[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 incorporatet!89!deferenc QR REB AMNSAMIASKAIRT B IAATNMation 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 g@ﬁ incorporated by reference in its entirety therein, and color drawings labeled Figs. 1-29
attachedi&réto. [00OBIFRESSENOmVERIO NG ENIF |00 8T HE. Selotof itienidvexttion depiegigenerally
toa methog and program product for optimizing illumination source and mask features for

microlitH4g ﬁbhﬁg{égéé’]@sﬁ\cﬁ@ﬁowMm]ﬁithomicmmtugmsmr axaswle, in
the ma Wre of integrated circuits (ICs). In such a case, the photolithographic mask may contain a
circuit é’g Igtﬁig%ndnggtd’H?YiﬁaﬂﬁbB&ﬂ%ﬁy@%ﬂﬁ@n@p&@nﬁi@%&x&ﬁﬁ,cﬁhmeﬂm&gﬂd INto a
target? §on g?e. . comprising one or more dies) on a substrate (silicon wafer) that has been coated
with a gﬁ r B 1Bl L BREIt Rk b dfferange disifs entiestsrinchiding lenviaterpvithtontaim puihele
network of adjacent target portions that are successively irradiated via the projection system, one at a
time. IRBAE %ﬁ%aé’f HHEGrapREssrofdidMaskp Satinezatien BoyaVisorton istischdihtdizyoexndsing the
entire 1mé';lsk gatt%r onto the target,%ortion in one go; such an apparatus is commonly referred to as a
wafer HEPBErR aRakelsighce Hpilsraniteboiheisily tepowst roins dispayatidedciHlapparitus, each
targetBO{ltIigp ig irradiated by progressively scanning the mask pattern under the projection beam in a
given reterehcs UiredtrSnattiched tcrsiey ead dnaempintart kyriefrsnondly ieantirgytitheseinstate table
parallelo?or %}Q#Paraﬁ)t eétgl(gs direction. Since, in general, the projection system will have a

magnﬁlca iON TACtor fg Tt Zz%ﬁ%%‘ﬂ)g@de@at 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 erenc : nufacturing process using a lithographic projection apparatus, a
mask [?gtqgjn is im%%%%rm%@%g? t least partially covered by a layer of

radiati sitive matetial, (resjst). Prior to this imaging step, the substrate may undergo various
procecg)fjﬂrjggf| such a?%r}%rrﬁa?rﬁlg?%él%?swgﬁﬂﬂﬁ tlafes §8?FE?A]%’e£’A“Ft§?’3§3Q§b§U¢d?W2§D strduetrfay be
subje other procedures, such as a post-exposure bake (PEB), development, a hard bake and
mea58 r%eg%tgrﬂ% r@%ﬁ‘é .8%‘10&%%%%%%5@61?&%?&%@% RO ures is used as a basis to pattern

an individual layer of a device, e.g. an IC. Such a patterned layer may then undergo various processes
such as etching, ion-implantation (doping), metallization, oxidation, chemo-mechanical polishing, etc.,

all intew to finisﬁ&@&&?&%&iﬁ%l layer. If several layers are required, then the whole procedure, or
a variant thereof, will have 10 be repeated for each new layer. Eventually, an array of devices will be

presem he su fer). These devjces are then separated from one another by a technique
such as diclltng or Zggvﬁé%rg\%ﬁlegngg %ﬁae“%%&ﬂﬂé&éfsﬁ CLEXAR I Th i ershre g phintsarmiedted to

pins'cﬁt&ﬂ't:éjr(tf@’).infﬂr%tﬁmﬁ case, the photolithographic mask may contain a circuit pattern
corresponding to an individual layer of the IC, and this pattern can be imaged onto a t'arget
portion (e.g. comprising one or more dies) on a substrate (silicon wafer) that has been coated -
with a layer of radiation-sensitive material (resist). In general, a single wafer will contain a
whole network of adjacent target portions that are successively irradiated via the projection

system, one at a time. In one type of lithographic projection apparatus, each target portion is



regarding such processes can be obtained, for example, from the book Microchip Fabrlcatl_on: A
Practical Guide to Semiconductor Processing, Third Edition, by Peter van Zant, McGraw Hill
Publishing Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference. [0008]For the sake of
simp|icﬁv,aﬁi&tis}dpéfcﬁﬁnogymememyimmﬂhfmmr@mauaotagethpdm"irh@wevg_;;, thishtesm
should be broadly interpreted as encompassing various types of projection systems, including
refractiPERSHHIES, Fefepmenbpticlrddcatadivptiic stystems [fosre uitonpieivE hepadiabio bosysiamymay
also include components operating according to any of these design typeg for directing, shaping or
controlfffHsd projettiosti-and otradiatieratemdescictagat poortiots imayraditdoe befpiagdaielow,
collectively or singularly, as a "lens". Further, the lithographic apparatus may be of a type having two
or moré<SHBEEaiEeamask patesn twader ﬁb@r@m'mld@abtaa)nIrixsmtgﬂmml@f_eraﬁagedid@tiﬁﬁsahe
additional tables may be used in parallel, or preparatory steps may be carried out on one or more
tables WSABHRE' &i%@bmbﬂﬁtmbﬂmgcamngdh@mmw%ﬂiwm&mgmhmg;ﬁm@%paratus
are described, for example, in US Pat. No. 5,969,441 and WO .98/40791, inco_rpore}‘ted herein by
refererts Hsdamhe SHRlitAographlc agksirstimesyrteab widl dovprismagt feticp Siterns.
corresponding to the circuit components to be integrated onto a silicon. wafer. The patt_grns used to
create GFBAT ?glé’sﬁsl hrihg eprshi dlumhishgte Anbstieta fahtlsr isisteardsig) borediatns Mhitasotass is
often being referred to as EDA (electronic design automation). Most CAD programs folloyv a set. of
predet@‘fﬁY%’l‘éB Hessigpaskebln ’ér%&?@)réé@équﬁ&mwmmm.fﬁgesbtwléhmlﬂaphiepme;asmg and
design limitations. For example, design rules define the space tolerance betvy_een circuit de_w_ces (such
as gatg§§%mﬂpéﬁ)b&rgm@%r%ééﬁﬁﬁ@é?as@% et dlen 41 h6 W unatepivesdhtings do not
interact with one another in an undesirable way. The design rule limitations are typically refe_rred to as
"critic }afﬁfglf?ﬁ%s" (CD). A critical dimension of a circuit can be defined as the smallgst width of a
line or r the smallest space between two lines or two holes. Thus, the CD.dete'rmln_es t.he overall
size an%? %Seﬂsity of t’i‘u’eadé‘%?@H@&thFBﬁitPr‘{%iO‘}W&ﬁo%élfbwﬂlﬂuémmttwehwwmmmaimﬁn
optimization far photolithography. Various mask optimization techniques also have be_en known.
Howe%aﬁe&’,lrrgntmin%mn dpihisienhad iagk dﬁ%ﬁhi?&%ﬂlarecﬁmrgénéballg Ilhiwsl. of S. Pat.
No. 6,563,066 to Rosenbluth et al. discloses to perform illumination optimization and mask .
optim’fflgf%guoﬂiﬁg%‘ﬂ%? é’é?f&’%%ﬂ?ﬁf&ﬂl&F%g‘%@#l&ﬁ@%ﬁtﬁwwlLS : tepie mﬁmr d_ rgn lmmh?:;m:)s;nd
ransmission. Rosenbluth discloses,to maximize the minimum N normalized image log s
(0 SclBRT ANt %%ﬂgffammgoéeeegeaomwegemamg%emmﬁumw@mme )
Iculation be limited relying on the symmetry of a mask. However, the linearization of the ma
'frzlr? s r%l é%?gﬁ r?%as&éd) %’f ﬁ%rggﬁ%‘%‘?ﬁgr%’(ﬁ HifssA RASG SRASHEP é’ﬁﬁ%@%ﬂoﬁ?@’ Hopraekicy mkdﬁkﬁ stead of
he a imaging eguations themselyes, which produce errors in implementing a mask to form a
tclesiréz%%l(?rrl%{aeg:ja“(get?l!n'a'f%e(3 ?r/:{élg &%ﬁ%ﬁog] &HAg t?ﬁﬂgﬁ%isgi‘c%aﬂ% Q€ grRredurss issesed assigrisdmt number

of varjahles, which.requires significant computation time to perform the calculations. [0011]As Iogiq
featufsea %?Egs elclzlrgelf’;{ls%},aﬁé1 em?so ﬁe‘%&f‘f’&’p?&li&@ r‘rﬁgs%‘ﬁﬁqp‘femgﬁfa%ﬂ@’ﬂ{a’ﬁ’we%élylﬁﬂﬁg‘a desired

i ' ini ' time. . ., . . o ‘g
'mag%%msm'nf(%%gnse%o@gc%atég nae%c r% , lon-implantation (doping), metallization, oxidation,
p g p g

chemo-mechanical polishing, etc., all intended to finish off an individual layer. If several layers
afe required, then the whole procedure, or a variant thereof, will have to be repeated for each
new layer. Eventually, an array of devices will be present on the substrate (wafer). These devices
ére then separated from one another by a technique such as dicing or sawing, whence the

individual devices can be mounted on a carrier, connected to pins, etc. Further information



[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 to a plurality of source points and a predetermined mask
patternfegAubiegurhgmenesstiongudintshitaiandiniagex miaple, ftan inagntonmed iy e sluination
provided to the predetermined mask pattern; determining an intensity and image log slope of
illuminaltksie/éaad deii deatymiemetionipoint Peetessigirhand Golitioal, ibyminatiosserreeNasGaW ymination
source which maximizes the image log slope at the selected fragmentation points and has an intensity
within &’ pligkiegGined9%hdS BIS AT Srdante it thtlpreRehy tevastien, a method for
determining an optimal mask may comprise the steps of: determining optimum diffraction orders of an
ideal m&@@%ﬁbtaininé*@lhtb@ﬁakaIthathiis'sjonhmg&ijdnﬁmobpstethmamimfeamﬂgﬁr@@yg@@ég%sagf the
ideal mask; and determining an optimal mask based on the optimal transmission mask, wherein the
optimutheditruidie vrters GisHerehbridde dneaiijeminedtby deterinpagstmagniulepasd shase of
diffraction orders which form an image in an image plane which maximizes the minimum illumination
log slopEECHsBrsysiertsdincdien tafiontpuintishikefienting apticteasityahilispitiationahtheor
fragmentation points to be within a predetermined range. [0015]In accordance with the present
inventiBHraPhsetsarestistieaisisieanteptintuninsbule ecambaentptipeting astord L G0 mRYisE kg steps of:
providing illumination from an illumination source to a plurality of source points and a predetermined
mask [J5t&m ek dandgiferjinenshepnpoineoniratiipdbe prajeiifabimagd farhediy-he demination
provided to the predetermined mask pattern; determining an intensity and image log slope of
illuminSRIBRCACBECR M glF heatfarsdine, beldwimoltestbwlslgrctinggintythes intdesity anetiskiapesof the
illumination source and the magnitude and phase of diffraction orders of the mask to form an image in
the imHBOBRITECREPFFAXMMAYDMel & ipabayinge oy slap stlibeafraghientatidomsiotsivhde: forcing
the intensity at the fragmentation points to be within a predetermined intensity range. [0016]In

accor Xkt IiEs th B e nernlsinde stige rietiens deopdidifizing sablecemeveaisrdrismiaaltsn, asrd phase
shifting features on a mask may comprise the steps of: obtaining optimal mask transmission
charaPIEPRTIQB SLe0F shey Rt farrieirRatasrobedursmereteblesskhilscotingrareas offewasdbiesnare
transmission and. minimum transmission; assigning a primitive area as an area centered on an area of
maxirwﬁ%gtﬂéﬁ*?gnﬁ?srs‘?éﬁwwm tagtshihassphiasnne ey eseofesanhegrifmitiveunrde, tn riiich
optimal m%tgn orders, wherein each primitive area has a minimum size which is substantially equal

to a iPﬁ g?uf}é lsplrgl(}ymg%g)jg 1, incorporated herein by reference.

[0009] 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 generated utilizing CAD (computer-aided design) programs, this
process is often being referred to as EDA (electronic design automatién). 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, efc.) 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



[0017]In a method of the present invention, the step of obtaining op_timal mask transmi_ssion
characteristics may include a step of determining horizontal diffraction or.ders of an optlmum mask,
wherein the number of horizontal diffraction orders is determined according to the equation: A where

ra is theinusitioan dfehofiracdta difér acioB0MIRNE ofis Anvaxalenoth Qfé@ﬁlﬂi%“%ﬁé%ﬁ%gﬁ;tw@ sa
numerical aperture of the projection optics; and arna,, is a radial extent of the distribution of a beam of

light frolin¢herillmindéioThogy née. (R0daHmmnmatosk ofihs Ry ese YR iOMe e BiaR: of ehiaining
optimal mask transmission characteristics may include a step of determining vertical diffraction orders

of an od¥iLih mask Viatiessitedheiquinbeisobveticsd dilirastienoipersimasiespined according to the
equation: where n is the number of horizontal diffraction orders; Xis a wavelength of the illumination

sourcephitoltbograpleyicilasjpestuesbbfitizajkeliRomaRiies Assitse behkredial sxialef the

distribution of a beam of light from the illumination source.
currently illumination optimization and mask optimization are not generally linked. U.S. Pat.
No. 6,5.63,5 66 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 of a 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
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



[0019)In accordance with the present invention a computer readable medium may contain instructions
for a computer to perform a method for optimizing an illumination source for a mask illumination which
may comprise the steps: of providing illumination from an illumination source to a plurality of source
points @nelatpradeté mmisiepattankdesttarinise lectingnfiagme Matie | ROied b ANIIMASRBIRARE RN
image formed by the illumination provided to the predetermined mask pattern; determining an intensity
and im&getuysitpe il deitatiang eachtiied Neniationmpent:dsteriNng R OPiFREd Wiipation
source as an illumination source which maximizes the image log slope at the selected fragmentation
points &kt iz erntintenaiy lodthiopa gridaidetineidangea.(0020linaacordanaamtityspiasent
invention a computer readable medium may contain instructions for a computer to cause performance
of a meueddtomdetdmatiging an optimal mask which may comprise the steps of: determining optimum
diffraction orders of an ideal mask; obtaining an optimal transmission mask based on the optimized
diffractitiféfders of theameaiamarsivitnticpteseniringaivnptineahottk besadiamhaepimal
transmission mask, wherein the optimum diffraction orders of the ideal mask are determined by
deterntitfifly mayagninuise trediopast détdifiritigominea difficktionrdarinagge ideahdmage plane which
maximizes the minimum illumination log slope at user selected fragmentation points while forcing an
intensiBP@iningmnaisimat treasraigsirentatiirbpsidtentthbepsiitiied difdetierndiriess range. {{RaR1]In
accordance with the present invention a computer readable medium may contain instructions for a
computiasks ead detparfomgeaceptife metslobasé dbieiningtinab ptinmsmis siounta sk ehsreiptifisum mask
which may comprise the steps of. providing illumination from an illumination source to a plurality of
sourc@pbintadidiengied erdainé thendekl paaskrarcsbiectnue ft Agmetatatining aintsgnimddémape plane of
an image formed by the illumination provided to the predetermined mask pattern; determining an
intensRYasA@ fiidFedbepswsrrsor igmfpetion inege nfragmreetption phick madisiedtdreously changing
the intensity and shape of the illumination source and the magnitude and phase of diffraction orders of
the mERYG & H mingEGR Ipgplonmalgisplaslectiedtimgmientztisntpeintinihilenfoimiagenoigstegrat the
fragmentation points while forcing the intensity at the fragmentation points to be within a
predefditiiainatienatihedirgmeotrionpeintofddecwithithathedresaimddvengion a computer readable
medium may contain instructions for a computer to cause performance of a method of optimizing a
placerh@ft F transrifsissprdaiep Witkethommsgicimeiivoneaneihod afibirining coroptiseihe steps of:
obtaining optimal mask transmission characteristics based on optimum diffraction orders of the mask;
locatifigiirE 20D AR-2BHERIFM Masmusromarisehaispnofanemispilluasisigitnf@mrinitive area as an
area gentered,on an area of maximum transmission or minimum transmission; varying edges of each
primiti/EEHEAHRRSOHEEE & Al el adtRovrsearinto sk aipredsserminedimaskroatiens; aehkiriingum size
which, is substantially.equal to a minimum feature size of the mask. [0023]In accordance with the

presehtEHVEHABALPAGHThan fasgs Blans efitmimaegy 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] In 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



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 minimum transmission; assigning a primitive area as an area centered on an area of

minimumasknamisgigiypeihetying @deesdd e R THMTRIeRI RRIsh PRIMARIRGHAR orders,

wherein the primitive area has a minimum size which is substantially equal to a minimum Feature size

of the maasis. §0ARAlMmanMmputeiissRAaRe mAHIWR PRkMIIeL CANAIMINSTHEN RS fLasampyer to
cause the steps of: locating an area of maximum transmission; assigning a transmission primitive area
as an aceataedienen arcaoiaraainfunadmHiian SiSHRRMANINhRIYRS W glARsMiFsion, Primitive
area to match optimal diffraction orders, wherein the transmission primitive area’has a minimum size
which igrmiitantiedyoarumitomininimantfeaturecsiz o RENR 185k 10025 URAERMRYELIEgdable
medium of the present invention, the step of obtaining optimal mask transmission characteristics may
includesizstehidi tetebsaniteghotjaolttah aiffiaationfesdRessRb YT QRtmLM mask, wherein the number of
horizontal diffraction orders is determined according to the equation: where m is the number of
horizont@Pd#raction lordessthdds AthepelRagiivehths HHOVRAtIIMH 5 'Mﬂﬁpﬂwerical aperture of
the projection optics; and amax is a radial extent of the distribution of a beam of light from the
illumin&iosisissixoecio0RE s tesamp iielutadsbieon@simi piih BRIASRAL AYERIBA JRE ISP
obtaining

optimum mask, wherein the number of horizontal diffraction orders is determined according to

the equation:

m = 2 floor [Px (O'm”l+ I)NA J+ 1

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 omyy 1s a radial extent of the
distribution of a beam of light from the illumination source.

[0018] Inamethod 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;

P
n=2 ﬂoor[ 2 (o-'"ax;LJr I)NA} +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 Gy, is a radial extent of the

distribution of a beam of light from the illumiination source.



optimal mask transmission characteristics may include a step of deterr_nining ve_rtical diffract_ion orders.
of an optimum mask, wherein the number of vertical diffraction orders is determlned .accordlng to.the
equation: n =2 floory max + 1WA 1 where nis the number of horizontal diffraction orders; Xis a

Wavelengﬂﬂlé)ﬂ the illumiﬁ%ﬁaééﬁmﬁ'ébmlzrﬁqmmnecmlabrapeom;mmf_ﬂaed;ab@ﬁenwmﬁpﬁf@ and an,", is
a radial extent of the distribution of a beam of light from the illumination source. [0027]In acco_rdar_lce
with the"PRESBrARHREHABR feirt sppattiasscrortprimizing fad ifurmintizingou iiufaimtioasicdegination
may comprise: an input unit which inputs characteristics of an illpmlnqtlor.l‘de\./lce; and a processing
unit whih fRaskidirames ehahish areyismngrigedhe %ﬂm@eﬁﬂr&mdlumﬁaﬂmmtmfoﬁmanmag(_e in an
image plane that maximizes the minimum image log slope at user selected fragmentation points.

[0028]1HHEHBAEHC0 Witk ithe Riksalit af seiserpoiniscansbn aedderoptatiziank patteaskelecting

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; determining an optimal illumination source as an illumination source which

maximizes the image log slope 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
contain instructions for a computer to cause performance of a method for determining an optimal

| 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 a 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] In accordance 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



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
intensityedterfragrd ensitipatpain tlahmhwiihin apreiserainag NERRIPE GNAamIANR] 1K aggprdance
with the present invention, an apparatus for obtaining an optimum source and an optimum mask may
comprisagménfatipunivinh ishdaterits eelynpiising the Pressss iE YRibsTiBY I HemimY taneously
change an intensity and shape of an illumination source and change a magnitude and phase of
diffractisouordens! théonagaitideagd jhas shage pace mdiehonasimizesGONAIRmMdgAgaeg slope at
user selected fragmentation points while forcing an intensity at the fragmentation points to be within a
predeteimtigeplmteﬂsitynadgﬁzeéaﬁsaiiﬁimﬁdmg@ao/gimogh@t.mﬁes’ﬁfg&ﬁw@ﬁ%rb@ﬁ@m@atus
for'optimizing a placement of transmission and phase shifting features on a mask comprising: an input
unit whichcimgyites iheraite istiesfefzarifativinptimsde Heeviaifl aRedersaine A Riteishisgonfigured to
obtain optimal mask transmission characteristics based on optimum diffraction orders of the mask,

locate at@6223f mininfurmctadsmissith thagresminurerniansioisainncasaiGb RHNNIGNEAERSS as areas
centered on an area of minimum transmission or an area of maximum transmission, and vary edges of

the prireftifeiniastrectivate fooptiorapulit actirso poefsdnesaii 4 o divep erpRspave] & spigimum size
which is substantially equal to a minimum feature size of the mask. [0031]in an apparatus of the
presen@fﬁﬂ@lﬂi@iﬁsmm@ﬁm@i@a&@mﬂwmmamminmyrtayﬂpﬂbedﬁdme’;z@mm diffraction
orders of an optimum mask, and the number of horizontal diffraction orders is determined according to
the equdidiRinsfmsinipl xiaskntrarsarissien 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 vﬁth 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 minimum transmission; assigning éprimitive area as an area
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 minimum 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: locating an area of maximum transmission; assigning a transmission primitive

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



where m is the number of horizontal diffraction orders; 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. [0032]In an apparatus of the present invention, the optimal mask
transmigsiontohermataristisshropstingdlutigaeisical diff actigrinraers Ak AR QBHIHHM MASKYASIGIN the
number of vertical diffraction orders is detertnined according to the equation: n = 2 floor P yer max +
ONA +IminherersisethdhichrishebehhtiirpagabrifrostioniEeanie sy @oravelgngth of the illumination
source; NA is a numerical aperture of the projection optics; and oma,, is a radial extent of the
distributidi¥2f]a beaniro kghigfoosn dad dBlemiration SOUECH-LRABRINGR BresRN:/ vsriiaRiRigyides an
advantage of a fast computation of mask parameters by limiting the number of mask optimization
variable® tondivestdrahismissioibehi-hdleriviog indy ontimizatioa\er ikies may he-1ashiged by relying on
the mask symmetry. The number of mask optimization variables may also be reduced by optimizing
the diffidiéfiestiordemtenf tfemasinraienthaw pesHarming AORUBAAIARSHL AR RS b iRRSRISSION.
Optimization of the mask diffraction orders is a non-linear process; hence, reducing the number of
variabléstateuned sesardmputethieredimeot: urthermore the mask transmission is optimized by performing
a non-linear optimization of the diffraction orders followed by a linear optimization of selecting
guantized mask transmissions to equal the gji 8" diffr‘gcii Ngr]ers. [0034]Brief Description Of The
Drawings [0035]The accomp&nydﬂ@q‘iwmg&ﬁ&t@%wiam, j atedl in and form a part of the
specification, together with the description serve to explain the piinciples of the invention. In the
drawings' [0036]Figs. IA and 1B illustrate an exemplary illumination using Abbe imaging

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:

P
"= 2ﬂoor[ 2 (Crma;-k I)NA} +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 oy is a 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



according to the present invention; [0037]Fig. 2 illustrates an exemp_lary process for obtair_ling
illumination optimization according to the present invention; [0038]Fig, 3 prowdeg a graphical
representation of the generation of transmission cross coefficients (TCC) according to the present

invention: ¢A9BRATsHh Gt EH TR AR QXRMRABHA A SRS JOT PRITRITNOR D RS RNMIFAIgR, according
to the present invention; [0040]Figs. 5A and 5B illustraté additional'mask constraints that may be

considergiiinepimizing 2s0psk e HReHA RERISISAINEALON; [0041]Fig. 6 illustrates an
exemplary process f%r C(;érllvegting an optimal transmission mask to a CPL mask according to the

present j09e8tion; [0042ligddAcd M&%&}%%&@ﬁ%ﬁ%@lﬁw@%ﬁwﬁ% RALARA SIS 4 illustrates
an optimum illumination source used with the mask pattern of Fig. 7A;
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 and 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 illumination
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 range.
[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 maximum transmission, aséign primitive areas as
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 mask.
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[0043]Figs. 8A-8C illustrate diffraction orders of various masks to illustrate the diffraction_ord_ers of a
CPL mask in accordance with the present invention; [0044]Figs. 9A-9C illustrate the appllcgtlon of the
optimal illumination to an optimal mask (Fig. 9A); [0045]Figs. 10A and 10B illustrate aerial image

compariB¥i¥ betweemaCRiparsisk afitbean3entARGIb{phrsp ahiflEa MeskhsiaR4RIFIgs. 11A and 11B

illustrate aerial image comparisons between a CPL mask and an 8% AttPSM using_h_exapole and
annulachirashesisties nespicivadyhO O idi 24 diusideies bum eptimplamiShandsiswallensttern

and Fig. 12B illustrates and an illumination source which has been optimized to prod.uce the pattern
accordimyigstitel giffreisies ofdére jsrdstenhineeatian {09 #BIRasu84nC 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 ; P (o + 1)VA4
m=2ﬂ00r{"( “’a"l ) + 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 Omay 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 optirnum mask, wherein the number

of vertical diffraction orders is determined according to the equation:

+1

[ PO + 1)NAJ
n =2 floor

A
where n is the number of horizontal diffraction orders; A is a wavelength of the illumination
source; NA is a numerical apertﬁre of the projection optics; and o 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 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
number of mask optimization variables may also be reduced by obtimizing the diffraction order_s

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



according 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 an AttF_>SI\_/I mask; _
[0051]Figs. 16A and 16B illustrate the trade-off between obtaining an optimal transmission and using a

CPL mapkrdORS g Téh AL LA 25T ARG TR SRR e Een A B0 ALPS

exposed with a dipole illumination in the top row and an annular illumihation in 0

00531 hHigis L8 A sk 13703 ' i S lied.to a rectangular contact
SR e U SR e T A A il

mask iSRRG SO 5 Mol e e iU erges 1o create a quanized CPL

mask according to the principles of thé present invention; [0056]Figs. 21A and 21B illustrate an aerial
image comparison using the rectangular

[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 iltumination optimization
according to the present invention;
[0038] Fig. 3 provides a graphical representation of the generation of transmission cross
coefficients (TCC) according 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 adcording 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
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contact an-ay mask of Fig. 19A; [0057]Figs. 22A and 228 illustrate the trade-off between obtaining an
optimal 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

illuminagigrotibe fravane e CPi0RRSIR s GullisiatER &paiageerethRestangular Contact Array and
Fig. 24B illustrates and an illumination source which has been optimized to produce the pattern

accordir@oa4he prinaipkesost Yie imasan iy apiasdA06PIRiGs R5Ar Glillataenihe Sittagtion orders of
the exemplary mask in Fig. 24A; [0061]Figs. 26A-C illustrate the use of primitive edges to create a
quantizethkREimagkaccording to the principles of the present invention; [0062]Figs. 27A and 27B
illustrate aerial image comparisons using a CPL mask and an AttPSM mask; [0063]Figs. 28A and 28B

illustrate] toe sfade-offijgiviepNaate0BNNREAPUBRR 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
an 8% AttPSM using hexapole and annular illumination, respectively;

[0047] Fig. 12A illustrates an exemplary "Short Brickwall" pattern and Fig. 1213:
illustrates and an illumination source which has been optimized to produce the pattern according
to the principles of the present invention;

[0048] Figs. 13A-C illustrate the diffraction orders of the exemplary mask in Fig. 124A;

[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 aerial image comparisons between an 8% AttPSM
exposed with a dipol€ illumination 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 difi?raction orders of the exemplary mask in Fig. 18A;

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

13



transmission and using a CPL mask; [0064]Figs. 29A and 29B illustrate aerial image comparisons
between an 8% AttPSM 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
deSignﬁchEﬁh%‘Fo?ﬁ MQ éérrq%' ventiqn; [0066]Fig. 31 illustrates an exemplary mask
optimization pr cess(%r% un?{)?n efl)ccoér3 ar%g.céemv?/ﬁﬁé:ﬁégg’resent invention. [0067]Detailed Description Of
The Invesyien 1006SIRIRclapRd.in 3 (RINAGLIRL APHINEIRG e JUupinten.souee g e mask for
creating a desired pattérn in the image plane. In a preferred implementation; an imag 5 $ormed in the

image 9&?1%6"&%%43199??¥ jmage log slope (ILS) in the optimization process at user selected

fragmentation points. The image may be optimized by changing the intensity and shape of the
Iluminajigp ppurce 3adly shangis MaAnice A Mase Shibeiiiaclionadsys. In a preferred
implementation, the illumination source Is first optimized and then the mask diffraction orders are

optimi%{}ggg%\f%ngl@smg@i@pﬂqg&?yrce and mask diffraction orders can be optimized

simultaneously. [0069]SincCe the ILS Is a non-linear quantity, the optimization of the illumination source

T Lomagl © & " Melosh QRIS ieRG Al Bl I A ARDIRARE 13K, ARBOAITCY

optimization the computational time is a function (e.g. a’geometric function) of the number of variables.

Therefges Q. RaaAHRS IEAMpMAHARALIRE D el MBshAR MR HRRISS MUt PR RIS DD the

illumination source optimization, in accordance with the invention, the number o? variables may be

reducegobygpking amyantane ok ey mSIkYRL Ak deRl URAIS, Al RS aummetric wih

respect to the vertical and horizontal axes, the illumination source will be symmetfric with respect to the

verticalfagee tnialiasinallon 100,00 WieR AR Sech pRhiEady (ba 2B Ehak B il aton
t(.) the principles of the present invention;
[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
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 aerial image comparisons between an 8% AttPSM
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

(00661 Fig. 31 illustrates an exemplary mask optimization processing unit in accordance

with the present invention,
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[0070]In the mask optimization in accordance with the invention, the number of variables may be
reduced by performing an optimization of the diffraction orders in the spatial frequency domain. The
mask optimization is preferably performed in the spatial frequency domain rather than the spatial
domain because the lens (e.g. the entrance pupil of the projection optics) and illumination source limit
the number of diffraction orders which are used to form the projected image. In addition to optimizing

the 1LS I@g%;gr selecﬁ&ﬁggrgﬁgé%'q&&%htp&%gﬁggnof the image formed by the mask must match‘

the desi ttern. The matching is pre y done by adding a constraint that intensity at all of the

f i ints @y ithi ' f iafi h ,e.g.a.
Lo PO HCA T ANSIAMON RS el ehpter o0 o
may bec?@i?fﬁ?%’e?%et&’ e %'P%’eeﬁ%éé%i&% “iﬁ’hsé?éf‘é f éﬂ%?&?a!ﬁ%%c%%rlx%téggﬁé #9974l the

optimal mask transmission, the electric transmisSion has a.€ontinuous magnitide from 8 to 1 and

: . n ¢ _ _ jnit e
eonce Essan RGeS In g ol sk ln Bl e o
transmiggionsy fhkReRIzAIRRES H*ﬁé?ﬁ?\%}e%%g%é’Xg%%@%ﬁ‘@M%ﬁgﬁ%ﬁeﬂ%ﬁ?ﬁ#ﬁ%@%@reas »

such that the diffraction orders of the qua ask tim raction orders.

Becausgrthe frautighda \SIere HedpeshaigHial ﬁl?ﬁ%ﬂ@%@@-&?&%%&é%ﬁ%%&%ﬂ ffeas

such that the quantized mask diffraction orders equatf the optimal diffractions Is a linear process that

can be caledlaiet fitkhn AR ARG IARALAR R I an HmiRation RIORERS HsiRy Abbe imaging.

As illustrated in Fig. 1A, each source point 10 may be illuminated by selectively positioning an
HlluminglaragANAGS 4BRLFE QMIh BN G S5 SVEd BRI 10uEBGIa kIR RS bYds ihe
summation of the intensity from each of the individual source points 10. The illumination patterns are
real (incaMprIbpmakeal SeRHEhBREGE. the illumination must have even symmetry. Preferably, the
source points are chosen to enhance the normalized image log slope (NILS) at fragmentation points

on the impgoplane. &ifRAMANSHOR RAUNIASAAMRARYHEOYILIRARA POt AN MaYSHRIRge which
is smaller than X/2NA. [0073]Fig. 1B illustrates the use of the illumination source with a typical DRAM

mask paldaie Rk ied HmSiteaBosliRMAibil I Those BrSkinlas e kangRegiawalh PRESHhIaLpay be
used. In Fig. 1B, portions of the resulting image are shown from illuminating a Brickwall pattern on a
mask QpairkdRitisnntieh sipuatidHaminasinn ghndBOR (Wih Apbmarcalapssiisrohahing sntrance
pupil of the projection optics at 0.8. As can be seen in Fig. 1B, the light areas represent an image

intensiuthnt@nrengen i NPt datispieand cnesanbandmagarensity seat degrades the
-NILS. The illumination source points that provide the best result, e.g. provide the most enhanced NILS,

are prefefidbliyar|ested ithopibnioa toarchapamiAipH|umibasidameuies: RORAARGKamPlary process
for performing the illumination source optimization is

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 horizontal 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 ari optimization of the diffraction orders in the spatial
frequency domain. The mask optimization is preferably performed 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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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 illustrated in step Si of Fig. 2, the user preferably specifies the
selected gelly(£,9 -ﬁgg{% tl;l ' g& t : entati ints (x eg Fig, 9A) to be
evaluategli. In)f(ﬁga Srocessﬁ%sﬁé%e%(? li|rlr§ ste%%g, é%%%ﬁ%ﬁ@grrﬁggg%y%%f&u a{t?gs%e rI(]ang?tr}l]t(?ansity
and th IM &g& BAS, illﬁ{nmgi (_r)rp%irg) ( QH{% e f ationHaint ). 0.e...the
microper%cje{essor calcUlates ka,f1; X,y) gr@uNlL %4@%:3@%%&8%{1@ eeéﬁq&éfle%oggsdft }ﬁg. 2, the

micropiggssSa 55 SRSRIIGAPR ALUSINMIAPR SYETy Gl AS AR Inaton syster from

Zeiss (identified as "Zeiss Specs™in Fig. orm a Gaussian convolution, to d&termine the
i{}ﬁ%nasrg%htg a value.
t

minimuﬁ?e@&&ﬂl@'h(ﬁl@b)}%@ﬂé@ecwﬁpﬁ%g &%@ﬁqgﬁké@}ﬂf 9%%9%#&@9{5&%1 SIS e i mize the

An optimization process is illustrated in step S4, iInw IHluminatiort points %

minimuggYoS GRS TARRANIAIPRRAIT OIS, SPIEEIPthS lyslialsd) .ofep, 85, the intensiy

1(0,43; x,y) and NILS(a43; x,y) at each illumination point an agmentation point are preferably

summest UG SRIFCISAHRIAUSR,BOIRIA0R MFHIRZR (U5 BTG MihS AL R iggpentation

point. The optimal illumination source to maximize the NIELS at each fragmentation point (x,y) at a

desirecsinignsiy i SalRHIRERRR IS IRERRY SIS P INTRAsRariRplyalnghe preferred

implementation of the process in Fig. 2, discussed above, the intensity and shape of the illumination

may begoapped to fgr@ﬁ@&ﬁmamﬂakmmg@ielﬁ@ﬁetéﬁkm@ﬁgﬂ@&mﬁmmtux?tﬁwqgf

selected fragmentation points while forcing the intensity at the fragmentation points to be within a

predetesnp@siintenaity anagd JQAKIRICLsDHHISIIRIRS- RRRXTRIARY MBI QRENIZation Brocess

according to the present invention. A technique known as Hopkins Imaging may be used, in which the

log slogfidk RieMPiRELIRDRBRRGIRIERH: OYiohangingditbRny rilde maxnizaiiei-B plbrsaaf skill in

the art will appreciate that Abbe Imaging may also be used. Those of skill in the art appreciafe that in

Abbe |gagingdy thedmitaraaiator aashmaidmnd e Jpagssisrespded panmhiygarated over

the source last. Abbe Imaging is generally considered to be spatially incoherent. Those of skill in the

art appeestieythadnfizdo RiSE IRGHGIILIRGRAIOMAS Y i fSaoH AN A1 Quliarsigr function is

obtained. It may be easier to obtain a mask optimization once from the transmission cross coefficients

(TCC) ansk daseribeidhg eptiaissspnanan thataRRESIARIC S B seank PhitRIZalint.the Eigan yalues

decay rapidly to represent the TCC with a few Eigen functions. This speeds computation time.

[007 8]Eagulatiiviisaiestifie quasiesd efdherhbimission slapkinshimaging qlHei 8 misienipvieserrelation
of the illumination pupil with the projection pupil. Fig. 3 illustrates the autocorrection of the illumination

pupil cadtesedad] (thépputhdhdifirajtctiofns pupibaeiieiad tat(can be calculated quickly.

[0072] Figs. 1A and 1B illustrate an illumination process using Abbe imaging. As
illustrated in Fig. 1A, each source point 10 may be illuminated by selectively positioning an
illumination source (not shown) at the desired source points 10. 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 symmetry.
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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m X ra and with the complex conjugate of the projection pupil centered at P NA'P NAY PrNA' PyNA
J, where NA represents the numerical aperture of the projection optics, and ;', represents the

wavelength of the illumination source.
[0073] Fig. 1B illustrates the use of the illumination source with a typical DRAM mask

pattern (referred to as'a "Brickwall"). Fig. 7A illustrates a "Long Brickwall" pattern that may be

- used. In Fig. 1B, portions of the resulting image are shown from illuminating a Brickwall-
pattern on a mask 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 areas
represent an image intensity that enhances the NILS while the dark areas represent an image
intensity 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 illustrated in step S1 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 (o,f) and at »eaéh fragmentation point (x,y), i.e.,
the microprocessor calculates I{a,B; x,y) and NILS(a,B; x,y). As also‘ illustrated in step S3 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 fill (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 (a,B) that maximize the minimum NILS at each fragmentation point (x,y) are
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[0079]In performing the Hopkins Imaging, the integration occurs 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)

functioee@md?ezs@%rﬁetﬁt@a?J?aepgﬁzﬁlmtz&m<§%gq& %wﬁt&f&[bsq(;vfmaeﬂtwo dimensional.

functions. These two dimensional functions are a set of orthogonal eigenfurictions in which each

eigenfynGHARIENGISRIEHBYADE CIORMRNEN R ReHRSIIRS Wi Biohar flgcaralugs have a larger

impact on the image. These eigenfunctions form a set of image kernels which are used in the

calculaipmai 4061 PagR ihdhe shiscilng: s Aiageralizatiahopamian mav.he ?ﬁéf8gﬁfﬂ§g} by any

known functions, such as singular value decomposition used in NTI Nanosurfer, or in M ibre.

Those phusiilldndheRFCWIb alaciARR eriaatal AcaliRiatRth MoK BH3R! G2 alsPdesiisaaddRGRPIFi0. 4

illustrates an exemplary process for performing a mask optimization according to the presentinvention

to obtgiy RfeidGakapNINRMRIb &y Jrask transmission optimization is non-linear, however the
conversion of the ideal mask transmission to a CPL mask implementation is a linear process. In the

procesgtgtrated in&&:ﬂﬂ@@,@@ﬁi@g@@&ﬁ@%@@ﬁ%@i@@éﬁﬂysf&%ééqmpé’g.-@, aRGRSed

convergence since the optimization is non-linear. As illustrated in step S21 of Fig. 4, the user selects

the celhkeve, iBOiRRAATNSAesBE JratieiNhARchiToe MANRIGRBRING G 1R _rrﬂgagmim@ﬁn d-S and

to minimize and maximize intensity. The microprocessor then calculates the (m,n,p,q) (step 522),

diagonsilizesthentdxfminta Me kernale AR eunidsten R4 rapdsalsatesithemaoeignaily to each

Kernel, i (step S24). The calculation of the image intensity to each Kernel, i may be performed

accordigisl9 QAo dsrldKiinirpbhid t62d. it pidnelBainidcibshatgargsl implementation, the
mask transmission range is chosen for CPL mask optimization. The transmission is allowed to be
above foorbplow -1igcauBesahibeat BlRmpREPANEGAIRLINGOpriReaNSEIFIRR Aok IpWLass
filtering. The mask transmission range can be further modified for an attenuating phase shift mask
(PSMjinveritishatre peshting: £ B WAKP BdPkihermaskdiaashissied) Mamitachy e kepdg becomes
3{0(m, ti)} 1.25 and L. -1.25j where T is the transmittance of the phase shift mask. [0081]The
microptesapaal @lse necdivés o pirlzatog chapipinis ihaimniay the NIES. (THosea niansiyie the image
plane to a predetermined value, minimize intensity below a predetermined value, maximize intensity
aboveast pribigppravinadival uehber Iacpiagmeithlsorbaskemamhbee b shiliti cho sttapirasdiugisated in
step S27. The predetermined value is preferably selected as the intensity which provides the highest
imageitoytioim4ling, Anisxgmislaryatptifoizaihpeanstidint ivhigls sraydidel tpeundaskefranamission to
a manufaciarable range, is set forth in equation 2.

over the source last. Abbe Imaging is generally considered 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.
[0078] Fig. 3 iilustrates 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 at (0,0) with the projection pupil centered at
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1Z-1 (0(m, n))1 1.25Eq. 2 . [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 NTLS 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 orders of the optimization of step 82_5 is summed with
the ca{uﬂgﬁéﬂ ldiéga I Y 6 CaEIBIKREASl > R PHERLIN 19 PGBt 1deal optimum mask

diffractioR, Ol ,n) are provided, as illustrated in step 828. The inverse Fourier transform is then
performed to convert the calculations to the spatial domain from the frequency domain, as illustrated in
step 829, to obtair}{t e optimal transmission mask o(x,y) in the spatial domain, as illustrated in step
S30. [ OSg%ﬁd' |, whste ddAstrpietsntn dye e werisid epedtimeoptitinizing v moasipassilustrated in Figs.
5A and5B The ‘diffraction order may be evaluated by a real component and an imaginary component
and may be represented by equation 3. O(m, n)= 0*(_mcn)Eq. 3 [0084]Equation 3 guarantees that the
mask iEcrEatants theataieniedy eethedmiaalintashuFgs transmission phases of 0 and 180. [0085]The

number of real diffraction orders, x, may be characterized by equation 4. 1.)
0079] In performing the Hopkins Imaging, the integration occurs over the source first to

form the irnége 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
¢igenfunctions in which each eigenfunction is weighted by the eigenvalue, i.c., eigenfunctions
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 lmqwn functions, such as singular value
decomposition used in NTT 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 transmission
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 fo 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

19



X++-- Eqg. 4

kernels AQ(m,n) (step S23), and calculates the image intensity to each Kernel, i (step S24). The

calculation of the image intensity to each Kernel, I may be performed according to equation 1.
Ii(x,y)z’S“' {/1‘.|O(m,n)ocl>i(m,n]}|2 Eq.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 because 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 attenuating PSM

(AttPSM), the mask transmission manufacturable range becomes I™{O(m,n)}<1.25 and

3{0(m,n)} 2 ~1.25JT where T is the transmittance of the phase shift mask.

[0081] The microprocessor also receives optimization constraints that may be used to
force intensity in the image plane to a predetermined value, minimize intensity below a
predetermined value, maximize intensity above a predetermined value, or conform with a mask
manufacturability constraint, as illustrated in step S27. The predetermined vgtl_ue is preferably
selected as the intensity which provides the highest image log slope (ILS). An exemplary

optimization constraint, which may limit the mask transmission to a manufacturable range, is set

forth in equation 2.

Is"o(mn)| <125 Eg.2.

[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 illustrated 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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2 2 2 2 [0086] The number of imaginary diffraction orders, y, may be characterized by equation

Summed with the calculated image intensity of each Kernel, 1, as illustrated in step S26, and the
ideal optimum mask diffraction orders O(m,n) are provided, as 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 the optimal transmission mask
o(x,y) in the spatial domain, as illustrated in step S30.

[0083] Additional mask constraints may be considered in optimizing a mask as illustrated
in Figs. 5A and 5B. The diffraction order may be evaluated by a real component and an

imaginary component and may be represented by equation 3.

Ofm,n)= 0" (-m,—n) Eq.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
) ) n1) (n-) 4
2 2 2 2
[0086] The number of imaginary diffraction orders, y, may be characterized by equation
5.
y_;(m+1)(n+1)+(m—l)(n—l)ml .5
2 2 2 2
[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

21



5.+ 1)(n+1)-1)(n-1) Y =1 2222 E q .5 [0087]However, a mask must be real, vyhich r_estricts 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 by blocking the highest diffraction orders. Hence, the maximum

numberpfeEizauiRAGH R Rt AR HEErk Tl RE (ERIRRERIES,Reguation 6. P x
(0o- max + UNA
horizontal diffraction orders that may be used, m, may be represented by equation 6.

m = floor [Px(amax ! I)NA }kl Eq.6

A

Where m is the number of horizontal diffraction orders, Omax is a radial extent of the distribution
of a beam of light from the illumination source, A is a wavelength of the illumination source, Py

is the pitch of the repetitive cell in the x direction, and NA is a numerical aperture of the entrance

pupil of the projection optics

[0088] The number of vertical diffraction orders that may be used, n, may be represented
by equation 7.
Plo. . +1)NA
n:ﬂoor[ y( max/{ ) +1 Eq.7

where n is the number of vertical diffraction orders, onax is a radial extent of the distribution of a
beam of light from the illumination source, ) is a wavelength of the illumination source, Py is the
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 ortho gonal 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. g1 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 g.
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=floor +1Eq .6  Where m is the number of horizontal diffraction orders, omax is a radial extent of
the distribution of a beam of light from the illumination source, X is a wavelength of the illumination
source, P" is the pitch of the repetitive cell in the x direction, and NA is a numerical aperture of the

entrancegpaiij of theRE%lﬂGik?%! mI%[QF&Q}Equ&{tQ&&?WﬁL&%&%@%@t@ﬁé& fhagnay be

used, n, may be represented by equatlon 7. ii = floor[Py+1)M4
as discussed above, the magnitude and phase of the diffraction orders may be 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.

[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 illumination 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 brocess, a dark field mask is pfeferably used to start, as illustrated in step S32.
Then areas of minimum transmission are located and assigned a -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 im’nimum 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

W} . Hence, the

startat —1%* ﬂoor{W] and end at +1%* ﬂoor{
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j+1 Eq.7 where n is the number of vertical diffraction orders, cinia,, is a radial extent of the distribution
of a beam of light from the illumination source, Xis a wavelength of the illumination source, Py is the
pitch of the repetitive cell in the y direction, and NA is a numerical aperture of the entrance pupil of the

projection optics. [0089JIn the prefer ex%i lementation, thegefinit'on for x and y of the pitch P is the
axes o eI%ar e%[lfamnggro%?rg ina 8n§§s§é %r%\%{é/%?gﬁel’ﬁe%?qa%%yi eo?ﬁ?égghgi‘% %‘?é?}’%ﬁ?i%‘?t%%ver, the
coordir}ﬁgee%g{%@ can be any linear coordinate system in which any two lines, gi and g2, intersecting
at an origin,"describe the linear coordinate system, i.e. g, and g2, need not be necessarily orthogonal.
In such a non-orthogonal coordinat sexszem Px describes the pitch along the axis gi and Py describes
the pitch along the axi,% g2. 42?0%9),% ordihgly, i Me eagrgd implementatioiqof gw process :
illustrated in Fig. 4, as discussed abpve, the magnitude a hase of the diffractionl orders may be
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
predet%@mggdgg-@%i;y range. [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 illumination and the magnitude and phase of the diffraction orders may be
simultaneously changed to form npnsge in I}hg:)‘imqg plane that maximizes the minimum ILS at user
selected fragmentatiom pomﬂamh?{ | | fydt the fragmem?lj['@n 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 53l in Fig. 6, an ideal optimal

transmiggioepRessils M IaMMALP R HeSEr iR BACHIEndith RARtoReRs HsHled R FAg 4, is provided

to be converted. In the process, a dark field mask is preferably used to start, as illustrated in step 532,

Then algssaddminsiepvITaRMIsHan- 2R desard and As5'90ed Rald SRR IPLANAEAS;0L maximum

transmission are also located and assigned a +1 (step 534). Primitive rectangles preferably having a

size semeramqiﬁiﬁ)umﬁe@wrmﬂiwgf@mkmﬁmrnﬁﬁ wepianed 49 ihrdasaisd Mmipigyym transmission
areas and centered at a desired location (step 535). Likewise, primitive rectangles are assigned for the

locateqGoests of mapinheproensiissiofcand HeNiad 58030 Wi assioRstsl g1 values,

the diffraction orders needed for optimization ~
edge effects can aiso be taken into account by modifying the diffraction order through a

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
Models 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 illustrates an optimum illumination source for the mask of Fig. 7A
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P start at -1*floor[(crP '+ONA- and end at +1* floor[(cr. + . Hence, the m_aximum number ofhorizontal
diffraction orders that may be used, m, may be represented by the equation: m = 2 floor and the

equation: n = 2floor -f-IEq . 8 +1Eq .9
obtained according to the principles of the present invention. The illumination source and CPL
mask are optimized for 1/800, NA=0.8 and 190nm pitch (k1=0.306). The source illumination
was optimized for the long brickwall using the algon'fhm outlined in Fig. 2. The illumination
poles on the y axis help improve the NILS at the end of the lohg brick while the illumination
poles on the x axis help improve the NILS in between the bricks.

[0095] Figs. 8 A-8C illustrate diffraction orders of various masks. Fig. 8A illustrates the
original diffraction orders of the mask utilizing AHPSM. F ig. 8B illustrates the ideal optimal
diffraction orders determined according to the process illustrated in F ig. 4 of the present
invention. Fig. 8C illustrates the implementation of the optimal diffraction orders with a CPL
mask, according to the process illustrated in Fig. 6 of the present invention. The optimal
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 application of the optimal 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 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 s

formed by quantizing the optimal mask transmission, to form a quantized CPL mask

transmission.
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may represent the maximum number of vertical diffraction orders, n that may be used. As illustrated in
step S37, the -1 and +1 rectangle edges may be varied to match optimal diffraction orders O(m,n). The
optimal CPL mask Ocpax,y) may be formed as illustrated in step S38. [0093]In the process illustrated
in Fig. 6;¢ag-nask c [slopyis In r,C d ffects can aiso be taken into account by
modifyin{g thg]]diffrac:?g%%r er thro%ﬁ?&%ﬁﬁ&ﬁ%ﬁg %%ﬁ?ﬁet eé“f?ér A IONAT ek, edges of
the magkqrectepepedviinlogsal aea ve trransmission.of.neither O, +1.0r-]. These areas allow
a scalar masﬁ to emulate the vec%%e%é%gé#&tg Ié}%rtﬁdn g?f S%létsgnfﬁsgc e g%]gtgll m‘%htgl ea%} I
apprecigiathat many Reryhational, ) b d se disclosed by J. ..,
Tirapu-Azpiroz, E. Eablonoﬁtc%,@agﬁ&a Sg%%' o%ﬁ%téﬁqga%tiga{%%i |e§%d‘g%e§8%§ évvlgfength
193run Lthas ANV mREee2f KRR IRdPlL 33 0 L m, A, Neureyther. "Simplified
Models Foél%;dge Traﬁsitions Ianiéorous Il\l/lasggl\;l%%e |rflg€i,"6%’rléhc%%%%s§ﬁ§ﬁé% . 4& {% J1), pp.

e anBelapntificrch Mo AP AN R eTPIARARA TSRO SR TS 25 2 Lond

Brickwall. Fig. 713 illustrates an optimum illumination source for the mask o aine

accordm&aaﬁ&mm@%%&fem?nag%mhim@tw-smfﬁéulwrﬁl@&tﬂo&gt?ﬁ%‘?ef%we%?e@Lépﬁ ke

optimized for 2/800, NA=0.8 and 190nin pitch (k1=0.306 e source illumination was op ihiZzed for

the long s URSARAIGHBETRAIORH 10 2o HDIRHR ARIeS on the  axis hel

improve the NILS at the end of the long brick while the illumination poles on the x axis help improve

the NIL fopbptween e biickfu PSS IiaR: Sl Hetpindfirtan Prcss ohyaays,psks. Fig. 8A

illustrates the original diffraction orders of the mask utilizing AttPSM. Fig. 813 illustrates the ideal

optimalKiastion s RN/ dALIS IR RSAPR NS AIR0 1Fichd dfggpresen

invention. Fig. 8C illustrates the implementation of the optimal difiraction orders w PL mask,

accordmgc@m@agggpgﬁ?; w&g%%iﬁﬁiﬂg@?ﬂbﬁtﬁ’Eﬁé%‘%&ﬂf%ﬁ‘@ﬂ%iﬂ%ﬁp“ma' diffraction orders
0

force more energy into the higher orders (2,0) and (1,3). Those of skill in the art will appreciate that a

CPL maehosan represphtdhmeptisnahsliffrasiarqndasy abmas! iﬂﬁﬂ&i%'XizPW!%%i&éaﬁ&i”Us"ate
e

the application of the optimal illumination to an optimal mask (Fig. 9A). In Fig. 9A the ™" points identify

the Nlpfobleiinizdtipedasissaviigeiite. PREUSHaNIe e bbsi kI hinigalhShe Wilie maximized,

and the "-" points identify the points at which intensity should be minimized. The NILS optimization

attempiiffiadniakeiasiopeinédheribiensity b ey pRgedBlans 2P as m&siﬁlﬁ&m@m a high
contrast in printing the mask features: The NILS Is preferably within a set value which is suitable for
the deteaminashiitiab whtintizapampodits Reng adnasbien s FRes ¢ ERkkinhs Alyllappreciate
that a CPL mask has three phase values, +180,0 and -180 degrees. The CPL mask illustrated in Fig.

8C is fefifvteldffpuaniidiegpbunreptimalionask (aRcamissiand 1 e arsuspizrgisP proask
transmission.

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 factor 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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[0097]Figures 10A and 10B and 11A and 11B illustrate aerial image comparisons between a CPL
mask and an 8% AttPSM (attenuated phase shifted mask). in Fig. 10A the CPL mask was exposed
with hexapole illumination. In Fig. 10B the PSM mask was exposed with hexapole illumination. As

iIIustratg iQF d 10B.the contrast and the NILS is much hetter in between the lines with the
CL e e o S SO R g B e R R S L i
the 8% soBdio i . le. However, CPL has a little necki ich may be correctable by
adding m%%gt%%t.?‘n@%ﬁ}é%xgéaﬁ%%%’t%&%ﬁ?é%s SR LR i Hfglcﬁg,lf(ﬁg %C&ZE %eiﬁ‘ﬁf'ﬁi or for 8%
Art PS%@Q@& ?ﬁ\%‘?{ﬁd}l”-s improvement over annular illumination shown in Fig. 11B. However, a larger
process margin may bé gained by using CPL with the hexapole illuminator. [0099]Optimizing the mask
in the f cy domaqin, limiis the sjze. of the optimization prable angag eds conyergence
Recongtructi n of trrg@g%'ti{rgé éB?LI?nﬁzls@u tr%ar%etneeégiﬂ%?g iﬁr%%%nng)r eglz QL 6%ﬁéh?in the
frequeggmgg%ﬂi%g&ﬁgﬁﬁ yﬁi improyement may be optimal with the optimal diffraction orders for
all structures, which may mlnlrﬂi%%gvt%%eﬁg\{é 3% ggﬁsrchrr]lg égx‘é% urrlgc\}%tl:%t?(frtl&éeiﬁrﬁ’?gngcanner and in
the wafg( d0PQQraRbY; 966 indo herein is the amount of osure latitude (EL) as a
function of depth of focus ?D%%}e%roc é%%vl\}/{lﬁzggvnﬁlr%%{;g{}es%g%nv}gﬁh h a%% |rr?§I5%§3é£r‘rgV be

optimag,ChleMayRe.45ed %i%mp‘\‘ﬁ indow at.a low. kl factor. The ki factor as used
herein may be def?ned by 8D3* A/X,% er%rpgggif %ﬁ%pcrrgl%ieclgllgivrﬁrﬁ\%?oansb %ﬁ%aqggtlﬁr%l ‘e printed,
and % ndpaaelenal e DRRUO: MR AT R0RLY, iainaiion Rtimigation docs not
need to run first Using the present invengon ]L%le mgs cgr?ﬂ%—?p%if%@e@% %%(kll'st%%cg)%a(‘&fjasar,

cquad g guaCAkRRle i RINAWID ARlss Qn the Cartesian x and y axes, such as a quasar illuminator

rotated 45 degrees), annular illumination). Also, in the present invention, the mask can be optimized

for & Soslonr doubiegxnaIe (SRR ASHRALIBNRINGATIR (AR S AIRAN). Mat idea!

transmission masks can be represented with CPL in accordance wit resent invention.

(0010035108 Aty aRal ;AR biAlP AR XRIRIAN WRPThEARARN whRICFRIN WhiG G aquice and

the CPL mask have been optimized according to the principles of the presént invention. Fig. 12B

Mustrates sy eRmubINaers souiss ot iRl thé iod e iNELRARAAENCBIC
according to the principles of the present invention as’illustrated in Fig. 2. The source and the CPL

mask presenoRilBitRs farig ?LAORI NATRES ANEhh RARIARISH o@ﬂi&%%?gﬁm’ dﬂ%&l%%%@ﬁ%@ NILS can

be observed. [001011Figs:13A-C illustrate the diffraction orders of the exemplary mask in Fig. 12A.
CPL mask according to the 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
Brickwall mask of Fig. 12A. Fig. 14B illustrates the 6ptimal mask transmission of the mask in
Fig. 14A. Fig. 14C illustrates using an arcuate modeling technique to map the primitive edges
more closely with the optimal mask transmission. Fig. 14D illustrates using primitive rectangles

to map the optimal mask transmission. As illustrated by Figs. 14C and 14D, two CPL
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Fig. 13A illustrates the original diffraction order with the AttPSM mask, Fig, 13B illustrates the ideal
optimal diffraction orders determined according to the process illustrated in Fig. 4 of the present
invention. Fig. 13C illustrates an implementation of the optimal diffraction orders with a CPL mask
according %%&%%%JQH r in Fig. 4,0f the presept invention. Those of skill in the art will
appreciateﬁthat the optima d%éfﬁgggﬁsgﬁéés}%éges %&ég&aecﬁgg,ni8{86(1§Pff§P@&s§R§1fﬁU§tF§[&?a by Figs.
13B ang,13Gs éﬁg&ﬁjﬂlm ??G [N he,qptimal diffraction orders almost identically.
[00102]Figs. 14A-D iIIustrar?(la%t e uge %%f%gn il?f\l/dquégs&a o] 10%51{5 3%“8%ﬁlﬁ€£%%§b§&8&&ﬁg to the

principlgésgr%gpggg@%tiﬁyee&ggg. Fig. 14A illustrates the exemplary Short Brielcwall mask of Fig.
12A, Fig. 14B illustrates the optimal mask transmission of the mask in Fig. 14A. Fig. 14C illustrates

using @ EYAte mogeling tachni primitive edges more clpsely with the optimal mask
transmi?sion%ﬁig, 14%##%%%22%?%?%%&% }%{c %1%%@ ?cg %1’3?3 the %p ?r%éf)rrggs C%r‘gﬁlrg%zsion. As
Iustrategsbiotn HE P10 EHD, QG- RICRBRURANSIIRY s IG SbPlanliaihc fae same
diffraction order spectrum Primitive edges are not critical but using primitives may le %o a smaller
figure GoMRtiANELROSSIIYA!QW:aH eaRieh ' 1Q0103]Figs. 15A-17B illustrate aerial
image complarison's' usw%%#l%\%%%r?%%lgﬁﬁﬁﬁ%%g%{% I?@%GI%%O% Wré%%srglnaa %ﬁega/oS ttPSM

mask aiaRaHeKERRRYMYID 1@&&9%?!'@%%&8%&55%@%&?%8 mmlﬁga%é{‘% gonuast and NILS

is much better in between the lines and die end of the line wi ant masﬂ?. The CPL

mask RasHHPPHSIQR WREHYK RIARSER BRI gins WA ﬁ%é@ﬁ&%ﬁﬁ@iﬁ@l}ed&eﬁ&%ﬁ@%%ratbgobe as

favorable. As also illustrated in Fig. 15A and 1511, the CPL mask maintains the area better than 8%

AUPSNILGRARATIBSs 1 and 198, estrtssdbe Hadeal RetvesnAUaining Angpiqpl transmission

and using a CPL mask. As illustrated by Figs 16A and 1611, there is almost no difference between

optimgouapsissionaRl (GRlafRPESSINAHAS IR 81N OB B OES %sao\?%% e solution for

mask optimization according to the principles of the present invention. [0 Figs. 17A illustrates

aerial mgmﬁ@maﬁ@m@swmﬁc%ﬁﬁﬁ’sﬁ%@wﬁ%@éwmqmw%E@f&%ﬁ@& 9. 178

illustrates using annular illumination. As shown in Fig. 17A and 17B, the NILS is better with dipole

illumindiffsrdvce DRIPRBE P fianiiamibuininatiepA g iaeidminatian hasRessr, WikR sidhe.end of

line (EOL). However, the NILS probably is not large enough with annular illumination to prlnt%ricks
withoufalvtitiiiGsolution 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 Fi g
17A and 17B, the NILS is better with dipole illumination in comparison to annular illumination.
Annular illumination has better NILS at the end of line (EOL). However, the NILS probably is
not large enough with anaular 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, }l 8A. In Figs. 18A and 18B, with the source and

the CPL Mask optimized for A/800 NA=0.8 and 190nm pitch. Once agaln, the contrast and the

NILS can be observed,
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[00106]Figs. 18A-23B illustrate the principles of the present invention as applied to a rectangular
contact array mask, depicted in Fig. 18A. In Figs. 18A and 1811, with the source and the CPL Mask
optimized for X1800 NA---0.8 and 190= pitch. Once again, the contrast and the NILS can be observed.

[00107]fgs0A-C llsisate she Aifsastiom OIS Ab SIS TARNLIARKID Fltl 19 oA

illustrates the original diffraction order with the AUPSM mask, Fig. 1 ates the oﬁtima diffraction

order datprminediyihe PiRIAEAAHASLIRIERLIEAR: ANSHFHI 2L #}gt@ﬁﬁ%%ﬁea%g@%'

diffraction order implemented with a CPL mask. Those of skill in the art will appreciate t € optimal

diffractiopt@raees fRi6eJHOra P ARIEMHRIL Wtﬂéqﬁﬁ{c%fégféf(thé?%s&% iﬁ@é@@ﬂ,ﬁa 1 '?iﬁeérﬁ'us”ateo' by

Figs. 19B and 19C, the CPL mask can represent the optimal diffraction orders almos ically.

(00108 fiasr0éeke psiraieiimain ol RITHIbERdAsP IR biPeIS kRN HRL SR wtpliAcaAr ding to

the principles of the present invention. Fig. 20A illustrates the exemplary Rectangu ontact Array

mask ofWfitapiéciftioaotbluptiain il animAlne R EARSRISHOR AL HIARNR 5igeRQAy Fig 20C

illustrates using primitive rectangles to map the optimal mask transmission to cfeate a quaritized CPL

mask. (091091 igand 16235 Hesiase-aar sy IMagesomRRf RoNpdIeRg %M@%{%&H@taet Array
mask of Fig. 19A. In Fig. 21A, a CPL mask and in Fig. 21B an 8% AttPSM mask are both exposed with

hexapobgtituanhifigfiast Asosean iiigsderficang. 21B, the peak intensity and MILS are better with the
CPL mask. The CPL mask has production worthy DOF (depth of focus) while the 8% AttPSM solution

does nfiappear to hpig StoAce Misitcihdasd3D PRI LpAIROLBI ARG FITFL A 21B,
the CPL mask maintains the area better than the 8% AttPSM. [00110]Figs. 22A and 22B illustrates a

trade-odbbmtiieg o ehéaiing s op e 3 #RASIEHENMAT IS0 AlGREEARK cAnifluslyated by Figs. 22A
and 22B, there appears to be a slightly better NILS with optimal transmission reticle in comparison to
CPL. Rectangular Contact Array mask of Fig. 19A. Fig, 20B illustrates the optimal mask transmission
- of the mask in Fig: 20A. Fig. 20C illustrates using primitive rectangles to map the optimal mask -
transmission to create a quantized CPL mask.
[00109] Figs. 21A-23B illustrate aerial image comparisons using the Rectangular Contact
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 solution does not appear to have sufficient DOF to be as favorable. As
also illustrated in Figs. 21 A 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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[00111]Figs. 23A and 23B illustrates aerial image comparisons between an 8% AttPSM exposed with
dipole illumination in the top row and annular illumination in the bottom row. As shown in Figs. 23A and
23B, the peak intensity and NILS are better with hexapole illumination in comparison to annular

illumingtigny fihe peak;intensity, with lar Jluminati ot be sufficient to pript t focus.
001151 . J4A 268 Mt e oA o I b AR USARE% Qi o

RectangulRs QovlariAIRAIERRIGS L 169 AnF AN A AR INIAIP A0 iemplaty Sfaggered

Rectangular Contact Array mask in which the source a mask have béen optimized %ording to

the pringieies ai1a PIRSHINUENIAC, AR, AAARANA(S 05 aRIERANC Gl Mtsli et optimized

for 2., /800, NA=0.8 and 190nm pitch. Once agai e contrast and the e observed,
(0011 31figsnBadsénill hiir i AEkaRUR" MORERIC LGSR 96 Ry 1k 522
illustrates the%original diffraction order with the AttPSM mask, Iﬁllg.%&%ﬁﬁ%&%?ﬁe%ﬁtﬁg%iffraction
order dﬁmm&@%%ﬁ;q@%@g&g the present invention, and Fig. 25C illustrates the optimal

diffraction order with a CPL implementation. Those of skill in the art will appreciate that the optimal

diffractiopianiers forgeg1oneALDEONIRRO 1D HShIds a%@r[@@%xﬁ?nwg%@%ﬁg@%g%%% and 25C,

the CPL mask can represent the optimal diffraction orders almost identi gs. 26A-C

Ilustraidgorseraldpiipiivecsians ripale fAHINTAECAR. Maskackardng Rip@IACPles of the

present invention. Fig. 26A illustrates the exemplary Staggered Rectangular Contact Array mask of

Fig. 24éxehiple2f 8 ilpssratardhanlinabmaskaransmissipnalithamask 59 A nhi% R8T

illustrates using primitive rectangles to map the optimal mask transmission to create a quantized CPL

mask. bednigpBffized d2Qrdagses aybitspMtReresd ahiaide sPhibe SPNTAR 348Vime,

[00115]Figs. 27A-298 illustrate aerial image comparisons using the Rectangular Contact Array mask of

Fig. 244utbeRig$ CPIANaMk 26k optintike T 285D AN 8% A URS MotasRAEHY hhcdgski 21 Poth
exposed with quad illumination. As seen in Fig. 27A and 27B, the peak intensity and NILS are better

with theofitRistraed ki BIth e AW dpasiked he CPL mask also has a greater exposure latitude and DOF
in comparison to the 8% AUPSM. mask.

[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 illustrates the
optimal diffraction order determined by the principles of the present invention, and Fig. 25C
illustrates the optimal diffraction order with a CPL implementation. Those of skill in the art will
appreciate that the optimal diffraction orders force more energy into (0; +2) and (+1, +1) areas.
As illustrated by Figs. 25B and 25C, the CPL mask can represent the optimal diffraction orders
almost identically.
[00114] Figs. 26A-C illustrate the use of primitive edges to create a quantized CPL mask
according to the principles of the present invention, Fig. 26A illustrates 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 illustrates using primitive rectangles to map the optimal mask
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[00116]Figs. 28A and 2811 illustrates the trade-off between obtaining an optimal transmission and
using a CPL mask. As illustrated by Figs. 28A arid 28B, there is almost no difference between optimal
transmission and the CPL mask representation. The CPL mask offers a favorable solution for mask

optimizaieRARSRIR L i0.1e RAMRISSAhEREeSa i dnyeRtier 0L IAIE NS 294 ad 208 llustrates
aerial image comparisons bet@veen an 8% AttaPSM exbéosed vﬁfh ic%%aje |I€§n§§g§§§f§%ﬁg [?gr}l Sr%c\/?v and
annuIaraHIg{@g}agpaﬁﬁl%mgpmww. 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

e R EIIg. 3 sehamatically deHits A u
may nqiobe yfficient kpgerimt Abvowaiyfacas. JO 81k 3&5&'@5@3&%%%%%%@%@] he

projection apparatus suitable for use with a mask designed with the al

apparalufepHRIESEFig 1A AURRiSYho s dvafof YRRIIND ARIRIRHANBIAN ol adiation. In
j

this particular case, the radiation system also comprises a adiation source LA; -"afi table

(mask iabig) MTHBIR Welasaithieh qaskimaldasiehholding.aimagk Mﬁ-éﬁ@zﬁé,%%'%kaﬁﬂﬂtggﬂgﬁded to

first positioning means for accurately positioning the mask with respect to item PL; - a second object

table (stasNats @l B WTvAIR idachyith-asmhatiRiiRtdRLder PRINY A RHADW {G:8afr

resist-coated silicon wafer), and connected to second positioning means for accurately positioning the

substrateposiir¢esprAtENDR in taniyIR6HAD axstemailessi hizkk(e.gc a refractive, catoptric or

catadioptric optical system) for imaging an irradiated portion of the mask MA onto a target portion C

(e.g. cpoOplising oneE8A diesh ol R shsiae iRt IAsAeBisiEh HeHeipiigiapparatus is of a
transmissive type (i.e. has a transmissive
transmission and using a CPL mask. As illustrated by Figs. 28A and 28B,; there is almost no
difference between optimal transmission and the CPL mask representation. The CPL mask
offers a favorable solution for mask optimization according to the principles of the present
invention.
[00117] Figs. 29A and 29B illustrates aerial image comparisons between an 8% AttPSM
exposed with quad illumination in the top row and 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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mask). However, in general, it may also be of a reflective type, for example (with a reflective mask).

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

of a mask; examples include a programmable mirror array or LCD matrix. [00120] The source LA (e.g.

a mercury lamp or exgig rolglj%g{)tﬁ; %H?a ﬁ % jation.. This beam is fed into, an illumination

system (illuminator) IL, e??he directl{% r eﬁ’?e?a %@ g%fr%éé%q&t}h i?ﬁ&ﬁ%%ﬁ%%%’é?’é’&%%‘%% a beam

expander Ex, for ex%ﬁi\ﬂi é|%] ilrga QL I 3y, I justing means AM for setting the outer
G A i el GRS L S

and/or inner radial extent (com 0 as a-outer and a-Inner, r P{tensity

distribution in the beam.: i ' lly comprise .various other components, such as an
%1 {34 {thlgsﬁ HERS {28

integrator IN and a condenser CO. In this way, the beam fmpinging on the mask MA has a desired

oY ane enstyddsiiten il ciBssaeing 1R TR SIGA B RledoHiisRrd o PO 50

that the source LA may be within the housing o ithographic projection apparatus (as 1s often the

case when the sourc&%ig g\s&ggﬁgww%@g)og%s%aéggga ,Smg%g}eaisfegy%glgﬁlﬁg Co[eér}gtseegré)nrg.the

lithographic projection apparatus, the radiation beam that it pro ging le e apparatus (e.g.

withthe aid of suable, i R s LE SESROl R RIERUIE AR ARENS Rolpe LA s a

excimer laser (e.g. based on KrF, ArF or F2 lasing illumination source intensity may also’be

de with a mi e ey laast;
e o A SR T ar et e Gy

scenarios. [00122]The beam PB subsequen , whic ona mask table

MT. Having tfavefse%%mﬁﬁ“i%%%%rpr?'%ﬁ& parss? PR AR MANS T WRIEDHOGHREE the

beam PB onto a target portion C substrate W. With the aid of the second positioning means

(and interferometric (pgaguipe MR b bR HsBaigdaRiRaME AN 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 bgemagfo accupatabpResIRGRE IMASKHMAWILD SeRRIRINE PRP: Do Reai.REnS:g after

mechanical retrieval of the mask MA from a mask library, or during a scan. In general, movement of

the objeatkabHeWeeVih wihbaleplizadaihothsraidai@iQRayEoks: (ERRISS RRRILIQRING) and

a short-stroke module (fine positioning), which are not explicitly depicted in Fig. 27. However, in the

case ahasWpllRieRHPEAS BBPAsRIIAR SIHP-anpissamianb- thenmask RRSIAE MaklYstPe,

cormected to a short stroke actuator, or may be fixed. [00123]The depicted tool can be used in two

differeattenedies: tthiapdndeemiize; maskirbindbids HRokassentiR ihsiatianaperndmmeniiye mask

image is projected in one go (i.e. a single "flash") onto a target portion C. The substrate table WT is
then iiE20]n the xEirdéonycdireaticag.se et fiamntJarariipRIipRd) Cahr dradigies hyrthe
beam PB; In scan mode, essentially the same scenario applies, except that a given target portion C
is not mdiaterd iThisingle Hash insiadtinthiemasisyelie WTusimavale, sk verdiestindihe
so-called "scan direction”, e.g. the y direction) with a speed v, so that the projection beam PB is
causebaimgraaverred aonditiohagecans) cudienly bhensetaindie BYRYEXiasisnuta eRusiyapeved in
the same or opposite direction at a speed V = My, in which M is the magnification of the lens PL
(typicdllymi~cortpoisd Axjuistitiy sreannel] dorelating yHergReicageiopantien adharhene@aagdnijthout
having to compromise on resolution. [00124]The concepts disclosed herein may simulate or
mathewfaticdlip modebatey gederinimaeingsystts) 6IrtmadgisesRyinNaslaosth fariweas, ang may be
especially useful with emerging imaging technologies capable of producing wavelengths of an

increasldiyrsritakel! geserEiyesoingiechaalegieselreatpinsas, insuds BY nisxiemen i olet)
lithography that is capable of producing a 193nrn wavelength with the use of a ArF laser, and even a
157nrondarster@O) Withitfsewiss fleshEAOPBEiRsRIEIMOsAAKR il VMV 0g5apBYsisgapaRifalyProducing
wavelengths within a range of 20-5nm by using a synchrotron or by hitting a material (either Solid or a
plasmaepiritonkighdestetayieleriiens dsasetdiolp produce photons within this range. Because most
materials are absorptive within this range, illumination may be produced by reflective mirrors with a
multif&EIicd bf Molybidsouid dBchSib anie hezand - Stackamidiar hassaudtlavenpairscok Malyhgenum and
Silicon where the thickness of each layer is a quarter wavelength. Even smaller wavelengths may be
produeedingth MirayiillibgarantprijepitallippaseatienifeHsad IadRrdiaa Sy WAVRIgngth.
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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[00125]While the concepts disclosed herein may be used for imaging on a substrate such as a silicon
wafer, it shall he understood that the disclosed concepts may be used with any type of lithographic
imaging systems, e.g., those used for imaging on substrates other than silicon wafers

[00126 JR98waraduncirnaliiasief, &GP MBI LEYSIaLm iﬂéf%\fﬁ&é%é%@ﬂg@ﬁ}%ﬁ&g O%éje%%&?'e

code, may be used to implemént'the above described imaging mo IS executable

oy the appalURORAEABIPHEM hANP AL BAR0% AT paRs i IBRASROE AU SRla g ards are

stored within a general-purpose computer platform. At other times, however, ware may be

stored aiigibRdneatiog RSO, 11RO RRQHSCLIRNIPRYAGHBlC 488 SARIPRIIAIG SEPIRPURGSE o mpUter

systems. Hence, the embodiments discussed above involve one or more software products in the form

of one piseRQEg; MAGHEM At A0de PAIFIRM VA leqst ?ﬂ&ﬁiﬁaasﬁi%ﬂééﬁﬁ%%iw%é%ms%%%gqn of

such code by a processor of the computer system enables the platform to implement the cata%g
analor safivaigidonaleaging fNEIIS, imesSERIRIIRIBRARLABIRIDSH RANCMDBHRRAtS
discussed and illustrated herein. [00127]As used herein, terms such as computer or machine
"readabéenmesium” 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,

volatilgoweziip, and tERSBUSHIPBENRER N Hhicpredia nakidsr forexRmmenQatisal .o magnetic

disks, such as any of the storage devices in any computer(s) operating as one of the server platform,

discusasdeaboveHyoladl e madial inuusastyNai B 8BRNPBUSRS MRl Memonkef pich,acgmputer

platform. Physical transmission media include coaxial cables; copper wire and fiber optics, including
the wirkgiibat tentiedae PEOUSHY IR BcE PRI CSUSIAIR sHRTHRE WAV eHANENisRIoy MRdiaeag take
the form of electric or electromagnetic signals, or acoustic or light waves such as those generated

duringpredditvfieguesays(Rin) ameidrones {Rh eaa-semmRURCEONRCABMaR fobS WT can be

computer-readable media therefore include, for example: a floppy disk, a flexible disk, hard disk,

magneticviapecanytely)es. magnetio Mastion derelehRatyb: PV oA G eOPiiaad MBL ILERN¢5S

commonly used media such as punch cards, paper tape, any other physical medium with patterns of
holes,Siriibady at RR M, posttioHROMedns AS bt RBERQY agitit AU HRSHM HN R LK Sordg e, a

carrier wave transporting data or instructions, cables or links transporting such a carrier wave, or any

other megtiohntofithmpathiclf the biexpn BB Cag. refst piedralieaingriade sngkondstanamnyRithese forms of
computer readable media may be involved in carrying one or more sequences of One or more

instrudwmy toradpromes scarfomeperuiio mdO8haR] AstHiLsH ate chijlck I B e WX mPtad7e@skith
optimization unit may contain a processor 1000 which receives input from an input unit 1003.

Proceléso#id 006 hag-fekanodeititatsaisssiitetegsaids shay-se ok spesdaly R gositi RREeSSing
unit, such as an EEPROM or EPROM or a fabricated integrated circuit. Input 1003 may be any type of

electrahiis e tngé vixelj citiphiesictddeirhBiar & or Hawevae ithn aysb © Pareifed BeppErteiehss¥eaection.
Processor 1000 preferably retrieves stored protocols from ROM 1002 and RAM 1001, such as

protoéels steimpidsnenttind) phecessingbiladvAtathjnjksgbe 2ehnacddstoresiiofonakion@iaBAMr1001.
The calculated results of processor 1000 may be displayed on display 1004 and may be provided to a
maskmabrisafisedunit
[00123] The depicted tool can be used in two different modes:
- Instep mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e. a single “flash”) onto a target portion C. The

substrate table WT is then shifted in the x and/or y directions so that a different

target portion C can be irradiated by the beam PB;
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[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 considered in all
respects as illustrative and not restrictive, the scope of the invention being indicated by the appended

claims rather than by the foregoing desgription and all changes which come within the meaning and
range of equivalency 0 e a?rfﬁ’s% g§gn,[%aerg?geesgr{{lgns(gg%gggpeﬁsb%gg %@Féﬁ%vﬁgﬁ%ﬁ%?claimed is:

L. A method for deterpiping an.opimalmask comprising e fisps,of ideniing apredetermined.
range of illumination ntensity values Based on specifications of an dlumination systém for illuminating

the optimal mask; determining optimum diffraction orders, ohtaining an.optimal transmission mask
based on the optimurttr%91 %r?é%%%éf{) I é{;gsh egglé)g @Ectﬁg f Zlﬁ |fi8%|§3r é:?leorlr%ineé%’ %ﬁ eg{faler? e eg]ermining

an optimal mask bas he gptimal trapsmission mask rein the,optimum diffractign orders are
determined by deterrﬁ“ﬁr\t%% t%)%rﬁ%éhftol? é‘%{%‘ﬁ %’i%%%ﬂg?%ﬁﬁgctlohsgﬁ (Sa?g?vé)ﬁfé O an | Prglége in an

mage planeofthe Iypalon YR MHER EITIEES 8 UL RIRLIER Hons o vser

selected fragmentation p timal' mask while forcing an intensityof illumination

fragmentation points §o g WiV OG BIEHSISHIIAOALIANIS oh TS FTethom bR S, Whgtein the step

of obtaining the optimal transmission mask includes a step of determining a er of horizontal

diffraction orders of tig, opiiyifFartion Ardetss) eI He- R bae @l g Tao AL gilliagtiap orders
is determined according to the equation:
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, and 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 plasvma) with high energy electrons in order to produce photons within this range.
Because most materials are absorptive within this range, illuminatibn 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; 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 a,", is a radial extent of

the disgysion of a baameahighiigm mgciugeaiﬂ@}é?,@ Y68 usad ML IMEIIAA £ R RRIRIN the

step of obtaining the optimal transmission mask includes’a step of determining a number of vertical

diffractignaQidiers oF4he, AP SRNBAHREIBBPILR B NRRIRIR NG RUBRSRS yertical difragtion prders is

determined according to the equation P, (a," tr 211trol where n is the number of vertical diffraction

orders;d'jimepitehinfaiiapsiiva el in e disstiop alibroRIMabMaRs SulsAdaveliragth of an

illumination source of the illumination system;
wafers.

[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 executable by the general-purpose computer. In operation, the code and possibly the
associated data records are stored within a general-purpose computer platform. At other times,
however, the software may be stored at other locations and/or transported-for loading into the
appropriate general-purpose computer systems. Hence, the embodiments discussed above
involve one or more software products in the form of one or more modules of code carried by at
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 magnetic 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, iﬁciuding 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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NA is a numerical aperture of projection optics of the illumination system; and orn" is a radial extent of
the distribution of a beam of light from the illumination source. 4.The method of claim 1, wherein the
step of determining optimum diffraction orders determines optimum diffraction orders in the spatial

f in. 5T, h | in th detgsminj f
equeney domgl, STomeln g4 oL bt SRl SlATING AMARITBOTK,

comprises the steps of: locating areas of maximum trans

@ primigye,ALGAGR A SASRICISH QD ROLAR S AR RSN T EBP B rgpinjssion:

varying edges of the primitive area to match the optimum diffraction orders, wherein pfimitive area

has a rﬂiﬂgwaas, izg MW%@HPE&;@%& rg,%@'e%& %ag%néggemsi&w%ﬂ%@ﬁé&%%i&ﬁlw 6. A

method of optimizing a placement on an ifting features on a mask comprising

(e 1BV, aRjARNY OpfPLIBaR ! SDRIAR D ARA HallassRapad ARORIND Qﬁ%ﬁ%@g orders

of the mask’ locating areas of maximim transmissién and minimum transmission thr mask

based gy LB ePARC.P IR Qs FARSHRSSION RAALRICHEIF BIRORNIND PRV PRIRRIR e
mask as an area centered on one of the areas of maximum transmission and minimum transmission;
EPROM, any other memory chip or cartridge, a carrier wave transporting data or -instructions,
cables or links transporting such a carrier wave, or any other medium from which a computer can
read programming code and/or data. Many of these forms of computer readable media may be
involved in carrying one or more sequences of one or more instructions to a processor for

execution.

[00128] As illustrated in Fig. 31, an exemplary mask optimization unit may contain a
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 circuit. 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 calculated 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

considered 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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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
determiaing avituim ey ebharzenilHifEagtioniorars, raneQpiimy BBk i OsilHminaled by an
identified illumination system, wherein the number of horizontal diffraction orders is determined
accordinigimtbe ggtation: where m is the number of horizontal diffraction orders; Px is the pitch of the
repetitive cell in the mask in the x direction; Xis a wavelength of an illumination source of the
illumination system; NA is a numerical aperture of the projection optics of the illumination system; and
orn" is a radial extent of the distribution of a beam of light from the illumination source. 8.The method
of claim 6 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
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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; Xis a wavelength of an illumination source of the illumination system; NA is a numerical
aperture of the projection optics of the illumination system; and on™ 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 for determining an optimal mask comprising
the steps,af;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 optimaldransissing Masi-ased onthe.opimuyn.diffraction orders based on the
identified predetermined range; and determining an optimal mask based on the optimal transmission
mask, Vikertin dreedpminy diffadtibmokdershareidetbrmbagd dyseket@armnintea inagaitodessnd phase
of diffrdetidvmordeestwhitimionzkan 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 WiSHTETBI5 aH Th LR W fiftimination at the fragmentation points to be within the
predetefminRg.rARgRal kin RS RAUBRSELI SAGRBIR Marimaslaios L. uherrindigstep of obtaining
the optialiransigissienmask 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
accordicﬂlgetmithe e’cpj)&iti@h‘nask 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.

2. The method of claim 1, 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:

L PO, + DNA
o ?.«UFE(J{L”'% A\.WL\(W.,J}.‘:L‘“,;W.__..;'______ 4

A J

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

1= 2 floor| it
H

[P0, + s}m}
- 4|
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;
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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; 40 Xis a wavelength of an illumination source of the illumination system;
NA is a numerical aperture of the projection optics of the illumination system; and arm, 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 the optimal transmission mask includes a step of
determining a number of vertical diffraction orders of the optimum diffraction orders, wherein the

numbey, pf vertical.di (}rgﬁyggf or gc%l‘s gtsemlgﬁgn%%gggq%gr&oamje equation where n is the number of

vertical diffraction orders: e pitch of a repetitive cell in the y direction of the optimal mask;
Omax IS a radial extent of the distribution of a beam of light from the illumination source.

4, The method 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 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.

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:

o

3 LIy A ]
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where m is the number of horizontal diffraction orders;

P, is the pitch of the repetitive cell in the mask in the x 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 illumination source.
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Xis a wavelength of an illumination source of the illumination system; NA is a numerical aperture of the
projection optics of the illumination system; and 0,"," is a radial extent of the distribution of a beam of
light from the illumination 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 prinitive 53,85 8N AER FeNSSA0.AN SIAR.PHIMAX MM EANSMISAIQN, o pyaImum
transmigsiopa ARinNeE S 9GS EANE LHIMING A'G-0 JNAIGH NG Qrumiin HiffAGISR, Ardelsuuherein the
primitivi, Area Ag. M INMLMRAEWEISH, L5ey BRA0IA Y LAYAI QA RN EL [SRIHIG RIAR, 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 optim{im @iffraction prders of the mask; locating areas of
maximum transmission and minimufri-tfdi¥8mission jhrough tle mask based on the obtained optimal
mask transmission characteristics; assigning a primitive area in the mask as an area centered on one

of the aeas, of A, HaNSIUSsioRa0d minimum transmission;

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 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 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:

P N4
e o= Qﬂm}{u"&#‘m—"—‘;w—aﬁ:[ 4 ]
] A

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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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

accordipg J%&Q?e?&#@f@%iumi\ﬁ‘é@%ﬁ%omc@omﬁeﬂHWPﬁTaQEﬁ%ﬂ%Onml 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
illuminatioin systerns BbAris-aontimnetiealoapeti ke 1of puejectioneptcsmaf the illumination system; and
am," is a radial extent of the distribution of a beam of light from the illumination source. 18.The
computerreatdBle*HEaiIRT Sl P2 HRardileihecstéls YF BBt AY Gptimal mask transmission
characteristics includes a step of determining a number of vertical diffraction orders of an optimum
mask tdbe iIIJPﬁiFfé‘ﬁéﬁ%{ﬁéﬁ'?E&Té?ﬁ?fié‘émﬁmﬁaﬂﬂf?rﬂ/%ﬁfﬁ?/\m@%ﬁ‘?ﬁ@ﬁﬂﬁﬂ'ﬁ@ﬁ@f‘%ﬁi&'&!“d?ﬁramion
orders Igcagfé?mﬁqéada%rawﬂq@ :wnm% gdaré‘iﬁﬁﬁiffraction orders of the optimum diffraction orders, wherein

the number of vertical diffraction orders is determined according to the equation

Pio.,, +DINA
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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 ilumination system; and

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

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:

oy

+1

A
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where m is the number of horizontal 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 projection optics of the illumination system; and

Omax IS a 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 illumination system, wherein the number of vertical diffraction orders is determined
according to the equation

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