqdfagysrniation
points while forcing an intensity of illumination at the fragmentation points to be within a predetermined
range. [eXABpis-abkerddistomsysitn mesase inchrttormmapoethis dpdratitaintegrding poirmino Stisee and
an optimum mask may comprise the steps of: providing illumination from an illumination source to a
plurality é#sigo@gsoiiens diretting: cdemingioe danasHipatthenpestetivngtragnodntatistioppinid isuah
image plane of an image formed by the illumination provided to the predetermined mask pattern;
determiSiPIgRONGIMS TBAY alse beagéetogl Sopelowillorticraticlyatesiogyatyn estatiangdoiRtirtrg, the
simultaneously changing the intensity and shape of the illumination source and the magnitude and
phase ofithersanits apaarares may brack adyior hayinitegeimibeeisnhsfeatr daldeh éandiaxitwiz es there
minimum image log slop at the fragmentation points while forcing the intensity at the fragmentation
points tdM3ekRRlRsA Sreticle rimmiininsteast devige. theousionet trdlan caayitie trecbingemallelontion, a
method of optimizing a placement of transmission and phase shifting features on a mask may
compriseFeRat iR HePs BRgn R wiFipdarut on one or more tables while one or more other tables are

being used for exposures. Twin stage lithographic apparatus are described, for example, in US
Pat. No. 5,969,441 and WO 98/40791, incorpore&éd'herein by reference.

{00097 The photolithographic masks referred to above comprise geometric patterns
corresponding to the circuit components to be integrated onto a silicon wafer. The patterns used
to create such masks are gemerated utilizing CAD (computer-aided design) programs, this
process is often being referred to as EDA (electronic design automati(;n). Most CAD programs
follow a set of predetermined design rules in order to create functional masks. These rules are set
by processing and design limitations. For example, design rules define the space tolerance
between circuit devices (such as gates, capacitors, etc.) or interconnect lines, so as to ensure that
the‘circuit devices or lines do not interact with one another in an undesirable way. The design

rule limitations are typically referred to as "critical dimensions" (CD). A critical dimension of a



mask transmission characteristics based on optimum diffraction orde_r_s of the mask; locating areas of
maximum transmission and minimum transmission; assigning a primitive area as an area _centered on
an area of maximum transmission or minimum transmission; varying go!ges of gach prlm!tlve areato
match oSt dfrRetidelirdess thinsraliestwidfriofituéinarmabisar thinsmulfesizpacbisiivieen two
substantjally equal to a minimum feature size of the mask. [0017]In a method of the present invention,

the step BRORARTAGSIsEnTEmABR EBrdstvmsives thanvetelisims ambyandbydst the'epighetetarnining

horizontal diffraction orders of an optimum mask, wherein the number of horizontal diffraction orders is

determiné@048¢ording Yrriseetschuiucrxist 1 Ichipvelitinmifafioaraptisrieatios fe number of horizontal
diffraction orders; X is a wavelength of the illumination source; NA is a numerical aperture of the

projecticPBHEROEH M agieusaursk optmizitretcbiriuiionsofimnebrandbighh frowbelumination
source. [0018]In a method of the present invention, the_ step of o_btalnlng optimal ma_sk transmission
charactéfetrrdhnillpmiaienontipisttivarend misl optiiwiaktidir actinot gedersily hakeg!i II_J.lSTPﬁi.aSk'
wherein_the number of vertical diffraction orders is determined according to the equation: P (o- 11+ 1 n
—of] oor[No' 6,563,5 60 to Rosenbluth et al. discloses to perform illumination optimization and mask

optimization through a series of calculations which attempt to linearize the optimization of the

mask transmission. Rosenbluth discloses to maximize the minimum NILS (normalized image

log slope) and to select various constraints to be used in the calculations, Rosembluth also

recognizes that the calculations may be limited relying on the symmetry of a mask. However,

the linearization of the mask transmission used by Rosenbluth requires using several

approximations in the calculations, instead of the actual imaging equations themselves, which

produce errors in implementing a mask to form a desired image. The linearization of the mask

transmission also requires the use ofa significant number of variables, which requires significant

computation time to perform the calculations.

[0011] As logic feature sizes decrease, there is a need to provide mask implementations

that precisely form a desired image with minimum computational time.

[0012] Summary Of The Invention

[0013] In accordance with the present invention, a method for optimizing an illumination
source for a mask illumination may comprise the steps of: providing illumination from an
illiunination source to a plurality of source points and a predetermined mask patiern; selecting

fragmentation points in an image plane of an image formed by the illumination provided to the



A where n is the number of horizontal diffraction orders; A, is a wavelength of the illumination source;
NA is a numerical aperture of the projection optics; and amax is a radial extent of the distribution of a
beam of light from the illumination source. [0019]In accordance with the present invention a computer
readablepresigienniney nuasht patténst dettionmiior andaramiteatd prsfrerfogsiopthadifomoptilvizingaahn
illumination source for a mask illumination which may comprise the steps: of providing illumination
from an ifagrimettionosgurio; idetyphinid ao betmaki nints dodsarcedetarilineduathakpatterwhsdlecting
fragmentation points in an image plane of an image formed by the illumination provided to the
predetermmauinesthpattegn latestopeiatrtheas inted fitysara tutiogy edbgssiag &:nf dhuminatiowahiagh
fragmentation point; determining an optimal illumination source as an illumination source which
maximizescdetarminediogstope at the selected fragmentation points and has an intensity within a
predetermined range. [0020]In accordance with the present invention a computer readable medium
may contHif iddtructios docadaneuttsr tieeqresmpiaventivan e enoflmdriothixiciaiditg snioptigaan optimal
mask which may comprise the steps of: determining optimum diffraction orders of an ideal mask;
obtainingraskopasmnedmarisailssitepsedsidiaseniop tptirnptindiffrdctisfractian ofderkleflthasdeal mask;
and determining an optimal mask based on the optimal transmission mask, wherein the optimum
diffractiovbiriang an omiidekiransmissics detskrbased by the tptimived diffragioitustdan d fthasdeal
diffraction orders which form an image in an image plane which maximizes the minimum illumination
log slop&askiserdksdttaratninggmentimaimpsinbasetitsn ibroiptimal insessitssohiknzskn sthencit the
fragmentation points to be within a predetermined range. [0021]In accordance with the present
inventiofiaympdiEiactionemidern o thmideal masktahe deterodtiohbydemoinipgte negriude metformance
of a method of obtaining an optimum source and an optimum mask which may comprise the steps of:
providinBiftemsth diféretom ardanuvwhisiifms eurisaage dnptu iziageqfiant mdigoinesiamides thedetermined
mask pattern; selecting fragmentation points in an image plane of an image fomied by the illumination
provided¥5iREh i uaaptitndesrlopie phsarselkaishiingmentatiorepsinsavbilenayatiggsiopasty
illumination at each fragmentation point; and simultaneously changing the intensity and shape of the
illuminafbHissunadionatthe Fremeniadoaneinisischsiwithiacpedstoaninet traagnask to form an image in
the ima&z]@lane that maximizes the minimum image log slop at the fragmentation points while forcing

the interidBl &l the fralirAesrEdrasSGithdhe prespatmvenbasy emethed af eltaiiipg an gptimum

source and an optimum mask may comprise the steps of: providing illumination from an
illumination source to a plurality of source points and a predetermined mask pattern; selecting
fragmentation points in an image plane of an image formed by the illumination provided to the
predetermined mask pattern; determining an intensity and image; log slope of illumination at each
fragmentation point; and simultaneously changing the intensity and shape of the illumination
source and the magnitude and phase of diffraction orders of the mask to form an image in the
image plane that maximizes the minimum image log slop at the fragmentation points while
forcing the intensity at the fragmentation points to be within a predetermined intensity range.

(0016} Int accordance with the present invention, a method of optimizing a placement of

transmission and phase shifting features on a mask may comprise the steps of: obtaining' optimal



[0022]In accordance with the present invention a computer readable medium may contain instructions
for a computer to cause performance of a method of optimizing a placement of transmission and
phase shifting features on a mask which may comprise the steps of obtaining optimal mask

transmis SRR CrRRSIRiEFisticdhprsttistico baved:m diftisntiondiffrietion bidermrske lpcakNBAIGRS Of
maximum transmission and minimum transmission; assigning a primitive area as an area centered on
an area TRV BHALHABEMMNSHNAIN imintran sraisaitsiom BAAgrito £ 5rohaarhREMILNS AlGa to
match optimal diffraction orders, wherein each primitive area has a minimum size which is

substantfNeEGLRR @ dreartiariear teapireisdh@nmaiskmD 2 alkmantontangmp iihe Peasant

invention a computer readable medium may contain instructions for a computer to cause optimizing a
placemePRBEiE-AfeRdSi Sirtehapliesbd fifartipfoatimes wheremaskonmgiisingrdha atansighaktaining
optimal mask transmission characteristics; locating areas of minimum transmission; assigning a
primitive’ e Whishhif srbstwtinByeaten! toraanimiohmifennuestransiissiask and varying edges of the
primitive area to match optimal diffraction orders, wherein the primitive area has a minimum size which
is substalf4if) equal & & Wetedipf fexpuesenizenctienths kDO dhémbdipRistanieatakle medium may
further contain instructions for a computer to cause the steps of: locating an area of maximum
transmidEBIRESIg fheractesistipsiswpinpidtiy ster of detamining lontiened OMfaR e drdbRH BRERUM
transmission; varying edges of the transmission primitive area to match optimal diffraction orders,
Wherein%ﬂ%é?ﬁg%imgﬁﬁm HrentrekereShemiaimtaleifSantiorhictiers i dstaniialy faualiig:agminimum
feature gize of the mask. [0025]In a computer readable medium of the present invention, the step of
obtainin%‘eoﬁﬂﬁ'é?ﬂiask transmission characteristics may include a step of determining horizontal

diffraction orders of an optimum mask, whereln thq gumber pjyoriZontal diffraction orders is
determined according to the qu"atﬁrg Mooy = i 1 where m is the number of
hprizontaéﬁdiffraction orders; X is a wavelengtk of the ilufnination urce; NA is a numerical aperture of
the projSeRBHIR pithe BARIRsH S iRosizanka) @ﬁ?@qﬂeﬁm@lmmﬁm@mwwgémﬁmé lijifioniodhe
illumination spﬁrﬁe. [a0026]|r1 a computer readable medium of the present invention, the step of
obtainifgee NA 18 numerical aperture of the projection optics; and oy is a radial extent of the

distribution of a beam of light from the iflumination source.

[0018] In amethod of the present invention, the step of obtaining optimal mask

fransmission characteristics may include a step of determining vertical diffraction orders of an

optimum mask, wherein the number of vertical diffraction orders is determined accordi'ngr to the

equation:

P
n= 2ﬂ00r[ y(ama;+ I)NAJ +1

where n is the number of horizontal diffraction orders; A is a wavelength of the illumination

source; NA is a numerical aperture of the projection optics; and omay is a radial extent of the

distribution of a beam of light from the illumination source,



optimal mask transmission characteristics may include a step of determining vertical diffraction orders .
of an optimum mask, wherein the number of vertical diffraction orders is determined according to the
equation: P (cr + ONA n = 2 floor[ where n is the number of horizontal diffraction orders; Xis
a wavelend®l81 the illufnircansdanee Fedh Kua presentinveitiimp comperist teadpbisantdinoptiay; and is a
radial extent of the distribution of a beam of light from the illumination source. [0027]In accordance
with the [SIE¥aH iRsEweiansdar spparatier fiornsafmiz mmpethod| fmipdibivizisgurcd Honimatiaslsdlienination
may comprise: an input unit which inputs characteristics of an illumination device; and a processing
unit whicfPIsAd8ARE e ivating T crmpnepminyisethelstepe: of areitidmindlionitatfonniem mage in an
image plane that maximizes the minimum image log slope at user selected fragmentation points.
[0028]In HhuBinaticn sarrrerie pRivaltisoues peinip padapsctistaptinudimgskrpatiesk; seleytinmprise:
an input unit which inputs a desired image pattern; and a processing unit which is configured to
change IAERAFNAHEPRIINR ik andmAge attionos itkwage formad ipntigd linrthinaticageqiided thahe
maximizes the minimum image log slope at user selected fragmentation points while forcing the -
intensity etséeraied matiopetemi et paininaimdnicasicyandirmegmien siopearfgiufinaniinaeashdance
with the present invention, an apparatus for obtaining an optimum source and an optimum mask may
compris&AFTRIHAOR RUBPetcErEpiag meontipnkt bintnativn covttaguaititonfigatiod soisirawtdckously
change an intensity and shape of an illumination source and change a magnitude and phase of
diffractidPaiRreidhe inags Fﬂﬁaﬂ@l’lﬁ % ihpeslestpbticemsniationreintcand hamimintensiggwithinsiope at
user selected fragmentation points while forcing an intensity at the fragmentation points to be within a
predeteﬂ?'fﬁﬂ&@’m’t’é’l‘?éiﬁ?‘}&ﬁge. [0030]In accordance with the present invention, an apparatus
1m:optimizing a placement of transmission and phase shifting features on a mask comprising: an input
unit Whi%ﬁ%ﬁ]tg char Bt asheifanes: with thensair insontioremermpriuaseiiaylemtedhizhniexonfigured to
obtain o%imal mask transmission characteristics based on optimum diffraction orders of the mask,

locate aYSRR RFFRAHRRI IR SrRrLuRsHen fRicaseinfufaTansanE sigrthed fon deienmikng enopimal

mask which may comprise the steps of: determining optimum diffraction orders of an ideal

mask; obtaining an optimal transmission mask based on the optimized diffraction orders of the

ideal mask; and determining an optimal mask based on the optimal transmission mask, wherein
the optimum diffraction orders of the ideal mask are determined by determining 2 magnitude and
phase of diffraction orders which form an image in an image plane which maximizes the
minimum illumination log slope at user selected fragmentation points while forcing an intensity
of illumination at the fragmentation points to be within a predetermined range. |

[0021] n accprdance with the present invention a computer readable medium may
contain instructions for a computer to cause performance of a method of obtaining an optimum
source and an optimum mask which may comprise the steps of: providing illumination from an
illumination source to a plurality of source pdints and a predetermined mask pattern; selecting

fragmentation points in an image plane of an image formed by the illumination provided to the



s

areas centered on an area of minimum transmission or an area of maximum transmission, and vary
edges of the primitive area to match optimal diffraction orders, wherein the primitive areas have a
minimum size which is substantially equal to a minimum feature size of the ma§k. [0031]In an
apparatulrefleirapiaad mask peiton; detopiingl andstensitysmissingclogrslofer isfittumiaytioglutie:ch
horizontal diffraction orders of an optimum mask, and the number of horizontal diffraction orders is
determinBagieedaling poiticand simoliampesly ftbanging i inteddity ad shbpsefthisitheninarioer of
horizontal diffraction orders; A. is a wavelength of the illumination source; NA is a numerical aperture
of the préfaEae Asbthesmasniadmsanid phaselid] difiention trdalistfithdimaskfta earamfight frofethe
ilumination source. [0032]In an apparatus of the present invention, the optimal mask transmission

characteVi¥S RHEy Melunaxiaiges hsiintiomoinders bfgeloppttherfrapasktatibeisittbehilenber of
vertical diffraction orders is determined according to the equation: P+1)Aril 1+1 n=2floor[Y maxIt
forcing the intensity at the fragmentation points to be within a predetermined intensity range.

{0022} In accordance with the present invention a computer readable medium may
contain instructions for a computer to cause performance of a method of optimizing a placement
of transmission and phase shifting features on a mask which may comprise the steps of:

~ obtaining optimal mask transmission characteristics based on optimum diffraction orders of the
mask; locating areas of maximum transmission and minimum transmission; assigning a primitive
arca as an area centered on an area of maximum transmission or minimum transmission; varying
edges of each primitive area to match optimal diffraction orders, wherein each primitive area has
a minimum size which is substantially equal to a minimum feature size of the mask.

[0023] In accordance \ﬁth the present invention a computer readable medium may
contain instructions for a computer to cause optimizing a placement of transmission and phase
shifting features on a mask comprising the steps of: obtaining optimal mask transmission |
characteristics; locating areas of miﬁmm 'tmnsmission; assigning épﬁmitive area as an aréa
centered on an area of minimum transmission; and varying edges of the primitive area to match
optimal diffraction orders, wherein the primitive area has a miﬁmm size which is substantially
equal to a minimum feature size of the mask.

[0024] A computer readable medium may further contain instructions for a computer to
cause the steps of: Iobating an area of maximum transmission; assigning a transmission primitive

ared as an area centered on an area of maximum transmission; varying edges of the transmission



}
where n is the number of horizontal diffraction orders; A, is a wavelength of the illumination source; NA
is a numerical aperture of the projection optics; and oma. is a radial extent of the distribution of a beam
of light from the illumination source. [0033]The present invention provides an advantage of a fast
computatjminufineesika parastetiesinyalidifingtibe sdefarieiea sk epiiiiaetion yanmlearasidered.
The number of illumination optimization variables may be reduced by relying on the mask symmetry.
The numbenofivnaskeptitclz isubstaritiblisscquay tals mberreeh eeguby ptisTiae e diffraction orders of
the mask rather than performing computations with the mask transmission. Optimization of the mask
diffraction{6f@8is is a nMImmmwcm&bﬁeﬁmlmmmﬁweﬂumb@{twnvm@&@sop@ﬁms
computation time. Furthermore the mask transmission is optimized by performing a non-linear
optimizataptiokisadiffratorissistechdalosvistide yrayiiehidydi sipasinnRhseiasiinerisantized mask
transmissions to equal the optimal diffraction orders. [0034]Brief Description Of The Drawings
[0035]Thdiffcasivpandéngodranopmunhinbsky e leeeitptriach e pothinimairpidhesarelfication,
together with the description serve to explain the principles of the invention. In the drawings:
[0036]FigkttAmnel] HBctiditiate tie egeatiptary illumination using Abbe imaging according to the present
invention; [0037]Fig. 2 illustrates an exemplary process for obtaining illumination optimization

according to the present invention;: P(c_ +1)N4
[ (O *+1) ]H

m=12
| Sfloor 7

where m is the number of horizontal diffraction orders; A is a wavelength of the illumination
source; NA is a numerical aperture of the projection optics; and oy is a radial extent of the
distribution of a beam of light from the illumination source,

[0026] In a computer readable medium of the present invention, the step of obtaining
optimal mask transmission characteristics may include a step of determining vertical diffraction
orders of an optimum mask, wherein the number of vertical diffraction orders is determined

according to the equation:

n =2 floor

P 1)NA
B+ Jo

where n is the number of horizontal diffraction orders; A is a wavelength of the illumination
source; NA is a numerical aperture of the projection optics; and o,y is 2 radial extent of the
distribution of a beam of light from the illumination source.

[0027] : In accordance with the present invention, an apparatus for optimizing an
illumination source for a mask illumination may comprise: an input unit which inputs

characteristics of an illumination device; and a processing unit which is configured to change an



[ [ [ [ [ ISSI oss coefficients
0038]Fig. 3 provides a graphical representation of the generation of transmission cross .
ETCC)] agcorging to the present invention; [0039]Fig. 4 illustrates an exemplary process for performing
a mask optimization according to the present invention; [0040]Figs. 5A and 5B illustrate additional

mask cofégasitsandshang wbaocHsidinatibintotimizin g geasiuenaardipiie Hhe RISSRdaENtion;

[0041]Fig. 6 illustrates an exemplary process for converting an optimal transmission mask to a CPL

mask acBURiTHENOmREp feg shpinutnsiamse[604a ragnitAtillisstiikssan exemplary DRAM mask pattern
and Fig. 7B illustrates an optimum illumination source used with the mask pattern of Fig. 7A;

[0043]Fig$BAIBC illudwansatifractivito e aburiivestion ieapifaias hrisifincicnmders of a
CPL mask in accordance with the present invention;
may comprise: an input unit which inputs a desired image pattern; and a processing unit which is
configured to change a magnitude and phase of diffraction orders to form an image in the image
plane that maximizes the minimum image log slope at user selected fragmentation points while
forcing the intensity at the fragmentation points to be within a predetermined intensity range.
[0029] In accordance with the present invention, an apparatus for obtaining an optimum
source a_nd an optimum mask may comprise: an input unit which accepts user inputs; and a
processing unit configured to simultaneously change an intensity and shape of an illamination
source and change a magnitude and phase of diffraction orders to form an image in an image
plane which maximizes a minimum image log slope at user selected fragmentation points while
forcing an intensity at the fragmentation points to be within a predetermined intensity iange.
[0030] In accordance with the present invention, an apparatus for optimizing a placement
of transmission and phase shifting features on a mask comprising: an input unit which inputs
characteristics of an illumination device; and a processing unit which is configured to obtain
optimal mask transmission characteristics based on optimum diffraction orders of the mask,
locate areas of minimum transmission and maxinmum transmission, aséign primitive areas as
areas centered on an area of minimum transmission or an area of maximum fransmission, aqd

vary edges of the primitive area to match optimal diffraction orders, wherein the primitive areas

have a minimum size which is substantially equal to a minimum feature size of the mask.

10



[0044]Figs. 9A-9C illustrate the application of the optimal illumination to an optimal mask (Fig. 9A);
[0045]Figs. 10A and 10B illustrate aerial image comparisons between a CPL mask and an 8% AttPSM
(phase shifted mask). [0046]Figs. 11A and 11B illustrate aerial image comparisons between a CPL
mask and[6638% AttPSMaunsippahenapbihegndsanninieeniicnthatipniniebpack velysd094adFig. 12A
illustrates an exemplary "Short Brickwall" pattern and Fig. 12B illustrates and an illumination source
which hashbeetedpticsizey toqhudd hoeitbst g atiffractionending td shepiinaiplamsié theiphesembayention;
[0048]Figs. 13A-C illustrate the diffraction orders of the exemplary mask in Fig. 12A; [0049]Figs.
14A-D illbstradatiieliffectiopronituei edgesdinat asterding psithalsqnasioaccording to the principles of the
present invention; [0050]Figs. 15A and 15B illustrate aerial image comparisons using the Short

Bricicwall pattern of Fig. 12A in a CPL mask and ﬁ\t(Fo’SM nllgsllﬁNA
‘ mr—-2ﬂoorT‘ “‘“"A }+1

where m is the number of horizontal diffraction ordefs; A is a wavelength of the illumination
source; NA is a numerical aperture of the projection optics; and Gy is a radial extent of the
distribution of a beam of light from the illumination source.

[0032] In an apparatus of the present invention, the optimal mask transmission
characteristics may include vertical diffraction orders of an optimum mask, wherein the number

of vertical diffraction orders is determined according to the equation:

| P 1)NA
n:Zﬂoor[ y(ama;+ ) jf—i—l

where n 1s the number of horizontal diffraction orders; A is a wavelength of the illumination
source; NAisa numérical apertﬁre of the projection optics; and oy is a radial extent of the
distribution of a beam of light from the illurnination source.

[0033] ~ The present invention provides an advantage of a fast computation of mask
parameters by limiting the number of mask optimization variables considered. The number of
illumination optimization variables may be reduced by relying on the mask symmetry. The
ﬁumber of mask optimizafion variables may also be reduced by oﬁtimizing the diffraction orders
of the mask rather than performing computations with the mask transmission. Optimization of

the mask diffraction orders is a non-linear process; hence, reducing the number of variables

11



[0051]Figs. 16A and 16B illustrate the trade-off between obtaining an optimal transmission and using a
CPL mask; [0052]Figs. 17A and 17B illustrate aerial image comparisons .bet\{veen an 8% AttPsM
exposed with a dipole illumination in the top row and an annular illumination in the bottom row;

0053]Figsci@sed Soilpairaier tienpr iMaipiRerméibmp g RMENINH S GRRIELI% 3 Sesiangular contact -
<[31rray ]magsslf depicted in Fig. 18A; [0054]Figs. 19A-C illustrate the diffraction orde%%&ﬁme e%emplary

mask in fég-HBdy [GAfBIFiIen AMEIIBSHEGR et nEREm 'vaeiﬁﬁgﬁéf@nE{A an;ﬂit&d 21§°ﬁ us%%ﬁgdagzlérial

mask according to the principles of the present invention; [0056]Figs. 2

image couymiizsd maskngaineniesitangulaqien Mhe Cpaay dRekiifigdd9A, [0057]Figs. 22A and 22B
illustrate the trade-off between obtaining an optimal
[0034] Brief Description Of The Drawings
[0035] The accompanying drawings, which are incorporated in and form a part of the
specification, together with the description serve to explain the principles of the invention. In the
drawings:
[0036] Figs. 1A and 1B illustrate an exemplary illumination using Abbe imaging
according to the present invention;
[0037] Fig. 2 illustrates an exemplary process for obtaining illimination optimization
according to the present invention;
[0038] Fig. 3 provides a graphical representation of the generation of transmission cross
coefficients (TCC) accordipg to the present invention;
[0039] Fig. 4 illustrates an exemplary process for performing a mask optimization
according to the present invention;
[0040] Figs. 5A and 5B illustrate additional mask constraints that may be considered in
optimizing a mask according to the present invention;
[0041] - Fig. 6 illustrates an exemplary process for converting an optimal transmission
mask to a CPL mask according to the present invention;
[0042] Fig. 7A illustrates an exemplary DRAM mask pattern and Fig. 7B illustrates an
optimum illumination source used with the mask pattern of Fig, 7A;

[0043] Figs. 8A-8C illustrate diffraction orders of various masks to illustrate the

12



1 : .. .
transmission and using a CPL mask; [0058]Figs. 23A and 23B illustrate aerial image comparisons
between an 8% AttPSM exposed with dipole illumination in the top row and annular illumination in the
bottom row; [0059]Figs. 24A illustrates a Staggered Rectangular Contact Array and Fig. 24B

illustratesiifiehttoill rdizaien cPW aeuNiicAciasiArenaBiiizeestamediaethe pattern according to the
principles of the present invention; [0060]Figs. 25A-C illustrate the diffraction orders of the exemplary

mask in F{g0247\; [006R{siomA erHGudtiisdraie dhsibacoaloinityereadaadtresiadabpisad CPL
mask according to the principles of the present invention; [0062]Figs. 27A and 27B illustrate aerial
image comykFaasouging a CPL mask and an AttPSM mask; [0063]Figs. 28A and 28B illustrate the
trade-off between obtaining an optimal transmission and using a CPL mask; [0064]Figs. 29A and 29B

illustrate godab]mage qEERP2OAGHT RODVRRBLAREKATIRRM comparisons between a CPL mask and
an 8% AttPSM (phase shifted mask).

[0046}] Figs. 11 A and 11B illustrate aerial image comparisons between a CPL mask aﬁd
an 8% AttPSM using hexapole and annular illumination, respectively;

[0047] Fig. 12A illustrates an exemplary "Short Brickwall" pattern and Fig. 121?;
illustrates and an illomination source which has been optimized to produce the pattern according
to the principles of the present invention;

[0048] F igs. 13A-C illustrate the diffraction orders of the exemplary mask in Fig. 12A;

{0049] Figs. 14A-D illustrate the use of primitive edges to create an optimal mask
according to the principles of the present invention;

[0050] Figs. 15A and 15B illustrate aerial image comparisons using the Short Brickwall

pattern of Fig. 12A in a CPL mask and an AttPSM mask;
[0051] Figs. 16A and 16B illustrate the trade-off between obtaining an optimal
transmission and using a CPL mask;

{0052] Figs. 17A and 17B illustrate acrial image comparisons between an §% AtPSM
exposed with a dipol€ iflumination in the top row and an annular illumination in the bottom row;

[0053] Figs. 18A-23 illustrate the principles of the present invention as applied to a
rectangular contact array mask, depicted in Fig. 18A;

[0054] ‘Figs. 19A-C illustrate the diffraction orders of the exemplary mask in Fig. 184,

{0055] Figs. 20A-C illustrate the use of primitive edges to create a quantized CPL mask

13



exposed with quad in the top row and annular illumination in the bottom row; [0065]Fig. 30
schematically depicts a lithographic projection apparatus suitable for use with a mask designed with
the aid of the current invention; and [0066]Fig. 31 illustrates an exemplary mask optimization

processugatdingtachostanapidy the prasantiuaniion. [0067]Detailed Description Of The Invention
[0068]Disclosed is a method for optimizing the illumination source and the mask for creating a desired

pattern ifabsgmage pipe. An/ade methistRiR e A0 indR DRUSIR I MeE. I dReinags.plane with
the highest image log slope (ILS) in the optimization process at user selecte fragmentation points.
The imagmtagyaheyoptiskizgdday phanging the intensity and shape of the illumination source and by
changing the magnitude and phase of the diffraction orders. In a preferred implementation the

- iluminatggospurce is Rigs.optimizad 2ndithanibas el sstinn o riRima, jzefl; however, the
illumination source and mask diffraction orders can be optimized simultaneously. [0069]Since the ILS

IS a nondineatisii@niiy e pTPEZakof the illumination source and the mask is a non-linear
optimization. Those of skill in the art appreciate that in a non-linear optimization the computational time

is a funcfin58d.g. a gERERE2IA funttion)ifithate u@@ﬁﬁ:ﬁig@&?ﬂﬁﬁsgﬁ%@%ﬁ%@%gﬂ%M |

computational time, the number of variables must be minimi In the illumination source

optimizatipaséd adtodifaedmitindiRinkemiany Re o han M ariaRlenionay be wRidseehy taking

advantage of the symmetry of mask. For example, if the mask is symmetric with respect td the vertical

and horifaf#8] axes, fFigs)ID4pirittionsaLdcrayibha M@@ﬂﬁr@&t@%@@%ﬁ%ﬁ@ﬂé‘?wl and
horizontal axes, allowing optimization to be achieved using a quarter of the illumination source.

[0070] il bngratessimdptinil zatiiatiomecaradorh Wik bhed vt gRatheprimbeme hadabiesdnaybe
reduced by performing an optimization of the diffraction orders in the spatial frequency domain. The

mask ofstithizatineipéepeftaplyspatiivasiibin the spatial frequency domain rather than the spatial
domain because the lens (e.g. the entrance pupil of the projection

[0060] Figs. 25A-C illustrate the diffraction orders of the exemplary mask in Fig, 24A;

[0061] Figs. 26A-C illustrate the use of primitive edges to create a quantized CPL mask

according to the principles of the present invention;

[0062] Figs. 27A and 27B illustrate aerial image comparisons using a CPL mask and an
AH#PSM mask;
[0063] Figs. 28A and 28B illustrate the trade-off between obtaining an optimal

transmission and.using a CPL mask;
[0064] - Figs. 29A and 29B illustrate aerial image comparisons betwéen an 8% AttPSM
exposed with quad in the top row and annular iflumination in the bottom row;

[0065] Fig. 30 schematically depicts a lithographic projection apparatus suitable for use

with a mask designed with the aid of the current invention; and

[0066] Fig. 31 illustrates an exemplary mask optimization processing unit in accordance

with the present invention.
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optics) and illumination source limit the number of diffraction orders which are used to form the
projected image. In addition to optimizing the ELS at user selected fragmentation points, the shape of
the image formed by the mask must match the desired pattern. The matching is preferably done by
adding a constraint that intensity at all of the fragmentation points are the same or within a
predetermined range of deviation of each other, e.g. a 2% deviation. Preferably, after optimizing the
mask diffrgcti ordersé)%}gipeﬁtmk %t@gﬁ};@%%dﬁgx be calculated by taking the inverse Fourier
transform of the mask diffraction ordets. [0 n the optimal mask transmission, the electric field :
transmissi S a. Corjj ' : : ' - reesto -
1180 coglenS Bince 110 o B P B e e

wansmissignds Preecaly usnirea i imiked pmber Al anRnEins. IR AR Ratonds

preferably done by selecting quantize ransmission areas such that the diffraction orders of the
guantize ' . ' [ I ' ormis a
mear oa T B D e s
diffractio tﬁ%ggl - O di ' S 2] ickly, :
[0072]Figgg?él‘g\£§1d |I1qt%§[lrat§ Egﬁlﬁiuﬁ%%%%% pl)ﬁrlo e%géé%ggﬁggg%%g%%ﬂ%%ﬁn%c 1A,

each soyeq, DointHAMaY SRdluninapeiisirlesivainasiioning R rmioatim SQHEcE 4R TowN)

at the desired source points 10. The tdtal imageé intensity is the summation of the intensity from each

of the indjyiral 3aUIH BRI, TRGHIHRIBAIANRALSID BRI FeRlO Ml MAlikakgense),-hence,

the illumination must have even symmetry. Preferably, the source points are chosen to enhance the

normali7ggdmags, Qasons Oittmkal TRUBRMIFHONRRIMROR 18 LBage AR HamRARION point

is commonly known to be a point on the image plane which is smaller than 2J2NA. :
can be optimized simultaneously. T

[0069] - Since the ILS is a non-linear quantity, the optimization of the illumination source
and the mask is a‘non-linear optimization. Those of skill in the art appreciate that in a non-linear
optimization the computational time is a function (e.g. a geometric function) of the number of
variables. Therefore to speed the computational time, the number of variables must be
minimized. In the illumination source optimization, in accordance with the invention, the
number of variables may be reduced by taking advantage of the symmetry of mask. For
example, if the mask is symmetric with respect to the vertical and horizontal axes, the
illumination source will be symmetric with respect to the vertical and hotizontal axes, allowing
optimization to be achieved using- a quarter of the illumination source.

[0070] In the mask optimization in accordance with the invention, the number of
variables may be reduced by performing an optimization of the difﬁaétion orders in the spatial
frequency domain. The mask optimization is preferably performeci in the spatial frequency

domain rather than the spatial domain because the lens (e.g. the entrance pupil of the projection
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[0073]Fig. 1B illustrates the use of the illumination source with a typical DRAM mask pattern (referred
to as a "Bricicwall"). Fig. 7A illustrates a "Long Bricicwall" pattern that may be used. In Fig. 1B,
portions of the resulting image are shown from illuminating a Bricicwall.pattern on a mask of a 190nm

pitch witbpafvs) umiristienhioA 800-ve thaEMeHsRLARRIHISNA LRI AR S RURE B hShe

projection optics at 0.8. As can be seen in Fig. 1B, the light areas represent an image Intensity that

enhancesofefil gl e widdnatPaRIRIAS RS ATSIMARE- WRIEN EhahoadiRdsHilg WLS- The

illumination source points that provide the best result, e.g. provide the most enhanced NILS, are

preferabifigletian imapéifoiethpyshanmel iesMaNANON SIS HBRY A0 SRRy Process for .

performing the illumination source optimization is illustrated in Fig. 2. The illumination"source
optimizapiefeiablysipredssadsingfetathaliReRAMIBRAD JINAR CRRSHANIS LRISISIBRI, fRepask
transmission magnitude and phase is optimized according to the present invention. [0075]As
illustrategiresiepitialpedidhainse rgforidvisnacfieathosriectsdacelde gy iagian on the desired

pattern) and the fragmentation points (x,y) (see Fig. 9A) to be evaluated. In the process, illustrated in
- step S2Pecfoialilpyafessprinfielafabl malkaRn BHERS abskihs MR AhaasRILIMIRGIRL Point
(a43) and attach fragmentation point (x,y), i.e., the microprocessor calculates I(a,P; x,y) and NILS(ct,p;

X,y). As alko ittt tateaingtheifdpiiioudet bRuBiEraPse aesskk izes e siiations of the illumination
system, such as an illumination system from Zeiss (identified as "Zeiss Specs" in Fig. 2), to perform a

Gaussiafpogiyolution]itehdeiprimulene rinsmisdiday ek ildarn f09eathai8ipH N Hadiidihste 9-

0.2) and to force the intensity to a value. An optimization process is illustrated in step 84, in which

illuminatiogritidtstter) thet maxiuadiesphimrMNIUSRESach IR TRNaHRRO WRtdx tk are

selected. As illustrated in step S5, the intensity I(a,f3; x,y) and NILS(a,f3; x,y) at each illumination point

and eachaitiagasentatiiedpainttere Pebferabiickl el withs e selrrindilvmnatinnipplate iy

maximize the minimum NILS at each fragmentation point. The optimal illumination source to maximize

the NIL guantzahtiyaiemmtacbnmaber Of puaieidasiseditensittinaaiospiorehing dissimted by step
S6. [0076]Accordingly, in the preferred implementation of the process in Fig. 2, discussed above, the
intensityeleeting gpentizedeniliknirmtioissiay beas bavtpeditthéatiffranisnageds sTeisnpaatiane that
maximizes the minimum ILS at user selected fragmentation points while forcing the intensity at the
fragme maglosupsiantiatbeqwiltibe aptiedbtefinicichioténsitBaage: HOFHAIHE r3nlsHaes Bikar
exemplary mask optimization process according to the present invention. A technique known as
Hopkinsaiggfieg.raclpdting quaniized mckk hadegiskpesiea wetptas thegaexid izaskhyBhaasing the
pupil to maximize the NILS. Those of skill in the art will appreciate that Abbe Imaging may also be
used. THdew eauiiithe entimanl diffretions halinedtiredesathistg;aarbinalgaliscdrqaigdyfor each point and
the images are added up and integrated over the source last. Abbe Imaging is generally considered to
be spatl@¥/&cohereRissHasansr Brilllustiate art dmisition pratcésshisigikbbaagigintheAstegration is
over the source first and a :

illustrated in Fig. 1A, each source point 10 may be illuminated by selectively positioning an

illumination source (not shown) at the desired source points ld. The total image intensity is the
summation of the intensity from each of the individual source points 10. The illumination
patterns are real (in a mathematical sense), hence, the illumination must have even symmeiry.
Preferably, the source points are chosen to enhance the normalized image log slope (NILS) at
fragmentation points on the image plane. A fragmentation point is commonly known to be a

point on the image plane which is smaller than A/2NA.
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transfer function is obtained. It may be easier to obtain a mask optimization once from the
transmission cross coefficients (TCC) and describe the entire scanner and stepper optics. For mask
optimization, the Eigen values decay rapidly to represent the TCC with a few Eigen functions. This

speeds copupatation tipyg. [@D7RIGHG 3 iy WeiaaibaGRRRasPihRd GithusipeidiPDRAMMRGING- The.

TCC is an autocorrelation of the illumination pupil with the projection pupil. Fig. 3 illustrates the

autocorreaieqrdheritlpinsdi o iukwatey eRd 2 (i hERIPBRERR AMPLashIThethaty BNA' P

NA xy and with the complex conjugate of the projection pupil centered at (I. pitl, where NA

represerﬁgamemm(%erigawwsmﬁéhesm RCkRRE O BHCShAd RoiltAmhdNAcr e eaantE the - |
wavelength of the illumination source. [0079]In performing the Hopkins Imaging, the integration occurs
over the sQBEM 8irisk of a 190nm pitch with an illumination of A/800 with a numerical aperture (NA)

at the entrance pupil of the projection optics at 0.8. As can be seen in Fig. 1B, the light arcas

;'epresent an image intensity that enhances the NILS while the dark areas represent an image

infensity that degrades the NILS. The illumination source points that provide the best result, e.g.

provide the most enhanced NILS, are preferably selected to optimize the shape of the

illumination source.

{0074} An exemplary process for performing the illumination source optimization is
illustrated in Fig. 2. The illumination source optimization in this process is preferably linear
with non-linear constraints. Preferably, the mask transmission magnitude and phase is optimized
according to the present invention.

[0075] As iilustrated in step 81 of Fig. 2, the user preferably specifies the selected cell
(e.g. region on the desired pattern) and the fragmentation points (x,y) (see Fig. 9A) to be
evaluated. In the process, illustrated in step S2, a microprocessor preferably calculates the
intensity and the NILS at each illuminator point (a,p) and at-ea;:h fragmentation point (x,y), i.e.,
the microprocessor calculates I(a,3; x,y) and NILS(0,8; x;¥). As also- ilustrated in step 83 of -
Fig. 2, the microprocessor utilizes specifications of the illumination system, such as an
illumination system from Zeiss (identified as "Zeiss Specs" in Fig. 2), to perform a Gaussian
convolution, to determine the minimum pupil fili(e.g., 10%), the minimum ring width (e.g. 0.2)
and to force the intensity to a value. An optimization process is illustrated in step S4, in which

illumination points (¢,p) that maximize the minimum NILS at each fragmentation point (x,y) are
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1

form the image transfer cross coefficients (TCC), illustrated as TCC(m,n,p,q) in Fig. 3. The TCC is an
autocorrelation of the illumination pupil with the projection pupil and is a four dimensional (4-D)
function. The next step is to diagonalize the TCC to reduce the problem to a sum of two dimensional

functionseléttede Axdlilisnensidnatéprasjohs iarensisei OBORFY R Nlejw,gyﬁgtj%%mlwhich each
eigenfiuiction is weighted by the eigenvalue, i.e., eigenfunctions with higher eigenvalues have a larger

impact afitinénistiageolitess eiphritpationginl Pomsalcyrinags kamaeawighasadsaddn the
calculation of the image in the object plane. The diagonalization operation may be performed by any
known filhatibnsicsusbins SingulaivieattaaiinesitoN g sedain Withanamkpsiar TG Galipre.
Those of skill in the art will also appreciate that a calibrated MT Kernel can also be used. [0080]Fig. 4

illustratéHuanirationsiouycpoaassifalzp eitoNTI/It: RSk QRIRIZENIP PoAeCAIN IQithRdI fReRtifyvention
to obtain an ideal/optimum mask. Ideal mask transmission optimization is non-linear, howeverthe
conversiodetdithinidioak itestrated syisgichsio a CPL mask implementation is a linear process. In the
process illustrated in Fig. 4, the ideal mask is optimized in the frequency domain to speed

converggd#s$ince thaapiidigicin beprefinedrinfsdiusiraion if hiepr&Rdsoh Fig. 4, diRwisey selects

the cell (e.g. region on the desired pattern) and fragmentation points (x,y) to maximize the NILS and to

minimizbane thevtineizdtintadsihaptiod tnidihpioeaksomilyas chlaigedes HETEGHARAIR Mk (H8peS22),
diagonolizes the TCC into N kernels VD(m,n) (step S23), and calculates the image intensity to each

Kernel pifste th@anjxithizeaibe mtinimofiTESrapgeistiassy fagachtdtemshirtatiRefority med
according to equation I. 'i(x, y)=/1;10(m, n). i(m ,Eq . 1 In the preferred implementation, the mask
transmisdtmsitaagthspeentdtioCplimsasbeptithinatined feedimdsintiasion isngdowed to be above 1 or
below -1 because of the Gibb's phenomenon for image reconstruction after low pass filtering. The
“mask trf8iTiksion rafigeXlvitmfes tireeramgifiegifaslaomitenatidingrpbas e @ofdimaak iR pMiefor an

attenuating PSM (AttPSM), the mask transmission manufacturable range becomes 3-1{49(m,n)}
5_1.25iavengo{OArtechijliquedsowhesdibik el trapsipitiapbe wdehdrpwhind shiflopaklpd@081]The
microprocessor also receives optimization constraints that may be used to force intensity in the image
plane tatteidad terbeimakimize] by chniging tha siopi édonazimiee die NI d Nalseofskilimiaddntensity
above a predetermined value, or confonn with a mask manufacturability constraint, as illustrated in
step S27t THbaprwaeirierthabAbdUmaging feaablissbiocted) Fhise of kiliity thmi gpmeidets thethighest
image log slope (ILS). An exemplary optimization constraint, which may limit the mask transmission to
a manifathhe beagingcardnagddsthrtated dettiervi2 poi)) &kl theBfages are added up and integrated
over the source last. Abbe Imaging is generally ¢onsidered to be spatially incoherent. Those of
skill in the art appreciate that in Hopkins Imaging the integration is over the source first and a
transfer function is obtained. It may be easier to obtain a mask optimization once from the
transmission cross coefficients (TCC) and describe the entire scanner and stepper optics. For
* mask optimization, the Eigen values decay rapidly to represent the TCC with a few Eigen
- functions. This speeds computation time.
f0078] Fig. 3 illustrates the creation of the TCC using Hopkins imaging. The TCC is an

- autocorrelation of the illumination pupil with the projection pupil. Fig. 3 illustrates the

autocorrection of the illumination pupil centered et (0,0) with the projection pupil centered at
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[0082]The microprocessor preferably performs an optimization of the mask transmissions by changing
the diffraction orders of the mask 0(m,n) to maximize the NILS at the fragmentation points (x,y), as
illustrated in step S25, such as by changing the magnitude and phase of the diffraction orders. The
resulting[diffraction o}irls of the optimization of step S25 is summed with the calculated image

intensity , gaﬁtﬂlqgr@;ﬂﬂ&%@g@g@, A peoideabrpiipiveemask diffraction orders
0(m,n) atefphavidblidgs illustrated in step S28. The inverse Fourier transform is then performed to
convert the calculations to the spatial domain from the frequency domain, as illustrated in step S29, to
obtain th op'ﬁimal transmission mask o(x,y) in the spatial domain, as illustrated in step S30.
[0083]A{d4t-i5nal—m%r§’;’] colistaNiés epaysbcibesitmettih aptitizio thepreikivilopticsiandMigs. 5A
and 5B. Th&YfkrdefBn order may be evaluated by a real component and an imaginary component and
may be represented by equation 3. 0(m,n)= 0* (_ atrn)Eq. 3 [0084]Equation 3 guarantees that the
mask is FeRieRenisfhanavelraatisefthe iNvmiateRRMESransmission phases of 00 and 180. [0085]The

number of real diffraction orders, x, may be characterized by equation 4. x =n + (n +-- 1) 2222 Eq. 4
{0679] In performing the Hopkins Imaging, the integration accurs over the source first to

form the image transfer cross coefficients (TCC), illustrated as TCC(m,n.,p,q) in Fig. 3. The
TCC is an autocorrelation of the illumination pupil with the projection pupil and is a four
dimensional (4-D) function. The next step is to diagonalize the TCC to reduce the problem to a
sum of two dimensional functions. These two dimensional functions are a set of orthogonal
eigenfunctions in which each eigenfunction is weighted by the eigenvalue, i.e., .eigenﬁmétions ,
with higher eigenvalues have a larger impact on the image. These eigenfunctions form a set of
image kernels which are used in the calculation of the image in the object plane. The
diagonalization operation may be performed by any known functions, such as singular value
decomposition used in NTI Nanosurfer, or in MG Calibre. Those of skill in the art will also
appreciate that a calibrated MT Kernel can also be used.
{0080] Fig. 4 illustrates an exemplary process for performing a mask optimization

~ according to the present invention to obtain an ideal/optimum mask. Ideal mask transfni_ssion
optimization is non-linear, however the conversion of the ideal mask transmission to a CPL mask
implementation is a linear process. In the process illustrated in Fig. 4, the ideal mask is
optimized in the frequency domain to speed convergence since the optimization is non-linear.

_ As illustrated in step S21 of Fig. 4, the user selects the_ cell (e.g. region on the desired pattern)
and fragmentation points (x,y} to maximize the NILS and to minimize and maximize intensity.

The microprocessor then calculates the TCC {(m,n,p,q) (step S22), diagonolizes the TCC into N
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[0086]The number of imaginary diffraction orders, y, may be characterized by equation 5. (m + 1)_ +--
Y1 2222 Eq . 5 [0087]However, a mask must be real, which restricts the number of orders to optimize
to x+y, and the entrance pupil of the projection optics limits the number of diffraction orders that may

be used kst ki@ (Sioh ST Hraciorueids the HRAREIBRMAKBANR Kamber QIDasFANtR,L. ’

diffraction orders that may be used, m, may be represented by equation 6. Px(c r max + ONA 1+
calculation of the image intensity to each Kernel, i may be performed according to equation 1.

I,.(x,y)=|3'1 {&,.'O(m,n)o(bi(m,n]}lz Eg.1

In the preferred implementation, the mask transmission range is chosen for CPL mask
optimization. The transmission is allowed to be above 1 or below —1 becaunse of the Gibb’s
phenomenon for image reconstruction after low pass filtering. The mask transmission range can
be further modified for an attenuating phase shift mask (PSM). For an atteniating PSM

(AttPSM), the mask transmission manufacturable range becomes 37{0{m, )} <1.25 and

S7{0(m,n)} 2 ~1.254T where T is the transmittance of the phase shift mask.

[0081] The microprocessor also reccives optimization constraints that may be used to
force intensity in the image plane to a predeterminqd value, minjmize intensity below a
predetermined value, maximize intensity above a predétennined value, or conform with a mask
manufacturability constraint, as illustrated in step _8277 TheT pl_'edetennined vz_ﬂ_ue is preferably
selected as the intensity which provides the highest image log slope (ILS). An exemplary
optimization constraint, which may limit the mask transmis_sion toa mmufactprable range, is set

forth in equation 2.

|5 Olmn) <125  Eq2.

[0082] = The microprocessor preferably performs an optimization of the mask
transmissions by changing the diffraction orders of the mask O(m,n) to maximize the NILS at the
fragmentation points (x,y), as illustraied in step S25, such as by changing the magnitude and

phase of the diffraction orders. The resulting diffraction orders of the optimization of step S25 is
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m =floor [2 Eq .6 Where m is the number of horizontal diffraction orders, on is a radial extent of the
distribution of a beam of light from the illumination source, X is a wavelength of the illumination source,
Px is the pitch of the repetitive cell in the x direction, and NA is a numerical aperture of the entrance

pupil of tharkreiacian articadAaRAI RS %&a@rﬁﬁv@mﬁa&&ﬁ@@}mmﬂ%&mtgﬁaxsﬁe, YRgghd), may

be represented by equation 7. n -= floorn(cr'+1)NA1+1Eq.7 where n is the number of vertical

diffractiondesdesialisuRcinbexien ote ipihuse Bt aRe ATy M ishid ardesiymination source,

A, is a wavelength of the illumination source, Py is the pitch of the repetitive cell in the y direction, and

NA is a nuResc abarerihe9biRa SRERDEFRHRI % hawieitciananiths PSR 4h8 arsisred

implementation, the definition for x and y of the pitch P is the axes of the Cartesian coordinate system

in which thehxBgisbgumdaenito D aniRdiPWeySndhe 6oQidinRB AR MR RS AN Agear
coordinate system in which any two lines, gi and g2, intersecting at an origin, describe the linear
coordinagg:sypiathd $hadiah Bkdn NASHRAERA in step S30.

- [0083] Additional mask constraints may be considered in optimizing a mask as illustrated

in Figs. S5A and 5B. The diffraction order may be evaluated by a real component and an’

imaginary component and may be represented by equation 3.

- Om,n)= 0" (- m,~n) Eg.3

[0084] Equation 3 guarantees that the mask is real in a mathematical sense, A real mask

has transmission phases of 0° and 180°.

[0085] The number of real diffraction orders, x, may be characterized by equation 4.
Cm+l)n+l) (m-1){n-1
) D) =) (5-1) 4
2 2 2 2
[0086] The number of imaginary diffraction orders, y, may be characterized by equation
5.
L) @) -)6-1) Fos
2 2 2 2 _ _
{00871 However, a mask must be real, which restricts the number of orders to optimize to

x+y, and the entrance pupil of the projection optics limits the number of diffraction orders that
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necessarily orthogonal. In such a non-orthogonal coordinate system Px describes the pitch along the
axis gi and Py describes the pitch along the axis g2. [0090]Accordingly, in the preferred

implementation of the process illustrated in Fig. 4, as discussed above, the magnitude and phase of
izes the .

the diffrantigrbensetsybiobising angisglesi i aniinaaRs thejmags mggﬁnmﬂtda@ﬁgpgﬁ |
minimum 1LS at user selected fragmentation points while forcing the intensity at the fragmentation
points tohoeizuititai i fieediete sniaedlintensityd ange nORAF TR Hupinaligp é@w&&,q??timization,
illustrated in Fig. 2, may be simultaneously performed with the mask optimization, illustrated in Fig. 4.
Accordingly, the intensity and shape of the illumination and the magnitude and phase of the diffraction
orders may be simultaneously chgnged td{c(rmugp imaﬁw,ip he image plane that maximizes the
“minimum ILS at user selectédTraddf&ntation por ' thd the intensity at tfg filigmentation
points to be within a predetermined intensity rang€. [0092]The ideal optimal transmission mask
determined in the exemplary process of Fig. 4 maybe converted to be implemented in an actual mask,
such as\z,-e,]g:FPL mask, as illustrated by the process illustrated in Fig. 6. As shown in step S31 in Fig. 6,
an ideal Opfimar tansiESeH ZoRiehditEgcHeniadsnnified Bt trdinigxterioDimdistribiutmated in
Fig. 4, i% é%\gded%@égﬁt%nvﬁeﬂl In the process, a dark field mask is preferably used to start, as
illustrated i step 8328 FHENLIRGY BriRoR e s ssrervdragtde afdhedHumissitior soarce, Brep S33),
and aregs,,of maxi transmission are also |ocated and assigned a +1 (step S34). Primitive
rectangﬁezhg rBFg’%wweaﬁ?ﬁ% Ig‘é?fgilé‘i‘ {Bex firreiam A 18i3 SUngrienl aperaree bl stigmed to the
located ir}irggmctra},gsnﬁssim areas and centered at a desired location (step S35). Likewise, primitive
rectang edare ass%n%e{f 8P RSt ated areas of maximum transmission and centered (step S36). With

the assi @@éig 1 and +1 values, the. diffraction orders needed for optimization P (a. start at
-1*.f|oor%3Acrllux +1ﬁi}f] nal}lragéérr\&%a‘feﬂgaig&ﬁﬁtﬁgHE@?T&FQ%%?Y ko\userh antody herapessettedrizontal
diffractigi; é&n&g%hﬁt may be used, m, may be represented by the equation: '

n= ﬂOOT‘[PJ’ (O e +1)NAJ )

P Eqg.7

where n is the number of vertical diffraction orders, Gy is a radial extent of fhie distribution of a
beam of light from the illumination source, A is a wavelength of the illumination source, Py is the 7
pitch of the repetitive cell in the y direction, and NA is a numerical aperture of the entrance pupil
of the projection optics.

{0089] In the preferred implementation, the definition for x and y of the pitch P is the
axes of the Cartesian coordinate system in which the x axis is orthogonal to the y axis. However,
the coordinate system can be any linear coordinate system in which any two lines, g; and g,
intersecting at an origin, describe the linear coordinate system, i.e. g; and g», need not be
necessarily orthogonal. In such a non-orthogonal coordinate system Py describes the pitch along

the axis g and Py describes the pitch along the axis £2.
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m = 2 floor [P x(cr in" ONA I+ 1 and the equation: Eq .8 P (o-" +ONA 1+1n=2floor[ Eq.9 may
represent the maximum number of vertical diffraction orders, n that may be used. As illustrated in step
537, the -l and +1 rectangle edges may be varied to match optimal diffraction orders 0(m,n). The

optimal Cfdlagpsk OCTEXchIdRRYy O BTReks %ﬂg@éﬁ@ﬂ&ﬁ&%@% pRAR3InItheREaGaTSdllystrated

in Fig. 6, the mask conversion is'linear. However, CPL edge effects can also be taken into account by

modifyingsthe diiasHppve! ¢es ﬁﬁgﬁﬁm@aﬁﬁr&lﬁ&@iﬁ&ﬁé m@ﬁséﬁlfht&%sm%%ﬂ%@gd@ko@ﬁ%ﬁ of

the mask are replaced with local areas that have transmission of neither 0, +1, or-I. These areas allow

a scalar {pask {9 aRHals-hareHa Rigmpis o kamnumRE askeTRosqR Bidhintagarbyrits

appreciate that many perturbational models may be used, such as those disclosed by J.

Tirapu-AgRiieZobeing ORISR, aF Al BYSAIATLRTRRIABBS kviliaps Fieltthizid Miavaongth
193nm Lithography,” Proc of the SPIE, vol. 5377 (2004), and K. Adam, A. Neureuther, "Simplified
Models EgiJedge Transitions In Rigorous Mask Modeling," Proc. of the SPIE, vol. 4346 (2001), pp.
331-344. [0094]Fig. 7A illustrates an exemplary DRAM mask pattern, commonly referred to as a

[0091] The illumination source optimization, illustrated in Fig. 2, may be simultaneously
performed with the mask optimization, illustrated in Fig. 4. Accordingly, the intensity and shape
of the iflumination and the magnitude and phase of the diffraction orders may be simultaneously
changed to form an image in the image plane that maximizes the minimum ILS at user selected
fragmentation points while forcing the intensity at the fragmentation points to be within a
predetermined intensity range.

[0092] The ideal optimal transmission mask determined in the exemplary process of Fig.
4 maybe converted to be implemented in an actual mask, such as a CPL mask, as illustrated by
the process illustrated in Fig. 6. As shown in step S31 in Fig. 6, an ideal optimal transmission
mask, which may be determined according to the process illustrated in Fig. 4, is provided to be
converted, In the ﬁrocess, a dark field mask is p;'eferably used to start, as illustrated in step S32.
Then areas of minimum fransmission are located and assigned a2 -1 (step 833), and areas of
maximum transmission are also located and assigned a +1 (step S34). Primitive rectangles
preferably having a size set to a minimum feature size of a mask maker are assigned to the
located minimum transmission areas and centered at a desired location (step S35). Likewise,
primitive rectangles are assigned for the located areas of maximum transmission and centered
(step 836). With the assigned -1 and +1 values, the diffraction orders needed for optimization

startat —1% ﬂoar[f'&#“é‘f—-——w] and end at +1* ﬂoor[ﬂ(a—“‘“zﬂ)ﬂ] . Hence, the
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Long Btickwall. Fig. 7B illustrates an optimum illumination source for the mask of Fig. 7A obtained
according to the principles of the present invention. The illumination source and CPL mask are
optimized for X/800, NA=-0.8 and 190tun pitch (k1=0.306). The source illumination was optimized for

the longrisieinyal it e RIGOUHMD RHUBESH Bl Jyimination poles on the y axis help .
improve the NILS at the end of the long brick whileb?ﬁcﬁllﬁgr}nﬁi#ﬁ%%%é %ﬁ}iﬁg X I)?lggﬂ%l% Pﬁprove
the NILSHo pbnegn the bricks. [0095]Figs. 8A-8C illustrate diffraction orders of various masks. Fig. -

8A illustrates the original diffraction orders of the mask utilizing AttPSM. Fig. 8B illustrates the ideal

optimal diffraction orders determined ding to the process illustrated in Fig. 4 of the present
invention. Fig. 8C illustyates quggpl Mi’i@ldiﬁraction orderwit a CPL mask,
[ a

according to the process illustrated ir] Fig. 6 of {he presentjinvention. The optimat diffraction orders
force more energy into the higher orders (2,0) and (1,+3). Those of skill in the art will appreciate that a
CPL mask can represent the optimal diffraction orders almost identically. [0096]Figs. 9A-9C illustrate
the apphifatine Rfulibaptimal illumination to an optimal mask (Fig. 9A). In Fig. 9A the ™*" points identify
the NILS optimization points, the "+" points identify the points at which intensity should be maximized,
and the "-" points identify the points at which intensity should be minimized. The NILS optimization
attempts to make the slope of the ihtEnésy at thq_)mqg plane as large as possible to obtain a high
contrast in printing therhriask = erably within a geg Value which is suitable for
the determined NILS optimization points aloﬂg a maskjfeature. Those of skill in the art will appreciate =
that a CPL mask has three phase values, +180,0 and -180 degrees. The CPL mask illustrated in Fig.
8C is formed by quantizing the optimal mask transmission, to form a quantized CPL mask

transmissprepfe@a? fhgmeesion andtkod naibi AR ddstaiemaniahiprugLomRarisons
between a CPL mask and an 8% AttPSM (attenuated phase shifted mask). In Fig. 10A the CPL mask

was expbstutedtntserpdle teriination. rivtigld Afesheal SMA mRIkRMEXRARRL It AsKaROle

illumination. As illustrated in Figs. 10A and 103, the contrast and the NILS is much better in between

the linewderh@fe.CP  Tinasktthah (R REMk Oaskxi)anayie seencthal ORkERI MRiesgeion worthy
process margin while the 8% solution is less favorable. However, CPL has a little necking-which may

be corrd@83k by adlirberpurecoptimizatinhipSigts, BB Msonesriibatiair@dn Figwbidy, (bprhexapole :

illuminator for 8% Aft PSM also shows NILS improvement over annular illumination shown in Fig. 11B.
Howevedgagtirgty qaoslsodmtalsin intapdrowsihe shbyifidinpiRiifvidithcohessaniagiuminator.
[0099]Optimizing the mask in the frequency domain limits the size of the optimization -
perturbational model. In the perturbational model, edges of the mask are replaced with local
areas that have transmission of neither 0, +1, or —1. These areas allow a scalar mask to emulate
the vector edge effects from a CPL mask. Those of skill in the art will appreciate that many
perturbational models may be used, such as those disclosed by J. Tirapu-Azpiroz, E.
Yablonovitch, "Fast evaluation of Photomask, Near-Fields in Sub-Wavelength 193nm
Lithography,"” Proc of the SPIE, vol. 5377 (2004), and K. Adam, A. Neureuther, "Simpliﬁed
Medels For Edge Transitions In Rigorous Mask Modeling," Proc. of the SPIE, vol. 4346 (2001),
pp. 331-344. | |
{0094] Fig. 7A illustrates an exemplary DRAM mask pattern, commonly referred to as a

Long Brickwall, Fig. 7B iltusirates an optimur illumination source for the mask of F ig. 7A
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problem and speeds convergence. Reconstruction of the optimal CPL mask from the optimal
diffraction orders is a linear problem in the frequency domain. Process window improvement may be
optimal with the optimal diffraction orders for all structures, which may minimize the effects of focus

and expasstaenkariationtng e sRMRIASF ihdhrssaiantenasrane MiRtEaRYHRINYAn 488 herein

is the amount of exposure latitude (EL) as a function of depth of focus (DOF). Process window

improverngik Wt piinTst ZBOOMAN A0S0 R 9pbERRbifeR H1RRY 308 USERb I IR AXERhGHRIPCess

window at a low Kl factor. The kl factor as used herein may be defined by CD*NA/X, where CD is the

critical divmanspemoldefeptutniblewintedin L dmysuaiergimbtre Hyoipatiansaurce.

Additionally, illumination optimization does not need to run first. Using the present invention the mask

can be opéilgizatiie AREXIRIPAHAMI(SURSAIL SOMAAEaL R RN Byrminaios MEnRRIESaBhe

Cartesian x and y axes, such as a quasar illuminator rotated 45 degrees), annular illumination). Also,

in the prpeesidnvaBHQMiSRINAK0Fa M NDRY T bRtk iRnarBaiger double exposure (1 or 2 masks) or
for a 2 tone mask (binary or AttPSM). Most ideal transmission masks can be represented with CPL in

accordan@9sih the prege BAREtinsAREERITIEH JaGPevA3Bullksisate Prg.emmﬁigﬂté&wt

Brickwall" pattern in which the source and the CPL mask have been optimized according to the

principlesriyfitladifgaentiroeeiost thidmiABullusthatasPSM P IUBRIMIHRIBALO the QUEE[RIRE pattern of
Fig. 12A which has been obtained according to the principles of the present invention as illustrated in

Fig. 2. THi¢fraitine adeshiRiGinnbatcseigOptin Ze6:iRE A&ﬁ@&wﬁ@‘-&w@lﬂﬂ@gf&eﬁ&h- Once
again, the contrast and the NILS can be observed. [00101]Figs.'13A-C illustrate the diffraction orders

- of the eiaveptivy. RGO fHigstdatdy. thidnipiénilusifdicsithe opennal diftastinnpidsy with doeAttPSM
mask, Fig. 13B illustrates the ideal optimal diffraction orders determined according to the process

illustrateddskFigcdrdiniht thie peoidsyithisaatddign FRCAbfsHairesant imalsmantatepeithg optimal
diffraction orders with a CPL mask according to the process illustrated in Fig. 4 of the present
inventiodifffacsenafrelkitt fordeenastonitienppieniale tghsherentinal djfiiartion GyyleThiecst BraINgENErgy
into (1, 1) areas.As illustrated by Figs. 13B and 13C, the CPL mask can represent the optimal
diffractitmecutievid lappostidethalZPDaIAR [Edg3efbiend tHesptitealtifaactivnpsidiiygiadges to create
an optimal mask according to the principles of the present invention. Fig. 14A illustrates the exemplary
Short Biiinticllpnask of Fig. 12A. Fig. 14B illustrates the optimal mask transmission of the mask in
Fig. 14A. Fig. 14C illustrates using an arcuate modeling technique to map the primitive edges more
closely \[@@9le optimBilgs 84k %G ilbmstesiotheFapp ekl ositiad ep tisiald |phniitivnactan gigimial map the
optimal mask transmission. As illustrated by Figs. 14C and 14D, two CPL

mask (Fig. 9A). In Fig. 9A the "*" points identify the NILS optimization points, the "+" points

identify the points at which intensity should be maximized, and the "-* points identify the poinis
at whichlintensity should be minimized. The NILS optimization attempts to make the slope of
the intensity at the image plane as large as possible to obtain a high contrast in printing the mask
features; The NILS is preferably within a set value which is suitable for the determined NILS
optimization points along a mask feature. Those of skill in the art will appreciate that a CPL
mask has three phase values, +180, 0 and -180 degrees. The CPL mask illustrated in Fig, 8C is
formed by quantizing the optimal mask transmission, to form a quantized CPL mask

transmission.
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1

implementatif)ns may lead to substantially the same diffraction order spectrum. Primitive edges are not
critical but using primitives may lead to a smaller figure count and possibly allow an easier inspection
of the mask. [00103]Figs. 15A-17B illustrate aerial image comparisons using the Short Bricicwall of

Fig. 121 [069) 15, @ GpureasbRaARBAATR MRS AlPAN'RHRPRREYIN, HiRals,umination.

As seen in Figs. 15A and 15B, the contrast and NILS is much better in betw Ines and the end

of the linbewvike LR CIAMAKE S ¥h Bosk 1 BRRGRMARkH pgﬂ%%@sﬂgr gP;Er@éi}gEB%fﬁﬁ's while

the 8% solution does not appear to be as favorable. As also illustrated in Fig. 15 ,' the CPL

mask mmmmadmhmm%mﬁ&w?%@fgﬁ% HRASNCIRR %&%&%&2\9& ade-off . .

between obtaining an optimal transmission and using a CPL mask. As illustrated A and

168, theheﬂspa;mqahﬁmf&teﬁgqm@%mprmdﬁ@&?&ﬂ@ﬁ%@%&ﬁhﬁﬁp{;ﬁéﬁﬁ@%ﬁme’ the

CPL mask offers a favorable solution for mask optimization according to the principles of the present

inventiobef 1A bHtigeenlfo ilhstiaigsnatial imagecamRabsan:RalVRR PRAXAFESMexResed with
dipole illumination and Fig. 178 illustrates using annular illumination. As shown in Fig. 17A and 17B,
the NlL@;femﬁenwa@tﬂjppﬂ@c&&rﬁi&@i@w15%@@%9&@@@{?}6@@%%1@.“%\&@%'@PE%%H'@.a“O”
has better NILS at the end of line (EOL). However, the NILS probably is not large enough with annular
iluminatiofetaeltiighrrakchwitions beideinsid 0 ARRIImoREApRaR Ui principles of the present

invention as applied to a rectangular contact array mask, depicted in Fig. 18A. In Figs. I8A and 18B,

with the §0008% and thel&GPas Mastraplimizes 1aA ERORMHGIR HianthiQPRsR PICRPRAE Again, the
contrast and the NILS can be observed. [00107]Figs. 19A-C illustrate the diffraction orders of the
exemplahowsBHLS HigrdSdnchiovip AntlutsiAlamEeionsHiHesionmr deswilatne AJRSM mask,
Fig. 19B illustrates the optimal diffraction order determined by the principles of the presént invention,
and Figpfid€sillustraite mitychegiainal diff istiioCRIdR AR eRIenisd ith 2L mask. Those of skill in
the art will appreciate that the optimal diffraction orders force more energy into the higher orders (+1,
0), (0, +1908AY (0, +2Dphisnlising diecbykFighelFy e L &mitE1aits MPSkLNhRRIARE NG, Optimal -
diffraction orders almost identically. ’

problem and speeds convergence. Reconstruction of the optimal CPL mask from the optimal

diffraction orders is a linear probiem in the ﬁequeﬁcy domain. Process window improvement
may be optimal with the optimal diffraction orders for all structures, which may minimize the
effects of focus and exposure variations in the scanner and in the wafer topography. Process -
window as used herein is the amount of exposure latitude (EL) as a function of depth of focus -
(DOF). Process window improvement with the optimal CPL may also be optimal. CPL may be
used to improve the process window at a low k1 factor, The k1 factér as used herein may be
defined by CD*NA/A, where CD is the critical dimension of the feature to be printed, and A is the -

_ wavelength of the illumination. source. Additionally, illumination optimization does not need to
run first. Using the present invention the mask can be optimized to an existing OAI (quasar,
cquad (a quadrupole illuminator with poles on the Cartesian x and y axes, such as a quasar

illuminator rotated 45 degrees), annular illumination). Also, in the present invention, the mask
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[00108]Figs. 20A-C illustrate the use of primitive edges to create a quantized CPL mask according to
the principles of the present invention. Fig. 20A illustrates the exemplary Rectangular Contact Array
mask of Fig. 19A. Fig. 20B iIIustrates the optimal mask transmission of the mask in Fig. 20A. Fig. 20C

illustrate |m|t ectan sto theo timal mask tran m| SIO creat uantized CPL
mask. [%ﬂ%bg]qﬁﬁ{ 5@ it tra edglel%rj?gl aé)lér% mpgjﬁ%l n%: smgt ?rg’ tglr?ﬁelﬁa@%f’a{ct Array

mask of F % Ei a CPL mask d |n 21B an 8%. t M mask are botl'g,l osed
with hexapol§ mk?%a't%%z]f&%l}esgﬁl SIFIKEQS c?gﬂjéestﬁgegeal? rﬁensl{lyagin %ﬂ_g %t éi%ter with
the CPLéPa%ﬁt The QPL mask has production Worthy DOF (depth of focus) while the 8% AttPSM
solution Hoes 1ot aj appear to have sufficient DOF to be as favorable. As also illustrated in Flgs 21A and

21B, th ask mainta he tt r than the 80 t,P 0 1 22A an
iIIustrat bgﬁe off bel%%/e?r? o%?g?riusn%gqgn 0 Elmal G angmagsmrk?oaﬂtq ﬁ%}fr‘%ig AR ARG iﬁﬁ%trated
by Figs. %Q ars.to be Sli bett with. opti nsm|SS| n reticle in
comparison to %qlg [ggf' |gsa§%}3\e l%gggﬁgsaﬁa? %ﬁana %Paré%é) (?rWnpans 8tween an 8%
chown i e M1B. 18 AR BB TR A08 BTl M R rﬁ%%?.'oﬂm%w "
compatri I pien with ann Ia llumln Y sufficient to
print thrgl%#%%e:%gw[ﬁ{&%g%é}g g%9%g I‘,#igtrgteft@nl rr?ﬁ%lll[t:) es ort eaﬁrlgse?fta%%engﬁ %.S applied to
a Sta%ﬁﬁs@ﬁ?c%t r nﬁq% , Fig, 24 24 rate an.

QH e ar u ar@%aﬁ%@%%ﬁ%s@gog o &&%ﬁjm l%Eh:’L maskhave been

exemplary Staggere Rectan in which the soufce arc

optimized AGGALIPG (P iRcipleg ofbg-pgsent invention. In Figs. 24A and 24B, the source and
CPL Mask were optimized for X /800 NA=0.8 and 190nm pitch. Once again, the contrast and the
- NILS capfi@Apservesigs  13A-C illustrate the diffraction orders of the exemplary miask in Fig, 12A.
Fig, 13A illustrates the original diffraction order with the AttPSM mask, Fig. 13B illustrates the
ideal optimal diffraction 6rders- determined according to the process illustrated in Fig. 4 of the
* present invention. Fig. 13C iilustrates an implementation of the optimal diffraction orders with a
CPL mask according to thle process illustrated in Fig. 4 of the present invention. Those of skill in
the art will appreciate that the optimal diffraction orders force more energy into (+1, +1) areas.
As illustrated by Figs. 13B and 13C, the CPL mask can represent the optimal diffraction orders -
almost identically. |
[00102] Figs. 14A-D illustrate the use of primitive edges to create an optimal mask
~ according to the principles of the present invention. Fig. 14A illustrates the exemplary Short
Brickwail mask of Fig. 12A. Fig. 14B illustrates the c;ptimai mask transmission of the mask in
Fig. 14A. Fig. 14C illustrates using an arcuate modeling technique to map the primitive edges
more closely i'yith the optimal mask transmission. Fig. 14D illustrates using primnitive rectangles

fo map the optimal mask transmission. As illustrated by Figs. 14C and 14D, two CPL
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[00113]Figs. 25A-C illustrate the diffraction orders of the exemplary mask in Fig. 24A. Fig. 25A
illustrates the original diffraction order with the AttPSM mask, Fig. 25B illustiates the optimal diffraction
order determined by the principles of the present invention, and Fig. 25C illustrates the optimal
diffractiofpraiontiient itky RARG sivstiaRallh A abs b e Aoyl BRRIGEIAIE halRe gptimal
diffraction orders force more energy into (0, +2) and (1, +1) areas.B A&s&llIﬁ?stra e bﬁynlt—[}é%é‘.’ez @nd 25C,
the CPLmaﬁBt@@iﬂié@pBﬁsﬁﬁh%ﬁrmm A @@i@ﬁgf&ﬁéﬁ&'ﬁgﬁ%ig I 'gf- QeRAIR9S. 26A-C
illustrate the use of primitive edges to creatga guantized CPLmas %ﬂci,{c%%l iﬁés 6%&é%ﬁﬁ(%les of the

present gngsitiaspdoido S BUSHates the exemplary Staggered Rectangular Contact Array mask of
Fig. 24A. Fig. 26B illustrates the optimal mask transmission of the mask in Fig. 24A. Fig. 26C

illustratg@®IOBY primitivdepsangtes;iiamar: heintin %ﬂﬁ&‘aﬁ ission.te,create a quantized CPL
mask. In Fig. 26A-C, 180 degree outriggers may be u%%—:'d at theggﬁdégg%%g% ?gﬁé?gg%gﬁﬁ thz
[00115]Figs. 12AA-BOBi#lust Al Fe HAkIMAAC 8RB MR 5 I Aagt Array mask
of Fig. 24A. In Figs. 27A and 27B, a CPL mask and an 8% Attlglémwiﬁ,o?é%gg%/limt%noﬂggﬁ%re both
exposed luidi e 48 iBati aNFAS. I8N HdFISB 2#A A2 Bnd ' itv. and NILS are better
with the CPL mask than the PSI\i%mask. The CPL mask also hﬁ%ﬁe&@%@%ﬁﬂ% aeﬁ%‘fﬁre'%ﬁd DOF
in comphnisoantitecsBYoAKR 8M WaRICTPOLISIRIOPSRAA AR ?ﬁ@dﬁsﬁiﬁﬁ%ﬁg‘?@?ﬁtﬁg between

obtaining an optimal. transmission and using a CPL mask. As illustrated by Fig and 28B, there
s almostouiifescascrirepivac el ssanamispiR At 1A BARTIHIEREN B, The CPL
mask offers a favorable solution for mask optimization according to the principles of the present

inventiillufitdd ifBiy. 19A and B35 iHly SralesARAlIRRANS RO MEAHSARIREMO SR AR R0 APSM

-exposed with quad illumination in the top row and annular illumination in the bottom row. As shown in

Figs. 2080804] 29B, theigae kANRI 6B ANGMILSs 36 Eﬁ%t‘f’ﬁ@t%&%ﬂ%ﬂiﬂﬂ@@ﬁo%&ﬂﬂa@””“'af

ilumination. The peak intensity with annular illumination may not be sufficient to print through focus.
{ransmission and using a CPL mask. As illustrated by Figs. 16A and 16B, there is-almost no

difference between optimal msmission and CPL representation, Hence, the CPL mask offers a
favorable solution for mask optimization according to the principles of the present invention.
{00105] Figs. 17A illustrates acrial image comparisons between an 8% AttPSM exposed
with dipole illumination and Fig, 17B illustrates using annular illumination. As shown in Fig,
17A and 17B, the NILS is better with dipole illumination in comparison to annular illumination.
Annular illumipation has better NILS at the end of line (EOL). Howevér, the NILS probably is
not large enough with annular illumination to print bricks without bridging.
[00106] Figs. 18A-23B illustrate the principles of the present invention as applied to a
rectangular contact array mask, depicted in Fig, 71 8A. In Figs. 18A and 18B, with the source and
the CPL Mask optimized for A/800 NA=0.8 and 190nm pitch. Once again, the contrast and the

NILS can be observed.

28



[00118]Fig. 30 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 system EXx, IL, for
supplying a projection beam PB of radiation. In this particular case, the radiation system also

comprisepeitpgiation spigeadAcimiistomiealsaRiadagelabiad st rigask polder for

holding a mask MA (e.g. a reticle), and connected to first positioning means for accurately positioning

the maskpygth sospRediia:ie MoRlginad AERRL RRIREH RN SHO SHASNAR S WP 1oHdad il &ne

substrate holder for holding a substrate W (e.g. a resist-coated silicon wafer),”"and connected to

second piliasiRBHARARS [RASUERIENRRS IR A SRSl M IESRRRHC 8T BLisprojection

system ("lens") PL (e.g a refractive, catoptric or catadioptric optical system) for imaging an irradiated

porton of R8sk ORI AUARIOACHRE (oS RENECIEALATOTA SleS) eLsbstite W

[00119]As depicted herein, the apparatus is of a transmissive type (Le. has a transmissive mask).

Howeveryj qt%ﬁ&rabta AR DA RHGLEEH E RG[EE RTRIE LY I AdRTIREHINE IR 1

Alternatively, the apparatus may employ another kind of patterning means as an alternative 7o’the use

 of a masky) quampleminalde)? ROURIRAYS FROIHAAkCRIRImA0 R heGR e LA (6.9

a mercury lamp or excimer laser) produces a beam of radiation. This beam is fed into an illumination

system (Hbﬁmapmmgeﬁgﬁr@a&gggﬁ)S@&fﬁ%ggying 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 iffogregHial extanp{comMONdIeies tRE UST Bramterothes NGEalearRRRIEM EPIDGiMensity

distribution in the beam. In addition, it will generally comprise various other components, such as an

integrataicddranthac tiRiEap R RPN RHRSAFREIND NG RNt RAgMA has a desired

uniformity and intensity distribution in its cross-section. [00121]lt should be noted withregard to Fig. 30

that the RedtesgufunGonbriMy thehersiagiokh & nommigriaispapl aratusianisiafisn the

case when the source LA is a mercury lamp, for example), but that it may also be remote from the

lithograpsfichpreiedtionFgPzoatusigheo@diatendanm iintilinieduens Neing esh e spaapnarmiys (e.9.
with the aid of suitable directing mirrors); this latter scenario is often the case when the source LA is

an excinniasissich go keasel Dauliirz¢drERIL Madslasing). The-illumination source intensity may also be
made with a mirror array or an LCD. The current invention encompasses at least both of these
scenari§g0{091 22| The&fimanl RE 3B hitexuenivrist aiegRisohpAacks Mingvhich dethaldiencomask
~ Array mask of Fig. 19A. In Fig. 21A, a CPL mask and in Fig, 21B an 8% AttPSM mask are both
exposed with hexapole illumination. As seen in Figs. 21A and 21B, the peak intensity and NILS
are better with the CPL mask. The CPL mask has production worthy DOF (depth of focus)
while the 8% AttPSM solufion does not appear to have sufficient DOF to be as favorable. As
also illustrated in Figs. 21A and 21B, the CPL mask maintains the area better than the 8%
AttPSM.
[00110] Figs. 22A and 22B illustrates a trade-off between obtaining an optimal

transmission and using a CPL mask. As illustrated by Figs. 22A and 22B, there appears to be a

slightly better NILS with optimal transmission reticle in comparison to CPL..
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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 means
(and interferometric measuring means IF), the substrate table WT can be moved accurately, e.g. so as

to positipdOdifigrent tarBigk PRBUONSIC IB iNRdalRCltha gggégg’oﬁl RHAL Y ge%ggggéi&)p' means
e

can be used to accurately position the mask MA with respect to the path of t eam PB, e.g. after

mechaniegiossdeish dipbk iaskMAckoniR %x@bﬁdﬁnﬁﬁﬁﬁmﬂrﬂﬂﬁ%ﬁ'iW%%%yemsem of
the object tables MI', WT will be realized with the aid of a long-stroke module (coarse positioning) and
a short-stioke tndeigte Iincapao BN ARG hok Explisitly.dapigteddmEl . r, in the
case of a wafer stegper (as opposed tczp a st?p%gﬁ%-ns%{an tool)%t)ﬁ;e masﬁ%g%ﬁgg%é@%ﬁ@g 1
connectatdon@atissh sty QkaAGHURLSEIHREIGIRY 1R 'W%Q%Nﬁﬁﬁmﬁﬁﬂuﬁ?ﬂ ?xs?ai’%egbi@ two
different modes: In step mode, the mask table is kept essentially stationary, and an Entire mask
image ispidjdaiet iprinetgougiefasngle "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 PIB0112]scan mbils, 24ep9Blibeatome HERIRILS ARRLGT X S dARLRS STl ge) portion C
is not exposed in a single "flash”. Instead, the mask table MT is movable in a givenh'direction (the
so-calleBtiggared Rectimpilerd oheast dires Ay @ THECEhR, %%ﬂm&a@i@ﬁﬂ{%@ﬁé%% s
caused to scan over a mask image; concurrently, the substrate table WT is simultaneously moved in
the sanmexenplpy StegdiedRecaingipeeonveMyriy wthMs thenaanpiicatiopst thedsns, L
(typically, M= 1/4 or 1/5). In this manner, a relatively large target portion C can be exposed, without
having teoonysiminisbaccaredhnl tiahe [RATIARERT ernmeRif diseRs6s NR'EEMaX SIMWAIE fl
mathematically model any generic imaging system for imaging sub wavelength features, and may be
especiaiiyressiod WIRLdvimsigme drapidinigde chrole g0; Neamnp lemal1otesy pit WeKelengis|E an
increasingly smaller size. Emerging technologies already in use include EUV (extreme ultra violet)
lithogragmyirasheisl ¢he dilcSofaw bd vbiegvadl 93run wavelength with the use of a ArF laser, and even a
157nm wavelength with the use of a Fluorine laser. Moreover, EUV lithography is capable of
produciAB @l elengthigeighia-£ ridingtatt 26-Giffbousing: syasheatiapianyRitinga majerial (either
solid or a plasma) with high energy electrons in order to produce photons within this range. Because
most midgRalé dlusitsies fiiverigithdiffsactiogexrdkswitk ton Aaag bEniad weed by raflastive dirrors with
a multi-stack of Molybdenum and Silicon. The multi-stack minor has a 40 layer pairs of Molybdenum
and SilRRSHghdifrastionieidresisiotmimid by treipringiplsiesfavalengtinkymias mal e yvayelengths may
be produced with X-ray lithography. Typically, a synchrotron is used to produce an X-ray wavelength.
Since rilBstratatdhierrmashiffivetmmerdsr witha CRt ey dinienpittor. of ialRs@rhiRil mateyiat dafines
where features would print (positive resist) or not print (negative resist). [00125]While the concepts
disclos@Prsten thi fhseptoalidiffaaionpuiens fubstaiesnetgyemia 6jca) midfer] jtshallds,

- understood that the disclosed concepts may be used with any type of lithographic imaging systems,
e.g., thosdlustated byBigmd TR anb2bGi8ediRE sk siicoprosefe the[Optlaa] Siftaalefurrtignalities of
a computer system involve programming, including executable code, may be used to implement the
above i ’Hﬁ"ﬁl@ng 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
compdHH bHtform. KlasRiAnRdbusoniether nshe Sofuniies redgebp shetel oqerd CRORRANd/Or
transported-for loading into the appropriate general-purpose computer, systems. Hence, the
embodifiikdgiodhsuing tﬁswm@ ioventinn.s Higgy AApitbatratss ththexéaiplaef siggregore
modules of code carried by at least one machine-readable medium. Execution of such code by a
proce S BIEHa doPnreh Ty BInck nEBigs 244  pRig o2 (B dlimsipisen dn dptimal aagkandianisoipare

_ downloading functions, in essentially the manner performed in the embodiments discussed and

“illu straﬁgﬂlﬁ&%ﬁh In Fig. 24A. Fig. 26C illustrates using primitive rectangles to map the optimal mask
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[00127]As used herein, terms such as computer or machine "readable medium" refer to any medium
that participates in providing instructions to a processor for execution. Such a medium may take many
forms, including but not limited to, non-volatile media, volatile media, and transmission media.
Non-volagile, sgdia N e 0k SRR ERUGRRS 'ﬂ?ﬁfg@ﬁ@@léﬁ@é%%%% amﬁggéﬁ?@ﬁ;gdsgﬁsgﬁwces
in any computer(s) operating as one of the server platform, discussed above. Volatile média include
dynamic é?ﬁf@%f&(e%?ﬂ@%dﬁ%@ memory of such a computer platform. Physical transmission media

include coaxial cables; copper wire and fiber optics, including the wires that comprise a bus within a

computeysygiem. Car-@‘%%s‘!‘@&ﬁﬂ%ﬁﬂﬁ&%‘é&?ﬁiﬁr&%@ &H&L@ﬁ&%%ﬁiﬁ?&ﬁ&%@éﬁﬁ@wem

signals, or acoustic or light waves such as those generated during radio frequency (RE) and infrared

UR) datspryusiCalinge SGAMMenloma sheoTBLiRsTeaiaR e sHiB RIS alulenty,

example: a floppy disk, a flexible disk, hard disk, magnetic tape, any other magnefic medium; a

CD-RO%Qy%m&sam%q&ﬁqmﬁﬁammm&gexnbﬁqqgn?ﬂmmg? m%&g*al\ﬁféﬁsi@ﬁper

tape, any other physical medium with patterns of holes, a RAM, a PROM, and EP ,
FLASH-BRRQIYIs Ry 0R6 DR e CO1 PaticaiiH deepaMatisk WaYSHansRRIting fRia PEipsictions,

cables or links transporting such a carrier wave, or any other medium from which a computer can read

programgxingserAR RN daoMaRApbEReR (90} aamRNishigadable media may be involved in

carrying one or more sequences of one or more instructions to a processor for , , execution. [00128]As

illustratggn ﬁ?- 31, apigxenAland THS HRRUAMNIZALE R ANIIHBLCRURBL BRAS SRS HHRMO0 wWhich
r

receives input from an input unit 1003. Processor 1000 may be a conventional microprocessor or may

be a spagialymsierianed RERGETPY wilkSUChiRsaaEERRAN 98 KRROMRfaNisAied tegrated

circuit. Input 1003 may be any type of electronic input device, such as a keyboard or a mouse, or may

be a megifferpicNtRIARER OPHaI AnEFRsASS Ahd WOCPEfsIAR YA HIeN RS SO reHAr PR RISHrom ROM
1002 and RAM 1001, such as protocols to implement the processing illustrated in Figs. 2-6, and stores

informatigrenaRAWrNIe Sollifioc Rl wiatkbpaskiiatRiniesRasey MG MRS distayesiqn display

1004 and may be provided to a mask fabrication unit. [00129]The invention may be embodied in other
specific jig¢sagigvthout departing from the spirit or essential characteristics thereof. The present -
embodiments are therefore to be considered in all respects as illustrative and not restrictive, the scope

of the ifgentigh beingFighcaoedny U dnpandedaeldMimepthesiipardoyndheticsenaingugdeserigtipn and
all changes which come within the meaning and range of equivalency of the claims are therefore
intendedxpdiedewitliagad ilandmtioNinthe sipiroadaisd annular illumination in the bottom row. As -
shown in Figs. 29A and 29B, the peak intensity and NILS are better with quad illumination than
annular illumination.- The peak intensity with annular illumination may not be sufficient to print
through focus.
[00118] Fig. 30 schematically depicts a lithographic projection apparatus suitable for use
- with a mask designed with the aid of the current invention. The apparatus comprises:

= aradiation system Ex, IL, for supplying a projection beam PB of radiation. In this

_ particular case, the radiation system also comprises a radiation source LA; -
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1. A method for determining an optimal mask comprising the steps of: identifying a predetermined
range of illumination intensity values based on specifications of an illumination system for illuminating
the optimal mask; determining optimum diffraction orders; obtaining an optimal transmission mask

based on the optimumedifiestipaasty thasastl) T HERtlietiRdSIERRAARY R, pRgydetermining .
|

an optimal mask based on the optimal transmission mask, wherein the optimum ractiorrdrders are

determined by determigiag MWaERItHGG AR %@ES&EQ!&&QS%&g&%ﬁﬁi@‘}ﬁe%?@o%ému%%%ﬂ” an
u

image plane of the illumination system which maximizes the minimum illuntination log slope at user

selected fragmentatiopqaeiials £ iﬁ@lﬁﬁﬁ%ﬁﬂ@ﬁ%&‘é%ﬁt&ﬁw an intensity.of illumination at the .
fragmentation points to be within the predetermined range. 2. The method of claim 1, wherein the step

of obtaining the- QpIimalﬁw%gﬁm%dg&%%&at%ﬁgﬁwj@i’ﬁg?as%{pge5}84 Ic#ﬁ(r)rtizr(_)ntal

diffraction orders of the optimum diffraction orders, whére e number of horizontal difffaction orders

is determined accordipgi#inie bsatienw\dere f&j&_@@‘@ugﬁ%ﬁm%&%tgkgﬁ%%%@poc‘)ﬁg%girls& P"is
ngth o umi

the pitch of a repetitive cell in the x direction of the optimal mask; Xis a wavele an i nation

source of the illuminapositsyaeEnbhis Fof ML pBRATHIFhP IR0 VRIS 8L IR Tlumipation
system; and am," is a radial extent of the distribution of a beam of light fror%e ﬁ?umlnailon Source.
- ‘aprojection system (“lens”) PL (e.g. a refractive, catopiric or catadioptric optical
system) for imaging an irradiated portion of the mask MA onto a target portion C-
(e.g. comprising one or more dies) of the substrate W
[00119] As depicted herein, the apparatus is of a transmissive type (i.e. has a transmissive
mask), However, in general, it may also be of a reflective type, for example (with a reflective
'mask). Altematively, 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‘LC-D matrix. -
[00120] 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 afier
~ having traversed conditioning means, such as a beam éxpander Ex, for example. ‘The illuminator
I1. may comprise adjusting means AM for setting the outer and/or inner radial extent {commonly
referred to as c-outer and o-inner, respectively) éf 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.
[00121] It should be noted with regard to Fig. 30 that thé source LA may be within the

housing of the lithographic projection apparatus (as is often the case when the source LA is a
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3. The method of claim 1, wherein the step of obtaining the optimal transmission mask includes a step
of determining a number of vertical diffraction orders of the optimum diffraction orders, wherein the
number of vertical diffraction orders is determined according to the equation rpjan. +ONA n

2floor! A yberg 1 isdipe R rebahfeyeritahdifiarion.ai %F?i:fmé%et*if‘oﬂit%olfit@zégyl%‘gﬂﬂé’%ﬁ?éhﬁbﬁ‘e y

direction of the optimal mask; Xis a wavelength of"an illumination source of the | ination’ system;

NA Is 2 ngpedaRl SRR APoRIBE AR SPHRRALBllyReliRY BXSiapliaRd (Bax ik il pgtent of

the distribution of a beam of light from the illumination source. 4. The'method of Claim 1, wherein the

step of dgiasBIeiRe-OR Mz%mmﬁ%%qgmwmy%@WE&&QQM%&%%@&B@&&'

frequency domain. 5. The method of claim 1, wherein the step of determining an optimal mas

comprisqgsthqsienai eRIPY HF3 £f MaXMUTLUANSMIRHOR anLdD RN RS TSR assIoning

a primitive area as an area centered on an area of maximum transmission or minimum transmission;
with a mirror array or an LCD. The current invention encompasses at least both of these

scenarios.
{00122] The beam PB subsequently intercepts the mask MA, which is held on a 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 means {and interferometric measuring means 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 means can be used to accurately position the mask MA with
respect to the path of the beam PB, e.g. after mechanical refrieval of the mask MA from a mask
library, or during a scan. In general, movement of the object tables MT, WT will be realized with
the aid of a long-stroke module (coarse positioning) and a short-stroke rﬁodule (fine positioning),
which are not explicitly depicted in Fig. 27. 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.
[00123] The depicted tool can be uséd in two different modes:;
- Instep mode, the mask table MT is kept essentially stationary, and an entire mask
imagé 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;
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varying edges of the primitive area to match the optimum diffraction orders, wherein the primitive area
-has a minimum size which is substantially equal to a minimum feature size of the optimal mask. 6. A
method of optimizing a placement of transmission and phase shifting features on a mask comprising

the steps of: oblaining BAYHRKBAS ARG Y\ SHGSIRI ESRESSI BRI IR Tiglon orders
S

of the mask; locating areas of maximum trarismission and minimum transmission throughthe mask

based on the obtainedRplimatmagi Hfﬁh%@&%ﬁi%iﬁgﬁqfaﬁasﬁﬁtﬁﬁeaﬁﬂﬁ@illﬁgs(ﬁ pimiNye grea in the

mask-as an area centered on one of the areas of maximum transmission and minimum transmission;

varying edges of primitiysyaseaiio, dhe-aBl] i ien.or rei imitive area has
a minimum size which is substémtia ly equal togg%ﬁkgggﬁﬁatﬁggg%yﬁgr%ﬁ?ﬁ&%ﬁ%&hod of

“claim 6, wherein the Steqiph N8 YSLARM I8 U STl IR FLRIARR Sl J0Suas,g Step o

determining a number of horizontal diffraction orders of an optimum mask to be illuminated by an

identified illumination Sﬁ?&%c&ﬂ&ﬁfﬁfﬁtiﬂqwi?ﬁfa@é beizorial difraclion s iz daierningd

according to the equation: PtaONA]t. i
or opposite direction at a speed ¥ = My, in which M is the magnification of the

lens PL (typicaily, M'= 1/4 or 1/5). In this manner, a relatively large target portion
C can be exposed, without having to compromise on resolution.
[00124] The concepts disclosed herein may simulate or mathematically model any generic
imaging system for imaging sub wavelength features, ahd may be especially useful with
emerging imaging technologies capable of producing wavelengths of an increasingly smaller
- size. Emerging technologies already in use include EUV (extreme ultra violet) lithography that -
is capable of producing a 193nm wavelength with the use of a ArF laser, and even a 157nm
wavelength with the use of a Fluorine laser. Moreover, EUV lithography is capable of producing
wavelengths within a range of 20-5nm by using a synchrotron -or by hitting 'a material (either
solid or a pIas-ma) with high energy electrons in order to prodﬁce photons within this range.
Because most materials are absorptive within this range, iiluminatibn may be produced by
reflective mirrors with a multi-stack of Molybdenum and Silicon. The multi-stack mirror 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. Since most material is absorptive at X-ray
wavelengths, a thin piece of absorbing material defines where features would print (positive

resist) or not print (negative resist).
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where m is the number of horizontal diffraction orders; Px is the pitch of the repetitive cell in the mask
in the x direction; N is a wavelength of an illumination source of the illumination system; NA is a
numerical aperture of the projection optics of the illumination system; and umax is a radial extent of

the distrig§95;0f @ beqmiRf L Jremih& TR Sl e Sdd GMRibgh ObRIaIMKR eI the

step of obtaining optimal mask transmission characteristics includes a step of determining a number of

vertical diffragtipn,pidacs of amaRiMALBsY tRpenll uininsias Rnapiantfisd dleminatiansyziem.

wherein the number of vertical diffraction orders is determined according to the equation where n is
the numBenpf yetifal qmégﬁﬁ?@ﬁi%'é??ef’".jiﬁbﬁ Rileh bAhmasRRlityesaplndb o MasSHhin Whcdn
direction; A is a'wavelength of an illumination source of the illumination system; NA is a numerical
apertureafghe projection optics of the illumination system; and
[00126] 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 execuiable 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
.-least one-machine-readable medium. Execution of such code by a processor of the computer
system enables the platform to implement the catalog and/or software downloading functions, in
essentially the manner performed in the embodiments discussed and illustrated herein.
[00127] As used herein, terms such as computer or machine “readable medium” refer to
‘any medium that participates in providing instructions to a processor for execution. Such a
medium may take many forms, including but not limited to, non-volatile media, volatile media,
and transmission media. Non-volatile media include, for example, optical or magunetic disks,
such as any of the storage devices in any computer(s) operating as one of the server platform,
discussed above. Volatile media include dynamic memory, such as main memory of such a
computer platform. Physical transmission media include coaxial cables; copper wire and fiber

. optics, including the wires that comprise a bus within a computer system. Carrier-wave

transmission media can take the form of electric or electromagnetic signals, or acoustic or light
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oma" is a radial extent of the distribution of a beam of light from the illumination source. 9. The
method of claim 6, wherein the mask is a CPL mask. 10. A computer readable medium containing
instructions stored therein which, when executed by a computer, causes the computer to perform a

method Jarvdetesiining amesingherask camniisingdide sepsRly iqRYing 2;Rmisiermiyedsanae of

ilumination intensity values based on specifications of an illumination system for illuminating the

optimal eoaskueleietelsiNaaRABE Tail se tempideaaiRiningia HRRLIRHANSR IR R maRk hased

on the optimum diffraction orders based on the identified predetermined range; and determining an

optimal frReas s chaMoHiBI O BLRAhAFNE B SHiAmBIR ¥ hal el A ARl HiAgipeplaRsRAre

determined by determining a magnitude and phase of diffraction orders which form an image in‘an

image WD Ohilyectlieh tiAtian suatam, ikie R SRaIRIF R NSRRI SR Q@@ﬁ@ii%&agpﬂf?&% ISer
ity 0

selected fragmentation points of the optimal mask while forcing an intens illumination at the

fragmenigfiotheeipligsRAlmeithin themearieinadiagRAM.. 7 PROJNRHIEEERAIRPIS prodiyim of

claim 10, wherein the step of obtaining the optimal transmission mask includes a step of determining a
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horizontal diffraction orders is determined according to the equation: m = Moor P"(crn, +1)N1+ where

m is theablesher fikarizapiatidiisactononmder siavs, srtheyRiRb: pldbRmepetiivimfalhindgatdisggtion of

the optimal mask; 40
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 miore instructions to a processor for

.~ execution.

[00128] As illustrated in Fig. 31, an exemplary mask optimization unit may contaiﬁ 2
processor 1000 which receives 'input from an input unit 1003. - Processor 1000 may be a
conventional microprocessor or may be a specially designed processing unit, such as an --
EEPROM or EPROM or a fabricated integrated cfrcuit. Input 1003 may be any type of
electronic input device, such as a keyboard or a mouse, or may be a memory or internet
conne;ction. Processor 1000 preferably retrieves stored protocols from ROM 1002-and RAM . .

. 1001, such.as protocols to implement the processing illustrated in Figs. 2-6, and stores
information on RAM 1001. The caloulated results of processor 1000 may be displayed on
display 1004 and may be provided to a mask fabrication unit.

[00129] The invention may be embodied in other specific forms without departing from
the spirit or essential characteristics thereof. The present embodiments are therefore to be

corisidered in all respects as illustrative and not restrictive, the scope of the invention being

. indicated by the appended claims rather than by the foregoing description and all changes which -
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is a wavelength of an illumination source of the illumination system; NA is a numerical aperture of the
projection optics of the illumination system; and ama" is a radial extent of the distribution of a beam of
light from the illumination source. 12.The computer readable medium of claim 10, wherein the step of
obtaining:éneeoptiniaklinnsamibsiand taske D ket PIEQIRIMIRNRRABIR ehehyal isakdiffraction
orders of the optimum diffraction orders, wherein the number of vertical diffraction orders is
determingdiagceddirgeia.the equation where n is the number of vertical diffraction orders; 13" is the
pitch of a repetitive cell in the y direction of the optimal mask; A is a wavelength of an illumination
source of the illumination system; NA is a numerical aperture of the projection optics of the illumination
system; and ama" is a radial extent of the distribution of a beam of light from the illumination source.
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13. The computer readable medium of claim 10, wherein the step of determining optimum diffraction
orders determines optimum diffraction orders in the spatial frequency domain. 14. The computer
readable medium of claim 10, wherein the step of determining an optimal mask comprises the steps
of: locating areas of maximum transmission and minimum transmission; assigning a primitive area as
an area centered on an area of maximum transmission or minimum transmission; varying edges of the
primitive area to match the optimum diffraction orders, wherein the primitive area has a minimum size
which is %Vuht‘;iﬂsagggugigqual to a minimum feature size of the optimal mask. 15. A computer readable
medium containing instructions stored therein which, when executed by a computer, causes the
computer, (o perform, 2 metaed ol opiiuicing A-lasamen gl aisypission and phase shifting features
on a mask comprising the steps of obtaining optimal mask transmission characteristics based on
optimum idiffragiinnpraeisnkihagaskitocaibn graneas af anaxinemptirsimic sin dookntisirysien
transmissipmihieiightaepitasinhased on the obtained optimal mask transmission characteristics;
assigning a primitive area in the mask as an area centered on one of the areas of maximum
transmissioarantgamimT franienms®ithn; varying edges of the primitive area to match the optimum
diffraction, ol ers ANETE RN IITYE area AR A MMM, Sies M5 phpsiapialeaval to a
_ | TeqnIre, 01 the . 16. puter read_able medlum. of claim 15, wherein the mask
is a CPL Thask. 17, The computer readable medium of claim 15, wherein the step of obtaining optimal
mask trags{Haiagan optimal mask based on the optimal transmission mask, wherein the optimum diffraction orders are

determined by determining a magnitude and phase of diffraction orders which form an image in an image plane of

the illumination system which maximizes the minimum illumination log slope at user selected fragmentation

points of the optimal mask while forcing an intensity of #llumination at the fragmentation points to be within the

predetermined range.

2, The method of claim 1, wherein the step of obtaining the eptimal transmission mask includes a step of
determining a number of horizontal diffraction orders of the optimum diffraction orders, wherein the number of
horizontal diffraction orders is determined according to the equation:

m =2 floor,

[

where m is the number of horizontal diffraction orders;

P, is the pitch of a repetitive cell in the x direction of the optimal mask;

A is a wavelength of an illumination source of the illumination system;

NA is a numerical aperture of projection optics of the illumination system; and

Omax is @ radial extent of the distribution of a beam of light from the illumination source.

3. The method of claim 1, wherein the step of obtaining the optimal transmission mask includes a step of
determining a number of vertical diffraction orders of the optimum diffraction orders, wherein the number of
vertical diffraction orders is determined according to the equation

CP(o,, +1INA
.?I-_—Zﬂ{?ﬂf! Mmﬂ-":im-‘-—-" +1
i

("

where n is the number of vertical diffraction orders;
P, is the pitch of a repetitive cell in the y direction of the optimal mask;

A is a wavelength of an illumination source of the illumination system;
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characteristics includes a step of determining a number of horizontal diffraction orders of an optimum
mask to be illuminated by an identified illumination system, wherein the number of horizontal
diffraction orders is determined according to the equation: where m is the number of horizontal
diffraction orders; Px is the pitch of the repetitive cell in the mask in the x direction; is a wavelength of
an illumination source of the illumination system; NA is a numerical aperture of projection optics of the
ilumination system; and am.x is a radial extent of the distribution of a beam of light from the

illumination ) ) i : - .
Souice. .18 The sompuier ssadable Medium,of glaim 45, wherein the step of obtaining

optima! MASKE fHARamIsSion characteristics includes a step o\fstferzntérmining a number of vertical
diffractiog ordersiaf R BtIMURIBask @ beilumipateshiyaniteniifiesLidemination system, wherein

max

the number of vertical diffraction orders is determined according to the equation it = 2 floor Ptiern,"
+DNA A 41 The methed of claim 1, wherein the step of determining optimum diffraction orders determines optimum
diffraction orders in the spatial frequency domain.

5. The method of claim 1, wherein the step of determining an optimat mask comprises the steps of:
locating areas of maximum transmission and minimum transmission;
assigning a primitive area as an area centered on an area of maximum transmission or minimum transmission;

varying edges of the primitive area to match the optimum diffraction orders, wherein the primitive area has a
minimum size which is substantially equal to a minimum feature size of the optimal mask.

6. A method of optimizing a placement of transmission and phase shifting features on a mask comprising the
steps of:

obtaining optimal mask transmission characteristics based on optimum diffraction orders of the mask;

locating areas of maximum transmission and minimum transmission through the mask based on the obtained
optimal mask transmission characteristics;

assigning a primitive area in the mask as an area centered on one of the areas of maximum transmission and
minimum transmission;

varying edges of primitive area to match the optimum diffraction orders, wherein the primitive area has a
minimum size which is substantially equal to a minimum feature size of the mask.

7. The method of claim 6, wherein the step of obtaining optimal mask transmission characteristics includes a
step of determining a number of horizontal diffraction orders of an optimum mask to be illuminated by an
identified illumination system, wherein the number of horizontal diffraction orders is determined according to the

equation:
ﬂm{wjl

where m is the number of haorizontal diffraction orders;

P, is the pitch of the repetitive cell in the mask in the x direction;

A is a wavelength of an illumination source of the illumination system;

NA is a numerical aperture of the projection optics of the illumination system; and

Omax IS @ radial extent of the distribution of a beam of light from the illumination source.
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where n is the number of vertical diffraction orders; P.is the pitch of the repetitive cell in the mask in
the y direction; A is a wavelength of an illumination source of the illumination system; NA is a
numerical aperture of projection optics of the illumination system; and omax is a radial extent of the
distribution of a beam of light from the illumination source.

8. The method of claim & wherein the step of obtaining optimal mask transmission characteristics includes a
step of determining a number of vertical diffraction orders of an optimum mask to be illuminated by an identified
illumination system, wherein the number of vertical diffraction orders is determined according to the equation

]

P (e +DNA
A

n= Zﬂrmr[- 2
where n is the number of vertical diffraction orders;
P, is the pitch of the repetitive cell in the mask in the y direction;
Ais a wavelength of an illumination source of the illumination system;
NA is a numerical aperture of the projection optics of the illumination system; and

Omax IS @ radial extent of the distribution of a beam of light from the lllumination source.
9, The method of claim 6, wherein the mask is 2 CPL mask.

10. A computer readable medium containing instructions stored therein which, when executed by a
computer, causes the computer to perform a method for determining an optimal mask comprising the steps of:

identifying a predetermined range of illumination intensity values based on specifications of an illumination system
for illuminating the optimal mask;

determining optimum diffraction orders;

obtaining an optimal transmission mask based on the optimum diffraction orders based on the identified
predetermined range; and

determining an optimal mask based on the optimal transmission mask, wherein the optimum diffraction orders are
determined by determining a magnitude and phase of diffraction orders which form an image in an image plane of
the illumination system which maximizes the minimum illumination log slope at user selected fragmentation
points of the optimal mask while forcing an intensity of illumination at the fragmentation points to be within the
predetermined range.

11. The computer readable medium of claim 10, wherein the step of obtaining the optimal transmission mask
includes a step of determining a number of horizontal diffraction orders of the optimum diffraction orders,
wherein the number of horizontal diffraction orders is determined according to the equation:

PO, + z}m] o1
A

o= Zﬁam[
where m is the number of horizontal diffraction orders;

P, is the pitch of the repetitive cell in the x direction of the optimal mask;
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A is a wavelength of an illumination source of the illumination system;
NA is a numerical aperture of the projection optics of the illumination system; and

Omax 15 @ radial extent of the distribution of a beam of light from the illumination source.

12. The computer readable medium of claim 10, wherein the step of obtaining the optimal transmission mask
includes a step of determining a number of vertical diffraction orders of the optimum diffraction orders, wherein
the number of vertical diffraction orders is determined according to the equation

= Zﬂ(mr[wé} +1
_ A
where n is the number of vertical diffraction orders;
P, is the pitch of a repetitive cell in the y direction of the optimal mask;
A is a wavelength of an illumination source of the illumination system;
NA is a numerical aperture of the projection optics of the illumination system; and

Gmax 15 @ radial extent of the distribution of a beam of light from the ilumination source.

13. The computer readable medium of claim 10, wherein the step of determining optimum diffraction orders
determines optimum diffraction orders in the spatial frequency domain.

14. The computer readable medium of claim 10, wherein the step of determining an optimal mask comprises
the steps of:

locating areas of maximum transmission and minimum transmission;
assigning a primitive area as an area centered on an area of maximum transmission or minimum transmission;

varying edges of the primitive area to match the optimum diffraction orders, wherein the primitive area has a
minimum size which is substantially equal to a minimum feature size of the optimal mask.

15. A computer readable medium containing instructions stored therein which, when executed by a
computer, causes the computer to perform a method of optimizing a placement of transmission and phase shifting
features on a mask comprising the steps of:

obtaining optimal mask transmission characteristics based on optimum diffraction orders of the mask;

locating areas of maximum transmission and minimum transmission through the mask based on the obtained
optimal mask transmission characteristics;

assigning a primitive area in the mask as an area centered on one of the areas of maximum transmission and
minimum transmission; '
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varying edges of the primitive area to match the optimum diffraction orders, wherein the primitive area has a
minimum size which is substantially equal to a minimum feature size of the mask.

16. The computer readable medium of claim 15, wherein the mask is a CPL mask.

17. The computer readable medium of claim 15, wherein the step of obtaining optimal mask transmission
characteristics includes a step of determining a number of horizontal diffraction orders of an optimum mask to be
illuminated by an identified illumination system, wherein the number of horizontal diffraction orders is determined
according to the equation:

mz,,ﬁm{ma +§3NAJ e

where m is the number of horizontal diffraction orders;

Pis the pitch of the repetitive cell in the mask in the x direction;

A is a wavelength of an iliumination source of the illumination system;

NA is a numerical aperture of projection optics of the illumination system; and

Omax IS @ radial extent of the distribution of a beam of light from the illumination source.

18. The computer readable medium of claim 15, wherein the step of obtaining optimal mask transmission
characteristics includes a step of determining a number of vertical diffraction orders of an optimum mask to be
illuminated by an identified iflumination system, wherein the number of vertical diffraction orders is determined
according to the eguation

P 0 s +1iv4
rzwiﬂaor[ ¢ -}-- }+E

A

where n is the number of vertical diffraction orders;

P, is the pitch of the repetitive cell in the mask in the y direction;

A is a2 wavelength of an illumination source of the illumination system;

NA is a numerical aperture of projection optics of the illumination system; and

Onax 1S @ radial extent of the distribution of a beam of light from the illumination source.
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