SYSTEM AND METHOD FOR EVALUATI NG ERROR SOURCES ASSCCI ATED W TH A MASK
RELATED APPLI CATIONS [1] This application is a NONPROVI SI ONAL of ,
clains priority to and incorporates by reference U S. Provisional

Pat ent Applications 61/156, 445, filed 27 February 2009, and

61/ 156, 450, filed 27 February 2009. FIELD OF THE I NVENTION [2] This
invention is generally in the field of evaluating masks and
especially for evaluating error sources associated with a

phot ol i t hographi ¢ mask. BACKGROUND OF THE I NVENTION [3] The
performance of mcro-electronic devices has al ways been limted by
the variations fo@YSTEM RN&METH@DSFDREVMJ‘UAITM} ERRORISOUHCHSat ur es,
terned critical dinmensions ory lﬂ4éﬁ ﬁiﬁﬁ%\gplC devices are often
manuf act ured usi ng photo Ilthographlc mas so referred to as
masks or reticles) in a photolithography process. The latter is one
of the prlnm[REUWEga@$ammm@N$he manuf act ure of sem conduct or

devi ces, and ts _of attern s surface in accordance
with the ci rcﬁﬁﬁdﬂgﬁ GRPI'S UopHg %@%@B@&ﬁg&ﬂ Py rRiES Brigrifyetopsiduced.
Such a circui tincdesiags b rdféreste P&t Peavisiedal (Patent Apphcatidriereiels6i485 0r der
to obtain 0perr@ehlza@eﬁea?y%a§i%§&efméoeaeoctﬁédzm% Shogust be def ect
free. Masks are manufactured by a conpl ex proces “can suffer from
one or nore error sources. [4] I\/breover the mask |s often used in a
repeat ed rranne?iE!IEDOErrEIEtnwmandi es on t he waf er Thus any defect on
the mask w || &%lr eat e rrultl Fg_n fer and will cause
mul tiple devid S VR i eral%%t"éﬂ T 'ﬁ|dn§f 3"%‘1‘%‘8@1(5’(‘?%?1 Sr t hy
process requi reggeciallyifir evewetingl erafr sobreesassoaibied |withhd ghatpliyogpaphess.
Wthin this preggss, CD control is a determning factor with respect
to device performance and yield. [5] Various mask inspection tools
have been devel oped and are available comercially. According to the
known t echni qERSKGROIMND QRITAG IIaVENH@aI uating masks, the mask is

created and u t a waf er check
i s performed ?&qhe@e%gﬁ V\}]é]E{’I ‘%éég(f"e%fjﬁ\?céag i BFWSHﬁ P’W?\‘?e been
transferred t&Ytthre vivigtiens @z@nd)mthnghm@lstone ofl gwirgmiticelrigaturas, i tatniedns in
the final fearcuﬁcersd.ﬁk%ﬁsh@r mtmmﬂ;eaeﬂeﬁ«weumceé%g@%%np%%&! ng the

design, creating a new nmask, and exposin new wa i dded
design rule ( Phelg dithogaplic fuasks Eﬂ!f@defeﬁe%l“ﬂﬁ megks eiciefiglesitie at he
rrenu:‘ ac'sj ur i ng pbétolitieryyapsyrptdcedse ahel tagter. is @Romshﬁln@paﬁ p&ic&é&e&ﬁﬁ ﬂ@ﬂ
si ngl e di mensi u erns | hat
i nclgude par al In%%?tggﬁ?geﬁégﬁﬁg&gg?s Qﬁg'}sﬁs é pﬁgefrg EYq '?{Iés
There is a neédfacs "b?‘é’@idéeces\ydﬁtibﬁﬁ"c&ﬁdeﬁmﬁdmsa‘nu‘tonémlbruhmpengtoat
| east one err @k pRUESE Sbh @ dWBSKdesIHNVARY pSermEdBor %M@éﬂ | e 1 ﬁ] A

met hod for eval ﬁ error sources associ ated w

mot hod i nol udaer o 88A0 gt SPHERELSR ey dno et pbe deiptiges of
the mask, the freelMaspsé erei magestuvety sodahpiengebeass ahdfdar semdr frompmsUr e
condi ti ons; %I‘ﬁHe%trﬂlopgm deqr each sub-frame out of a plurality of
sub-franes of i i mges, a function of intensities of

pi xel s- of thel®dh M%wer the maskis eften werd in pirepestet cunaerdd cizalewemny and

det ecti ng err dies YAURE §Sfck. nnfuesmn@@edt on & ﬁuéﬁvm%e%béﬁéd Afpien

response to senS|t|V|t|es of t functlon 1o aC err squrce.
imés on the wafer an WI[ cause multiple ewces to e defective.

[7]

Establishing a production-worthy process requires tight control of the overall
lithography process. Within this process, CD control is a determining factor
with respect to device performance and yield.

[005] Various mask inspection tools have been developed and are available
commercially. According to the known techniques of designing and evaluating
masks, the mask is created and used to expose therethrough a wafer, and




[9] A method for evaluating error sources associated with a mask, the
met hod can include: receiving data representative of an i nmage of the
mask; cal culating for each sub-frame out of a plurality of sub-franes
of the image of the mask nultiple functions of intensities of pixels
of the sub-frane to provide multiple calcul ated val ues; detecting
error sources in response to cal culated values and in response to
sensitivities of each function to each error source. [00101A net hod
for evaluating error sources associated with a mask, the nethod can

i ncl ude: receiiremg dhatiaisr Epibesenbatdtenine fwhathet tHe! featuRBOTFShd fnakine

mask; cal cul aty s : al Lty of .sub-frames
of each image r?)#g_tb%%{ trﬁ’%% g%%ﬁ%ﬁ%ﬁgﬁ#ﬁdn@&ﬁ%&é%@g %‘@%\‘aé'g%cﬁ?é" a
rel ati onshi p b@e {eafeaidesEam die ifgndqdslesign naeessigiesmodifyingtenddésidnes  of

pi xel s of thﬁ t&bth'r]p@é@ﬁﬁ;maaﬂ,cénlﬂﬁmﬁlﬁgﬁtnb\ﬂgdafeﬁr iIlum nation power
variations t ect the nult i-mpges in response to

rel ati onship 3@?@%”@‘#‘*%@89? F%?@RSF"E{STE%"’%F?Y%D@ imhegerdo faciiteier 1.A
system f or evahea@hvgeteingor vem sneik feadsas0 GDRt raakkeiatdhalgo WRALG siddhe
system can i nc; ; i i epresentative of
it pl o i madngyalipadks 10 AR A0ihel HRLL SRR fel PGSRl
exposur e condiPFHAY sPaFRg betpeeictaesearallgidifescal cul ates, for each
sub-frame out [067]aTiEreiisal gl tofrowiddsyberBRRd REthbAEfoFEdidaBhatidROES: a
function of intn%réﬁj rt,t__i’oesce%g Pnl xel s of the sub-frane to provide

mul tiple cal cul"SEHE PRIGEE? ™8RS detecting error sources in response
to cal cul ated values and in response to sensitivities of the function

to each error amnaRY drOEZNVANSNs em for eval uating error sources
associated with system i ncludes: an interface that

mask, the I ) r
recei ves dat a [PWhr@Jesiiog 1oU 8vatating erRasiIres asheciatess with gn@ask. treocessor
that cal cul at esethddoinclouidst irpletvirguBath rragresentitives o€ MuitifROR=gEs bhehdmask,

val ues of multjnple,f 1 OF [ jties to provide nmultiple
cal cul at ed valr{'Jée)sllsf‘; thglr!ﬂﬁ{c'ﬁe[ qe}ﬁ?ﬂ%%e‘%&%%g hed f"gﬂ%f?r&ﬁ{ gPoaye H"’B‘ﬁ'{’cg‘rs? sour ce
in response tcaguping for eachsybd@meantiofi anplurelitp ofmib-fiames efithe tniultiptd es  of

the function tiRaRBCH ARSI of HikHsREs of DA 1R S¥FLAE Bfo %&%d&ﬁk\i ng
error sources associated _W?ryﬁpgtﬁ%zk, t he system I ncl udes: a
fa

interface that®®FegBF/Edey HPASPYESDIN FRFPONSEI e Fatalpies! of t he

mask; wher ei n velaehandingspoers saagividespil the alnction tokachdinot Eaigs; and a

processor tha I - . l.t.l pl e syb-frames
fode ,‘Q'rﬂe%gifoi QJaILfa'ﬁrﬁ]eﬁHbsoélrcv ss%&fa%gtwutbe%rrgg i o

of each inmmge of the mask a rel atl onshi al'ue
rel ationshi p BRS8N agiisles resiving Hete persesentative ores iokoé nt hasiaskes of

t he sub-frane;caamdtir@maﬁamte@arﬁ@butioképmarn@toiraib-ﬂm&roﬂr%fiha%é gns ]Ehat
ues 0O

affected the | tiple i es.in response to relationship valt

sub- frames of % W%r%ﬂ{'pr[?ﬁ‘ﬁ‘a@gg °{'6‘6€54t]esﬂf pesiheidng so-Eamg Qv error
sour ces associnultipi widulated vahek;, detdoingretdiadurcercihUeg®nsd BCRIciak@ | Mage
data representgtiys | b [ eOl Lt sk: Wherein the
region of the nmask gg'ﬁr{)erg?%dggﬁg%?ggﬁ@%gf%gﬁ;m;nggor'fc}ggae&g%{ofﬁ%"f%et | east
one error soufRd0iA meted feisrvalyigtingesrer isawees assotinted withe maskathend on a

sensitivity ofmethodask indurigereositiag Bétﬂgemé?ﬁﬁﬁﬁ sfom@tiflé fnﬁégeégfithgecond
error sources; [ Qs sitivity of the pmask i e obtai ni ng
process to a ma\ré@,fcr agwgn@g@b%% é‘:}PEr)'(%)r?mgéﬂtroégs[’“fr@]ﬂ’?%#l(%lh{}%?’@ﬁ ohgach
recei vi ng cal iMR9&tof 8y rerek & relefimekip valog hetreprbsants anetptionshipebatvedear ence

pattern, an i W@ges of mukiple MdbAY BEMtdAGdLhN RS oAthd DROE, { ghaSecond
perturbed pattern i rst ertur%ed attern refl'ects an

erein the f T
i nduction of fHEP |S¥¥h§19 f@r'EW'"ag'B'&P%‘Qéert" natiges ihakradieet b myliele dpageswher ei n
t he second peitrasfvesk patittnship edlleacf subafame3 BBk inftipRfimbée. second
error source he t : d eval. uati t he
sensitivity O;dég ﬂZ‘ sﬁ%ﬁﬁfoﬁ;}ggu%@%f?‘?\’?ﬁ%ﬁ%ﬁo%sg%%ﬁ?%wﬁﬁ@ 13581 hgn g
second error SYRATEERN Belddey abintellace that fegeivdsi datdrepivesriativaef maltipeved

2
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[0023] Figs. 6A-6C illustrate few apertures according to an

enbodi nent of the invention; [0024] Figs. 7A-7C illustrate exanples
of sensitivities according to an enbodi nent of the invention; [0025]
Fig. 8 illustrates a nmethod according to an enbodi nent -of the
invention; [0026] Fig. 9 illustrate two apertures according to an
enbodi mrent of the invention; [0027] Figs. 10A and 10B illustrate

rel ati onshi ps between an average intensity (51) of sub-franmes of each
obtai ned i mage and differences (5CD) in the critical dinension of

each pattern fmfagwsacﬁfltMasHthaumefw&Utﬁmﬂﬂékht@iﬁo@F&wnghl&% bRy 4N

nbodi t of h t d trat
ety hrBEeshd R et R St i 57 i s ' ©
condi ti ons accdrtol myltiple imagesnd dutictiemne! inténsitiee of pivan bi tha.subEdAé ltd-D
DESCR! PTI ON [ 08383di T,ggaa@me@vaﬁﬁeerarfdoaete%w iRk h&ﬂcgﬁﬁég spdiges of

a mask are provid he mask is used durjn gﬁ) phi c
process. One of? %Feé’ valvge aed igiresrresena SRS tamtunstioa do a%chcﬁﬁféf or

nore exposure sparedi tions. The exposure condi tions can di ffer from

each ot her. f t intensitie i xel s of
sub-f r anes 01‘01? %&ip‘r%&gmofrap%ﬁér]'gﬁ'ﬁ%agg SAFEs P %%‘fg’aﬁ) aTPl’@S'T’ &l ts of
t he cal cul at i ofystgndnqlugdesrandeaterfacedbat cerkives et tbpreatniative o e brege of

cal cul ated Va'tH@%a%@rbrﬂré) ﬂo@@ssamhbnédr&@aﬁéSOFbrmwe Sbliy] e§Q'H @?
nore 1 nmages o a mask can be

t he mask. [003%’ i,S no en‘@ﬁ hat one_ or

obt ai ned as wé g%gfé'??enﬁﬁ L@SNHB@@’%F“"}SW‘FR%@‘?WU% ifeRVidean be
obt ai ned. For rsiltigk caiamqtedmfamxMnamateﬂnnestaha)nfrlbm&)f@écmﬁ:k soutes 0
means an | mige%nt Eéﬁin@% 'cglgulgtgd %IEB kahd[ 99%%’]00?3 fcﬁté‘gq?ﬂgw x [| ous

enbodi nents of I nventron nul ti p el mag
obt ai ned and Suislien @rResh eforspwse i nages are processed by appl y| ng a

single functi qoo13m|s§st§:ﬁeraaéoamatu$g ERdredoliREs Egsoaatedrm hd Ph8sK fﬂ’r?%es
single functiaon” nbodi nents o

to various e
i nvention a s.%¥§‘F@ ‘g% 8y "%Wga ﬁgg 4 TeSHep daGpieRTeRRHRYR P PR nor e
sub-franmes of inbges qflmgeashr\ehqwlmemmdgéagonmupésya plgrait bf sypliames:

functions. ThichgSofBkid et RS Rl chéh SB.raRi Ml RibiBGR s fL b P! ©

function". [0033 according t I ous e
i nvention nul t§3 é’“?ﬁ?e@é%e Besk ﬁée'ﬁmh'éé(ﬁ'%éhaém%ﬁ%@ aredptionshipor mor e

fsub frames R)/L ltea»féanlmge of ahulipie Wn@l?oﬁh&sdfdntbr}tltﬁgmfythélgum%é IOJlarﬁj

uncti ons. e uncti | ustrates
met hod 100 acc%'r“ﬁ%’%& gaggﬁ”“er% %’ ROHE gpnel HI:?[ ﬂﬁ?/é’hﬁ?t%‘ﬂ ‘“eivé‘f%tﬁ’!f 100
eval uat es er r dnagasur icerongs tooelatitrstip weltes of sumEkmesanidifieeneinapexci fi cal |y

can provide a r a its
contribution '? %012?\ ?@aﬂdgnfgpg\ééunagéf%%9€%3ﬁesﬁbgsﬁﬁaﬁggﬁgaﬁgsskt g“r% t by

© stage 110, 12 nedhod inglides: receiving image data representative of an image of a region
of the mask; wherein the reglon of the mask comprises a mask pattern; and

detecting at least one error source in the mask pattern based on the image
data and on a sensitivity of a mask image obiaining process to a first and
second error sources; wherein the sensitivity of the mask image- obtaining
process fo a first ahd second error sources is calculated 'by . receiving
calibration data representative of a image of a reference pattern, an image a
first perturbed pattern and an image of a second perturbed pattern, wherein
the first perturbed pattern reflects an induction of the first error source to the
reference pattern, wherein the second perturbed pattern reflects an induction
of the second error source to the reference pattern; and evaluating the
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[ 0036] Stage 110 includes optically obtaining i mages of the mask,
wherein the images are obtained at different. exposure conditions.
Each i mage includes sub-franes. The sub-franmes of each inmage can be
of the same size and shape. Their size and shape can be selected in
response to the shape and size of patterns of interest. For exanple -
a sub-frame can be selected to include a nmultiple integer of features
that forma repetitive pattem [0037] It is noted that one or nore
i mges can be obtained at the same exposure condition while one or
nmor e ot her i negesitivitpnf the nodsk ainsgedobtdiniBNPbERE 1€ ¥ TBAd GOEYAH tean.
[0038] As ar . I r sub-fra can
contribute t Lgoﬁrggégés%'apa rg%(tlozﬁiglé%%&u?%tte‘eg'lr’?g%*edtsﬁag'brﬁ&%n%ﬁ%n of an
intensity of tﬂ@%‘f\)@fﬂ@doéf erMdualing efren peirces saseesiadéd withvizemagie tifeor ni ng
aver agi ng overmétﬁcscgmau&éébrefcé.amg%anb'%ﬁioﬁ%iar}gpé%keh.@é oP B0 irhd gg%”?% can

a

provi de nore vail ues uncti 08' he 1ntensity Inte

sub- f r ame. Forregygﬁ"blp@ﬁerﬁ i’léftﬁ?eo%) rsk. F’f”@)’é‘?ﬁ G@%?”blaﬂélanl Wzge %fa a nask
can be split tsecondl perpiiedspastefn; avhessin ¢rachrsi pertunshas pdited) Geflctd , 400

pi xel's, but t L The dif.f erent exposure
condi tions caﬁh‘%d'& (?% r&%%%ﬁ@éésé %%@egre{%&(e%?%%ﬁiergo eé%'%%?f |ﬂ1‘fér est.
For exanpl e - P§MPes dattera ipliapts an d'@ﬁh@ilqnl ohe ssendergesowee thite

di fferent exposfefcs sai@id; I@aﬁaﬂn@taeé@ﬁsmyw@maéﬁ [ﬁﬁ.gr Qétaﬂhb fdcBdyt error
sour ces under .di ffrf:r ent il Ir@m nati on con itions | rst

i |1 umination ¢OA FPoHIEIOBLSLOL Sedpenbassd 48 & 6e'6t!ﬂ“§'?“i’l bﬁWQF’r‘rﬁ&e t hat
is nore af f ectrexived dlibeation datanieneitieglinizygy datafrepradenttiveosf ﬁduﬁg@oﬂ/\hl le a

second 111 unt nelyBn §oRShiskeNukath B AELECH 91L BgAS DL A"

imge that is nore affecte om na a second error
source. [ 0040]Patgragdeteating @éﬁaﬁé"’%ﬁ%’mf’éf&e Uy’fhaﬁ‘aﬁhﬁ@}@nb@ﬁsaﬂ An kg syst em
such as an Aelih&le daERGRS orbthe sO@EARK & lthe/mB3k G MtEind B c&s Rl | ed
Materials Inc. frsftgrgq%ggg a_ dl ara California. Stage 110 can be

foll owed by stage ?ffﬂf? e exposure conditions can include
nuneri cal apel®UipkA wedtere forsévabiatingl esdrogperces sapetatedr with al maggkf the _
coherency, andydibig cb:hﬁr%mg[ Qrpiﬂ?e]'fa%plﬁélrrgéeﬂgs %@Qaﬁwﬁgémg e Qant NE

i nvention one of the inmages can t al ned I'ng an aeri al
i magi ng condi tMag¢ %fr?dreﬁ'f’“ PE Higtmaskiewhsirei fhe; fﬁ@!@%oﬁtﬁﬁ ninsk 6pMpNisse@ at an
exposur e condintdskpattématandid frecessdrrtianiaeniigred ﬁ&ﬁtd&gan@éb@ bhé @fer The

ial inadi b |
"F1 b nat s on SRS itho Ri3st SRR on 18 eecideld o o b el oty ¢ ool
such as a st ek imaggoeptyining poeersg atfmsteaﬂdtShmﬂdambodomst wobérehhe
i nvention one ypf seha@u.ty %ﬁﬂ@%a@@rﬂne@@ o@iarnmg rﬁ%e@'toéﬁmt%h@sec%gd éﬁér' al
| ow

i magi ng condi ti on ‘?E& ot h er i mge i s obtalne
nuner i cal apels?lﬂ?eé S f@'ﬁ'ﬁﬁtf' d%?eﬂ"'}qgca{' tipnsdg W@PS%%@P%MQQGf t he
i nvention mul of pirgfeenageestenyan eagacqlrst meetuthad eattedh bheae Magens cal

of The mmek. TR porbRed e RotnddR il i Piel BIEFTRedF e o°
i mges. St age infggiogfof the @éé@?rﬁgu@aw the ference petiesn.attiengn theagcdngv el

i mage, perfor mmgbédow&zm CETeES Gdnl PSctioR BE [HeAkdcoM SREMENSA tOthe
transformati o ormat and the I|ike.

LI
St age 120 canpeggre?cel Hagaé]dgﬂé eﬁq'éagag (?e"T'tUﬁ"éﬁﬂttﬁ%f”é@'ém?ﬁﬁ oPiREINgdes
! recei vi ng dat arocegsrie therfirsieny eecohd endrispytes hanehesa eiatibidiptesiechhat
" were obtai nedt@tre@y\fefjegaﬁg}gt,m%sure condi tions. Each inmage can
i nclude nmultiple sub-frames. [0048] Stage 130 is followed by stage
140 of cal culating for each sub-frame out of a plurality of
sub-frames of the nmultiple imges a function of intensities of pixels
of the sub-frane to provide multiple calcul ated val ues.



[0049] It is noted that stage 140 can include cal cul ating the
function for all sub-franme of an image, for all sub-frame of all

i mges, for sone sub-frames of an imge or for sone sub-franes of all
i mges. [0050] According to an enbodi ment of the invention the
function can be an intensity integral of the pixels sub-frane, a sum
of the intensities of the pixels, a weighted sumof the intensities
of the pixels, an average of the intensities of the pixels, and the

| i ke. [0051] Yet according to another enbodinent of the invention the
function can @?lEﬁDE@ORﬁJT‘RﬁNb?erHEVEF@(WNdSeS of pixels of the

sub- frane. (f?tﬁh IYet a ordin % to a further enbodi nent of the

i nvention the l:f'|°6q’?r W‘dr??t ddhe;Rveriien alfosep Haw drmanke ¢amiesnsi t i es
of pixels of tdweingudmstite, amemblotiniest \mmhe.dbéheﬁcnﬁéd”l@t] wail af hetlinfifg
functions, pr 1 Gof rther function can be
applied. It i ge%%lggﬁ@ it rék@%éelo@e sar(:g%/{ﬁéatr)'e'H%’ gis8ign '%\”E'Ch [ 0053] An
exanpl e of a d¥ELfiGtY e@f@w@aﬂ@ﬁemeﬂwdtmordmg th an embodiines of tieegr al
of pixels of angwlmfrane is illustrated in PCT patent application

ublication S 007/ 088542A2 entit]led "Method and system
1? or eval uati nE‘Sd&gb:dﬁ!’\b?a'ﬁlaJﬁ %‘ag gﬁf’??@f’eﬁ‘ccﬁﬁdm& Y P@PW‘VFQWWH% is

i ncor por at ed lmestion; by its entirety. It has been shown that changes

of a charact e [ [ cle
genor at od by 1120 R FHEoRZon S & Helflh; KelBIT O eRbodela b0t e
intensity |nt dyeafionof the sub-frame. [00541 According to yet other
enbodi ment s ofjod2iEFid. vie Atic@bhak 808 mbad %eorangltdlsl@eﬁeéwérﬂtok g

mul tiple functlonts of intensities of pixels of a sub-frane to provide
mul tiple cal cUlVaY'®8 val ues. [ 0055] The cal cul ation of multiple
functions canlf02dlie § hbushateber spstermagesdinghad amhembaetirbent odit iened i n
order detect q{vgmonsources and, additionally or alternatively, can
be used in increase the reliability of the detection of the error
sources. [0056]923iFig5e0A86 "|”§tr?t%quoﬂﬁéﬂur8§a@95@‘@ ta 90 embodkwendef ihag error
~ sources in respeitne; to cal cuI ated values and in response to

sensitivities n 1o each error source. [0057] A
sensitivity oi[db%ﬁ] qu%unﬂ\l on L{sgatg ESTPLRS OF (SPETUVAISS - OrE”d"H Peffesent a
rati o bet ween eabodihert opthetriventiooncti on and the contri buti on of t hat
certain error (oS & AdshReyal WeethddO95BIgt /981 de

eval uating a contr bution of an error source to t e va ue of one or
more function! ET'H'@ eval uating can include determ ning what are the
error sour ces [0B26]aigres Hustiate ived aperhresh &ichRlingt Bearim@flsodigehtusichi onal  or
not, and the Li glﬁmn[OOSQ] An error source can be a variation in a
parameter of tnhe nask or one of the conponents of the mask; can be a
val ue of a pallRFBtFigs. HIA ande 0Bdlbktrate: efatidinghipe hetwiern e avedlas mtenhutyal ue

and the |ike. @aybfeil-Simetiktadh db@d%eﬁ%éderﬂnh eFe‘?tc@sk(%EB L o GcgT the
mask; can appear _an lgtfferent ortions of even on the

entire mask. NFPhPL G5 PRYSISY ¥¥ods "'B‘F‘F‘B‘i’ons‘i?ﬁ?'% BEAriNGdP gde mask
t hi ckness var blabtpdunmwﬁtaeinver&ibh et vity variations, variations of
duty cycl e of jgpag 55}'?"‘(’ r rency of a

| ayer of a maIsk ]ﬁﬂ% 1}15251 gatgg%dﬁglﬁllﬁyg%%o%sﬁm%m% ?m?spfa?mﬁﬁlf%n in an
attenuation ofWphgtiomeeRditiaps peeerdingris ap ambodinent uf B¢ inyepiant ern of a
mask, variations of phase shifts introduced by the mask, thickness
un-uniforrrity SI licide (MSi 2) |ayer of a mask, and
the liKke. [OOEgIAIFEwE%Pg error sources or nore exactly the
contribution BP2BMeHods revd wystemc for cuelugiingnertari plueeerafar neskirees can
be learnt fropGeeRahs H&smlké&)blﬁmg%lp%@i%llt%grépfﬁ% é{b’c?e%g | O §hn

intensity of ﬁeels of each sub-tfranme int are expected to
be equal to edEH®HY ﬁ@mﬁ?ﬁ%@?@ﬁ@e%?@@ﬁéé‘oﬁewwwC@@@D@%%e

[ 0061] Thi s coefpasiirs @onditions icas |difde remnaeh idtrbehevBe ordfmkticrt 8f val ues
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[0063] Figure 2 illustrates nethod 200 for calculating sensitivities
of the function to each error source according to an enbodi nent of
the invention. [0064) Method 200 repetitively simnmulates changes in a
si mul ated mask, sinulates inages obtained froman illum nation of the
si mul ated mask, calculates a function of intensities for pixels of

si mul ated sub-franmes, and conpares between cal cul ated val ues. [0065]
Met hod 200 starts by stage 210 of sinulating a mask. [0066] Stage 210
is foll owed by stage 220 of sinulating an i mage obtained froma

]gs: Irrul ag eg) lluhiumnizeator ﬁ?el@éflshb-%aﬁlbmtl@ése%é@r%reﬂrﬁébf@ﬂare%aﬁ:gﬁtea2o i's
oL oved b, SRR 8 EHLRRL AR ek B cobd e frech o
pi xel s of the citblafedyaigss can[mm&]anﬁuchx@nor%ﬁun srof sdurepsetthbynast.age 240
of simulating

fol l owed by st[g%%h]g%g% ﬁér?? Fét%e%k%e%g%sﬁ éﬁagkgg,gg% ﬁ%gg?e %%ngr
control crit erdSdieChMoRRIMadam gl heions o @askotandiel abiained; Fersimplionys, but

this is not negespiaiatibly tR0ima Sthek" S eahs &1 irdkl R SCafkidacordef | ned.
[ 0070] According,to another enbodi nent of the invention stage 230 is
fol |l oned by st's %«5 250 of changing an illum nation condition and
junping to stdg8122@ordra07 Varidnkisbodiments df B6Gnvehiionshuliiie Bnages of

st mul at i on basead Gl il doRheRlant 3o AR drinklsl ifshel brd SrolRLEM ! hat

t hese sensitivities can at ed or e>?’arrp| e -
i mges of -nasKEPYRARA ?i%ﬂ}%f%ﬁ"&ﬂlnT@Fﬁ@?"aﬁ%!frf@@éfe@é‘habempllfmwmmsed to
provi de i magesirghkstinctioe. t hen processed in order to evaluate the

sensitivities S _can bta at different illun nation
condi ti ons. d%@gfﬁ%eof‘gﬂ$ 0 Vé"”?)’é "fe’nELﬂ? g“el'm’eé‘f' 8 sgi§ Ipage ple

fol | oned by r deponagh pen be oblainedeiné onedr me)sulsfmmesesf th'§hinag§the can

i ncl ude repai rﬁrdlﬁséehebﬂ@ﬁﬂfymdjﬁ‘fultlafenlgncttlgﬁs MRARKs@Raf f@idtd

defining the nas f'unctional , generating a repair indica |on of
t he mask and tﬂ%g?lnk"‘@e mdtpRsngioRge 160 can i ncl ude deter ni ni ng how
to resEolnd t 0 [€038)] Ykt taemtdhh tervE@dustdiﬁﬁntﬁ)ﬁf m&ﬁivblrﬁfohﬂﬁ:lttpféahéges |
printability t er these r._sources w
af fect an artl%(l?: hg ntn%'h\g?ég? g%ﬁ%h¥<g56§%eum 9% TR RS Oﬁﬁ% MGSFE 160
can incl ude dé’?é’f%?ﬁeﬁéwa?li’lwm@lh@efblﬂCf@M eature of an article that is
manuf act ur ed mlﬁ§|btmggeggs.ﬁ§|gfm,5n If these variations are not
accept abl e thi@éaﬂg rria 'E"fs sent to be repaired or be re]Fect ed.
[0074] Stage ah 1 AerElRies é’fe”fo@a 0 BFfadgE na" regbedinenycbihea
conbi nat i on t freertoh: Méihpd poDevakiates arofsalridsi azaddiaed @itk heﬂidsa, dar a
mask to be shi [ ut to a mask
MRe [: fﬂﬂaﬁ‘g%@% an 108 atléﬂ b9 B ncg of gn! grf SMSr i ng

generation process, I nput- 1o an' article i
-process: (iv) 2p# Bysemiby d?anﬁna@e@ﬁ@ma%del used in |ithographic

si mul at i on_sf @obspnawdmoceaﬁ éi@ﬁlby @t@gmﬁoctfr@O' : t hogr apﬂy st epper;
foat ure par aiRBRTae D Gikef Bobral HALGRATAGPSS e SHOVEARRE of ¢ he
i nvention t heimagek acanbtbiped apdiffeldsidexfiesirg bondilibes. rBagK .im&enigbleddsmage,
nul tiple functRR$mes, The sub-frames of each image can be of the same size and

shape. Their size and shape can be selected in response to the shape and

size of patterns of interest. For example - a sub-frame can be selected to

include a multiple integer of features that form a repetitive pattem.

[0037] 1t is noted that one or more images can be obtained at the same

exposure condition while one or more other images can be obtained at

another exposure condition,




[0076] Fig. 3 illustrates nethod 300 according to an enbodi nent o

t he invention. Method 300 eval uates error sources associated wth a
mask, and nore specifically can provide an indication of a presence
of an error source and its contribution to an inage of a mask. [0077]
Met hod 300 can start by either one of stages 310, 320 or 330. [0078]
Stage 310 includes optically obtaining an i mage of the mask. The

i mge of the mask includes sub-franes. The sub-franmes can be of the
sanme size and shape. Their size and shape can be selected in response

to the shape JWUBSFAZEUS of RIS BNSel@iting BigRF &btiranted ca® ¥R  to the
sub-franme can agg

|l ected to.includ .multiple integer. of features
that forma rgpelfr;g@i ‘?ea %ﬁlpﬁg’é'w °[‘H%§L§ja’"°§_t°£68-_' ‘i'ﬁ't%gﬁ Bé"xgg?é’é. €ed by
an i mage obt aisHbrgmsy ssrenigiyuwherapedoimihgravatagingeayer laget ebgeaieal |y by
t he AREA193Q;‘E,@@.QJ1' ' bl i wiorni a.
Stage 310 can _l?(le tto_tlﬁgmgg@%ﬁdgfg%gh @%{dg %Sﬁ%&?@%@%}ﬁ%e
obtai ned by adBPIAthGtesrR! 867 PR diongraEbitd A (i05ACBRIX. H3H0LOP §ixplbot
necessarily somadedérGilinasit @peoe3iit fonsditipesubiiatnep &:28 Sfdluags t fogo xmage of

t he mask, wherej ﬁrﬁﬂe re obtained at different exposure
condi tions. St1gdg()§p§%§’ ESou pu'?ggt ata frepresentative of the i mge.

[0082] Stage 3¥B9] Treldifteeent peosingicadiittas gar epsalartattiardspensefto eher i mage
of the mask. [9Q8&] orHitaas:. %@xbrﬁpl@:ﬂdh@ﬁéﬁ@x?&ul &8itid%aRtbe set so

cal cul ating, for each sub-franme out of mul ié e sub-frames of the
i mage of the MEERMCEHN] PPRFES FANHOIORENYY herrleraf diffeenberopsuares of the
sub-franme to pndaridieren itumplhtgorcadnditibrat Biebsyakitse Buminh@dSebhdifragm 340 i s

fol |l oned by stag ectl: o) I r soyrces. in
response to ctg?c%ll%?e gd%é‘?ﬁés&yﬁﬂgpn'&%gégﬁ%érglgge%%ogé sa%%t?é)ﬁ?ﬂ red of
each of the fdawinaleddyl diirskarter seuresy whilp @rseeond [lDogBliorStandiior8&d bean be

fol | oned by stageedsdadlo dHRAPINMAIE thaf ist e ARLLGL @R BFdhUondRyCes.
[I'lum nation fl uctuatcion conpensation [0086] Figure 4 illustrates

met hod 400 f oYV $'1RY S&FPor sources associated with a mask.
[ 0087] Met hod [#30] Stage 110cdaude est@tel by1D inbge endnivg egsta@bdch as an

D Fronea. QB S0 B0 O 108 EESH B AR BB,
for each sub- FRERCIHACalfornia. Sitaged[! egn kst follwsd by Biaes 18F the nul tiple
i mages, a rel 00401 gkpyirsl Qoditdhs k&P IREH nEmaridaf bgdriuRNshild Rt ween
val ues of Ml L Rbfpb SPSSeaie, 1Bh doREERS! doThe 6. P Xl s of the
- [0042] According to an embodiment of the invention one of the images can be

obtained by applying an aerial imaging condition and at least one other image

can be obtained at an exposure condition that differs from aerial imaging

condition. The aerial imaging condition is expected to be similar to the

ilumination conditions imposed by a lithographic manufacturing tool such as a

stepper.

[0043] According to another embodiment of the invention one of the images

can be obtained by applying an aerial imaging condition and at least one other

image is obtained at low numerical aperture.

[0044] According to a further embodiment of the invention multiple images can

be acquired under different optical imaging conditions.

[0045] Stage 120 includes pre-processing images of the mask.

[0046] Stage 120 outputs data representative of the images. Stage 120 of

processing can include generating gray level image, performing focus



[ 0089] Stage 420 can include calculating relationship values for
sub-frames that belong to different inmages - especially to different

i mges that were obtained while the illum nation sources outputted
| ight of varying intensities. [0090] Stage 420 is foll owed by stage
430 of conpensating for illum nation power variations that affected

the multiple inmages in response to relationship values of sub-frames
of different inages. [0091] Stage 420 can include calculating a
rel ationship value that represents a ratio between an average of an

intensity int Q@Fr@éﬂoﬁé éﬂéﬁaﬁdﬁbt&ﬁ;?éﬁ@atﬁﬂdtrﬁns%rﬁ%r?f feVindhbono o the

intensity inte a he sub-f System [ 0092] Referénce i's nmade
to Fig. 5 schdl 'rieﬂ ?tF)Prg’ﬁb%dﬁ'@e "kSyStﬁﬁfyanca%t & {obeddry sépogt0-an
exanpl e of sydo@T] 586 mloclahaegeaeun@matm’emdkémte of miilfyRe infages bi on

0093 t 520. Fig
s 11 Tust r adtanes RS abaha et S Plfe QPR Resnisie fards
obtai ns the rrqudslr@ﬁlpﬂm?g@érmmthe mask at d| fferent exposure

conditions. | npae szbgeum% faewea @9%&9@ 1k bpémda%hg)fbr %g
optics 532, et ector . 8 t al ner can be

an Aerial i nsp?é't? aoﬂ”rf"ﬁ%f"’ ﬂ*baf@ﬁl‘?sﬁethleﬁr&i'tlﬁlfé@l'aﬁi%% Biog of lsnsitieypt i cs
532 can i ncl udépizgieofithe mmmmmldeeimmrw[c(usmhalaés a lens, aperture

536, a spati aliodyol f &I nor@fhat Bigd lljfde% 1 RERLS LT SIL 1, @%ﬁ‘é&a&gg“one
or nore opti carb-Epwashansimage dered Sb@f'%@%ﬁf&mwehdbwe%@framﬂs diet ect or
534. [0094] |%%£®£&f&%@mé@ﬁb—ﬁé}ﬁéman Qag&m)ry bank, one or nore

b ¥ Interface 510
oot ve data AGHPEREhERelio @ GPURAMEFLHOT G 410 DGOSR S wer o

- obtai ned at diimtéresmemtegatpbtbelpleelsemtdframe:)asum[cﬁ%&}terl%meeeslaepnxaao can

. perform at Iead%m 300 tion
t hereof . [0097 elor es%énﬁ%&ﬂ%ﬁgtie%&ighr%%gﬁﬁ s Ve%%? OP{hgﬁ) ég”%?g% Qfgach

sub-frame out ¥ PXPIHPLY BRikS of sub-frames of the nultiple i mges, a

function of i neosNEYetaesordig Bianethsr shbokit@nbsiind hddMiod MeRiRYb&an

mul tiple cal cylated X or sources in response
to cal cul at ed%vé'?rfelge 3{1@ InFlenisg%spogﬁg‘glsf’t)tggéﬁ’shm%l ties of the function
to each error [¢5dl 't acqopidagp aﬁwtheaﬂnbdmneremﬁhqalneentnpm thedsston &R0 can
cal cul ate, f0rbe%éddﬁﬂd%eﬁl%nfc{fmﬁeﬁgmegﬁpaxél éZ‘Btf &, R{oeqval ues

of nmultiple functions of intensities rov & cal cul at ed
val ues; and dériaéromeﬁé?t'ﬁ'cﬁ'ofﬁf“ft‘P%tH"?ﬂ?b'B?“Cefa’&ti°'tsr Proyet §l§[!p|e[~,@nptppn
response to Cazlalcbléamﬁdd \tad hited B dornd pik&ls B teagrioreds@nSi tivities of the
function to e g puUICe, 099 her  ex rocessor
520 can cal cul at 2 o%)xae %alql‘urg flﬁ Enﬁtlof' F'balttés 'gl?ﬂs'ﬁer H@grag?f each

i mage of the mixsk chased fi@me)ﬁslmshateélntf@'ﬁ fedent ppplicatioe pildicationadesitli onshi p

bet veen val uesoofwiopddridRbSsIaIN GhieE o BN b RS el f 1 are;
and conpensat es for i | Ium nation power vari at| ted t he

mul tiple i rragé@”q IAn s @ RsRRRetETOt 2 PSR n SRICh l%g]car@gragﬂd R{FY0 f¥ dives of
di fferent imagetretyMabdneiazhishaln thapdhysdes of a Chifadi@iskic {01803 Taickir eat
the recovery r g L Cr oss

Coef fi ci ent) g%?)éﬁ%gkhﬁfag‘gq%o&én%%edt%tt}g%'a% Ee e%brfb B Hed can
be taken. ThethP@Ee@%PUa%W‘qn@M'ﬂﬁsﬂrﬁ\‘qfé‘(?&uh'(ﬂ“émet he assunptions that
both the "thi I[doséllAceerdiﬁgrtefybp&thér STRSIinRARY @f&h@lﬁ{vb%n%etm dpki ns

t h t f f
ook pat ter ns "ERAE CHAVEG Yl ool PberEissdl il Bhe =™ foeed, a
dense 1D GDR weeykde paltipteraalciletedyalees.i al |y represented by a single
spatial f requmg] Thb%%@éﬂoﬂlﬁ mUfeHREARC RN (O Bre R Rflef & 1H85dsV e

expressions for
that should be obtained in order detect error sources and, additionally or
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response of the average intensity of the aerial inage to snal

i perturbations (error sources) of GDR mask paraneters under a
particul ar set of exposure conditions. [00102] This mat hemati cal
analysis will illustrate that a conbination of two or nore
nmeasurenents of the average intensity perforned under different
exposure conditions are enough to recover the nature and strength of
the mask error source. For concreteness, the follow ng mat hemati cal
anal ysis focus on attenuated (enbedded) phase shift masks, although
the results araempmeiycedﬁ i Used Inhincaetsg ttreliabigiof ihe abieoidh of Bk Sftoft O
ot her types of nask patterns. [00103] The spectrun1of an aeri al
|nage S glven equation (1) 7( f,g)= "free( f + f',g+ @

L9 )O(f + f° {0@)&/5}3!3@9 Y (9 [dldwedidy stage1)5q Gbiﬂﬂqtme&r@r rsonﬁrpgs ing'

| denOt e spati a'reéﬂoﬂ@%%lcﬁﬁted-ﬂalué§aﬁchﬁ réébBﬁé@zstbts)éné?tfvaQ‘Sf @€ Hirliod Mage,
Ois a functlon describes the transm ssion (i1ncluding p ase) of

t he mask, and Pﬁ%‘:hteimﬂé"”&??not es the Fourier transformof a quantity,
viz. Se(f,g)= [FC{SXIJX Sgnsitivityl 6ﬁhé tfiretidn’ tarss CariaBi dror eblﬁﬁéicéiﬁl%bfels&t@"lt) 'S

f ti f e e effect of
?heuggt : 82| Osys ulget\M@ern daa\%llﬁase rap(ilgﬁglllcﬁﬁ}%é(ntr O[il DP tﬁ%\..c)eﬂalif%& N
,9)ii(f + fcg @U@e}quwalue 7, 0 + g")df dg (2) [00105] .Here , 7and ii

denote, res pe({@@%ﬁtﬁge ﬁﬂﬁcéﬁ*ﬁél@de é@h@ﬂfg' 4 ¥0n‘ﬂibu¥1$?1eof'zln| éhrgr (@)gujrbé)@usour ce

and the transf unction of the collection o tICS ncti on
of the intensi F‘? é%'u%f’ pis8f %‘W‘?ff“'é\c“g'ﬂrbﬂ!er%\’ﬁjé‘a '5‘3‘1‘4%‘#“‘?%@
provi des an i niatate dhe efromboasedr eige make ielichiingovhéth@Stepinisd &) ,

AR it TN SEIC R

particul arly dP3E8]4n error source can be a variation in a parameter of the mask or one of
the components of the mask; can be a value of a parameter of the mask that
differs from a desired value and the like. An error source can be limited to a
small area of the mask; can appear on diffe.rent portions of the mask and even
on the entire mask, Non limiting examples of error sources can include mask
thickness variations, mask reflectivity variations, variations of duly cycle of
patterns the mask, variations in a transparency of a layer of a mask, variations
of attenuation of a mask, variation in an attenuation of the mask, variations in
a width of a pattern of a mask, variations of phase shifts introduced by the
mask, thickness un-uniformity of a molybdenum silicide (MoSi2) layer of a
mask, and the like.
[0060] Mulﬁple error sources or more exactly the contribution of each error
source out of multiple error sources can be learnt from comparing multiple
values of the function of an intensity of pixels of each sub-frame integral that
are expected to be equal fo each other without the presence of error sources.
[0061] This comparison can include comparing between calculated values
associated with sub-frames positioned at the same location within different
frames.
[0062] These sensitivities can be fed to method 100 or can be calculated
during methed 100.
[0063] Figure 2 illustrates method 200 for calculating sensitivities of the
function to each error source according to an embodiment of the invention,




Cform TC(f', g f gs) = fpf,g)111(f + f',g +df dg .(4)

[ 00108] Since the effect of optical aberrations on imge formation is

-captured entirely by the phase of i1i, eq. (4) inplies that the

average intensity is insensitive to aberrations. [00109] The TCC can
be applied to a 1D (lines-and-spaces) nmask pattern. Let p be the

"pitch, and d the line width. Additionally, denote by to and rig the

transm ssion and phase of the pattern's |lines and spaces, .
respectively. For exanple, an attenuated |owtransm ssion MSi (6%
Phase Shift I\/askéPSI\/) corresponds to to -0.25 and t =1 Wth these
definitions, t[Ae643Method rRlofepsiitively esipalétes rahainges ginve rsihylate® (mésk= [ t og

+(t fg t6g)d S$lrﬂﬁlatfe§|||9@ Bbtaufngd (o aﬁQlJrﬁméanPdof%Q(sﬁ udted Fhage: ) —O( T
?)é-sa 0 ose (0]

arnohi cs at
D BB B oo, PR St SO o o
may substit ut econpafedperuaen cdifutdted varués0, 0) = [to +(tfg -to)1-112+ d
[0065] Method 200 staris by stage 210 of simulating a mask.
[0066] Stage 210 is followed by stage 220 of simulating an image obtained
from a (simulated) illumination of the simulated mask.
[0067] Stage 220 is followed by stage 230 of calculating, for each sub-frame
dut of a plurality of sub-frames of the image, a function of intensities of pixels
of the sub-frames.
[0068] Stage 230 is followed by stage 240 of simulating a change in the
simulated mask. _
[0069] Stage 240 is followed by stage 220 until a control criterion is fulfilled.
The control criterion can be a maximal number of allowed iterations, but this is
not necessarily so and other control criteria can be defined.
[0070] According to another embodiment of the invention stage 230 is
followed by stage 250 of changing an illumination condition and jumping to
stage 220.
[0071] While method 200 flustrates a simulation based calculation of the
sensitivities it is noted that these sensitivities can be calculated in other
manners. For example - images of masks that have known error sources can
be illuminated to provide images that are then processed in order to evaluate
the sensitivities. These Images can be obtained at different illumination
conditions.
[0072] Referring back to figure 1, stage 150 can be.foilowed by responding to
the detected error sources. This stage can include repairing the mask,
defining the mask as a faulty mask, defining the mask as functional,
generating a repair indication of the mask and the like.
[0073] Stage 160 can include determining how to respond to the detected
error sources by evaluating their printability or otherwise evaluating whether
these error sources will affect an article manufactured by illuminaiing the
mask. Stage 160 can include determining variations of a feature of an article
that is manufactured by utilizing the mask. If these variations are not
acceptable then the mask can be sent o be repaired or be rejected.
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[0074] Stage 160 can include at least one of the following or a combination

thereof: (i) providing a qualification criteria for a mask to be shipped out of a
mask shop; (ii) providing input to a mask generation process; (iii) provide input
to an article manufacturing process; (iv) provide input to a mask model used
in lithographic simulations; (v) provide correction maps for a lithography
stepper; {vi) identify areas that are characterized by a larger then expected
feature parameter variation.

[0075] According fo an embodiment of the invention the mask can be a
gridded design rule mask.

Single image, multiple functions

[0076] Fig. 3 illustrates method 300 according to. an embodiment of the
invention. Method 300 evaluates error sources associated with a mask, and
more specifically can provide an indication of a presence of an error source
and its contribution to an image of a mask.

[0077] Method 300 can start by either one of stages 310, 320 or 330,

[0078] Stage 310 includes optically obtaining an image of the mask. The

image of the mask includes sub-frames. The sub-frames can be of the same
size and shape. Their size and shape can be selected in response to the
shape and size of pattemns of interest. For example- a sub-frame can be
selected to include a multiple integer of features that form a repetitive pattern.
[0079] Stage 310 can be executed by an image obtaining system such as an
Aerial imager and especially by the AREA 193 of Applied Materials Inc. from
Santa Clara, California. Stage 310 ¢an be followed by stage 320,

[GO80] The image can be obtained by applying an aerial imaging condition but
this is not necessarily so.

[0081] Stage 320 includes pre-processing the image of the mask, wherein the
images are obtained at different exposure conditions. Stage 320 outputs data
representative of the image.

[0082] Stage 330 includes receiving data representative of the image of the
mask.

[0083] Stage 330 is followed by stage 340 of calculating, for each sub-frame
out of multiple sub-frames of the image of the mask, multiple functions of
intensities of pixels of the sub-frame to provide multiple calculated values.

11




e

[00111]In pra

ctice, in GDOR patterns typically only the O h and

1st

(or Oth and -1st) diffraction orders contribute to inmage formation.
This reflects the fact that GDR is used deliberately to bring k as

cl ose as prac

tically possible to its |lowest theoretical limt,

t hereby benefiting fromthe advantages of two-beaminaging in terns

of MEEF and p
The formul ati
extensions to

orders that aQGUSﬂjSTé(geCMU rsl femdtug Qﬁj’e‘ o b RBRLAP bABLE Ridrd SrrdrPl i Ci t
q ﬁ& }%ﬂc |de% frmnth&ﬁ t{alformjla
ey F%%‘” "RSPN$S o Rica 5‘ e PG Hy ERRINSP & S Misg%t's of a

in the TCC in
(6) that a fu
sub-frame has
- hereafter 4
I ndependent o
acquisition s
contribution,
depends al so

sin(rdrd |

ol ari zation, and, of course, die size (c.f. 2).

[00112]

on in egs. (5) and (6) is nore general and facilitates
nore general cases. The "selection" of the diffraction

etgoofdiesitnalions teeactcamt soueet | ons. The first cont ri

t he I's o ptical con ura e
VIPETHICPS. =[thg +(Ifs -to)]2(7) [ 00114] The second
[IMMIﬁfltdﬂﬁﬂﬁﬂiiﬁloﬁﬁohb&l&ﬁGﬁi cul ar optical conditio
?@BE]' her 4 q‘a %ﬁgm\f?r%valpét&é ﬁ(gg gczurc};]s @g?qgﬁflelg
with a mask. '

{0087] Method 400 can include stage 410 of receiving data representative of
multiple images of the mask. Each image includes sub-frames.

[0088] Stage 410 is followed by stage 420 of calculating, for each sub-frame
out of a plurality of sub-frames of the multiple images, a relationship value that
represents a relationship between values of multiple functions of intensities of
pixels of the sub-frame.

[0089] Stage 420 can include calculating relationship values for sub-frames
that belong fo different images — especially to different images that were
obtained while the illumination sources outputted light of varying intensities.
[0090] Stage 420 is fo[Iowéd by stage 430 of compensating for illumination
power variations that affected the multiple images in response to relationship
values of sub-frames of different images.

[0091] Stage 420 can include calculating a relationship value that represents a
ratic between an average of an intensity integral of the sub-frame and a
standard deviation of the intensity integral of the sub-frame.

System

[0092] Reference is made to Fig. 5 schematically showing, by way of a block
diagram, an example of system 500 according to an embodiment of the
invention.

[0093] System 500 includes interface 510 and processor 520. Fig. 5 also
ilustrated system 500 as including image obtainer 530 that obtains the
multiple images of the mask at different expdsure conditions. Image obtainer
can include illumination source 531, optics 532, mask holder 533 and detector
534. Image obtainer can be an Aerial inspection tool or can be included in
such a tool. Optics 532 can include one or more optical element (such as a

lens, aperture 536, a spatial filter, and the like) located between Hlumination
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[00115] Thus, lay.= lo+ Ithoer. [00116] Small perturbations of mask
pattern (error sources) paranmeters are manifested in eq. (6).
Concentrating on attenuating phase shift mask line patterns (attPSM
L&S patterns), two types of feasible (and conmon) perturbations can
be .di stingui shed fromeach other. [00117]First, the duty cycle of the
features on the mask - dip - may differ fromthe nom nal value. This
may occur due to mask witing errors (owing to width variations of
the witing bean), or during mask devel opnent. The underlying origin
of this speciféonrceyjse anfi semask thitniplhegy hdRMmoldehsds b GeBS knPat t ern

_ : : . ] . nded
Vai e, - Assunt niBieRERLaRend Bead St Mahatk Pplf e TRen AR o sl
the effect on [8@%] Itesieer) @10 sandnelideya ingmor ek, @de bymaresiusgd as Wely| or
series (typicaddqsmhre cdpborRhts2nd order terns suffice). The effect can
Pe expressed ﬁé%% f ol Igv[\]n ng ee%uat |aor}:e rast 12 8&( Ad? - Ad31 I_f-w Ad +-
Ad2 +... a feyf89e 3101 98P &eqelyp §ate reprasentatiyes tdlinieaages oftheaver age

intensity rel atla'zakehettWetd”mbtamﬂianaiffergrg%&gggrgi:oghcgﬁﬁgl yt h?t |es glbt ?loged
error may ool Hkeesb g R berdo R SRE Pl e o0hRr 100 hat
i s coupl ed to ¥agambiaeliossherepft r ansni ssi on

[0097] For example, processar 520 can calculate, for each sub-frame out of a

plurality of sub-frames of the multiple images, a function of intensities of pixels

of the sub-frame to provide multiple calcuiated values; and detecting error

sources in response to calculated values and in response to sensitivities of

the function to each error source.

[0098] For another example, processor 520 can calculate, for multiple sub-

frames of each image of the mask, values of multiple functions of intensities to

provide multiple calculated values; and determines a contribution of each

error source in response to calculated values and in response 1o sensitivities

of the function to each error source.

[0099] For another example, processor 520 can calculate for each sub-frame

of multiple sub-frames of each image of the mask a relationship value that

represents a relationship between values of multiple functions of intensities of

the sub-frame; and compensates for illumination power variafions that

affected the multiple images in response to relationship values of sub-frames

of different images.

Mathematical analysis - GDR mask

[00100] To treat the recovery of mask emor sources, a TCC

(Transmission Cross Coefficient) approach for the computation of the images

obtained can be taken. The TCC approach is justified under the assumptions

that both the "thin" (i.e. Kirchhoffy mask approximation and the Hopkins

approximation hold, The TCC is has a particularly compact form for mask

patterns that have very well defined spectral content. indeed, a dense 1D

GDR mask pattern is essentially represented by a single spatial frequency.

[00101] The TCC approach can be used to derive expressions for the

response of the average intensity of the aerial image to small perturbations
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value. As the attenuation is an exponential function of film

t hi ckness, while the phase shift is proportional to the thickness,
one can schematically wite r"g (0) =to expi- q0 -(10) [00120]
Whereto is a paraneter that depends on the reflectance of the MS
film while g is a paraneter that describes the sensitivity of

transm ssion to filmthickness, and is proportional told(n -1), where
At-and 71 are the inmaginary and real parts of the MbSi's refractive
i ndex. [00121] The sensitivity of the average intensity to MS

t hi ckness t hr gargh sbirees) @peDRanak parandidh updtaseatiiie:r sdroPuglstiBi S on
Its transn155|§§} gan be expressed by the follow ng equation: (11)
a02 50 [00122]:: nsider i ng a mask that is endowed wth both types of
perturbati ons [Q010d. botts mathkmilicabandivsishwith fildsttatieSihat hicokhiastionddvi at e

fromtheir i ”?ﬁ@&@ﬁo%%e’dﬁﬁémerﬁs &tﬁ@é@rdﬁ%%&iﬁﬁﬁﬁéﬁoﬂﬁéd &ler @nsLAge

intensity error 1s not enough to recover ecitTic error source.

[00123] The er FES‘?oSErGLﬁ"G@@O"(Sa‘T’fﬁ eRgyad togaeqven tginalkre apgstrengift Pf 8t i on of
error sources niadk tehér sOmEE For Cancrdiencey,athel adRding f mathérhaticeninalye@ges of

[ 00124] Denot | (-4 Rb 2ReiteisS anFER0 SRR Tol S Sl Be pospis are
measur enent ofaplalv@bi%lgj‘eith ﬁﬂ@’q@ﬁt inegjfidations) h@getOtnmer&pm&Scaﬂ 1bodesk gi ves,

upon substitutpg@png n (9) and (11) (and by omtting higher order

derivatives): Eq) Ad + al” + ad EC,80 a, vad Ad+ - Ao+ 80 a2
[001 03] The spectrum of an aerial Image is given by equation (1)

Itf.)= [frcc(f+ fle+ g3 7.8N Of + g+ &)Y T'(f.g)dfdg . (1)

[00104] Wherein f,g,f',g" denote spatial frequencies, T is the intensity
of the aerial image, O is a function fhat describes the transmissioﬁ (including
phase} of the mask, and the tilde denotes the Fourier transform of a quantity,
viz. X(f, g):F{X(x, y)}. TCC (the transmission cross coefficient) is a
function of four variables that completely describes the effect of the optical
system, and is defined as:

TCC(f'g's /8" = ([T ) H(f + fg + V(S + g+ g"df dg. (2)

[00105] . Mere Jand & denote, respectively, the mutual intensity of the
illumination source and the transfer function of the collection optics.

[00106] A function of the intensities of pixels of a sub-frame of an aerial
image provides an indication of an average intensity of these pixels),
correspondingto f=g=0:

=100 = [[recis.g: /.90 8) df dz. (3)

[00107] Notice that in this case the TCC assumes a particularly simple
form: '

rce(sgs 1) = [[I, YW drdg. 4)
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[00125]Wth 67" (Ecl), 5/(E 3) measured, and the sensitivities of the
function (also referred to as partial derivatives of 4, per error
source) and per exposure condition conputed, egs. (12) can be solved
for the unknown mask error sources Ad, . In sonme cases, a higher
partial derivative (typically w.r.t phase) may be required, but the
principle is however the sane. [00126] EC, -can be an aerial imaging
condi tion. The other exposure condition EC, can be chosen is such a
“way as to maxim ze the discrepancy of sensitivities (parti al
derivatives) between the two exposure conditions. A practical choice
is to choose dA0®AB} axi Sinkewhe\affdct lobwptical atmmationat éromdgerfomtation ihat
satisfies NA(1 0-) [00127 is choige renders ime," = 0 in eq. (8),
as the coll ect?agw}egpetngréeﬁ' b}iggesaﬁ’gf O‘Js{%bf’%ﬁ‘g IRNes et thecavpiape Brepsity

har noni cs (k s inpensitive torberratipe only 10 (c.f. eq. [7]) contributes to
i mage formati I SThOt i tH sp.chaolce far. EC, can
provi de a roblcj)[g?m%covg%-[g‘é_: %Etl?ez% éﬂJ}d {gﬁr{:ﬁeZ'f"%ng‘ﬁ%ﬁ°§?) fngs'(not ed
that the scher@itpfiltLef griagdheiriich. asg.d theline width. Asditibually fvenote oy epated t o

multiple (>2) jnspections. wth set of, di fferent exposure

condi ti ons. Th'Jifgs ﬁg%/ tbagsﬂggiani%%cﬁg °t ﬂfeﬂ?ﬁﬁﬁé?mﬁf F'rﬁgsg'? S83%ESr
suspect ed) MasksRERRLY. PGUEXEMBle] S0 ARHGRED loR-tBnsmisSorP IS (5b ount
for haze). Or,%ﬂjst ésiattgs\ﬁ;l y?eone may get ann%r\r‘/]eredegg“@rljﬁgﬁg%et of
coupl ed equat i “@ ) P3ihd CPTRSROMdS c Fe ds & PEbudttheas lof Wil | theseon (to
noi se, e.g.) tRQWNE the lutin. [00129]1t is further
noted that in tHe case gﬁ@@g%ﬁ@@gﬂéﬁeﬁ@lgﬁb% of mask paraneters
fromtheir nom nal val Lt Tay| &sin(g@) in eq. (12) contains

hi gher order derivati \?edg é‘ﬁg%t'ghgbg 6 U oa?éé’t is no |onger |inear.
Still, it may be solved nunerical,]l ) 5i met hods su as (5)

Newt on- Raphson and t he Iihqtfgm{jgcdfé%@]}&-il s,({ylcptfe .that in the
same way that an average intensi ¥y S iv f rom&now edge of the
mask spectrumigndof he @XPosithehsORAl Idethsy § j r i.on..Qn_whi ch
is captured b>£ th ] TCC factors), one Idr‘tf‘laty_ uggelagrag&feglwaw%'%n%f (5) in
order to deri vB2Ugh TEqpsncestan PiBFe. tihPraaipali sesere BICK.Rige Woddyat i on.
Test case [ 00%kgdditiy iRg3)dnfibelmnt exposure conditions were nunerically
eval uat ed.

Im' =7(030) = |ithg +(tfg —tbg)%:| +
5 )fs (6)
A I Ec 20 : k ok ok
+[(tfg tbg)pi| . {[ ﬂJ'(dfp J I:TCC(;,;)+TCC(—;’-;JJ} }

[00111) In practice, in GDR patterns typically only the 0 and 1% (or O™
and -1*) diffraction orders contribute to image formation. This reflects the fact
that GDR is used deliberately to bring &, as close as practically possible to its
lowest theoretical limit, thereby benefiting from the advantages of two-beam
imaging in terms of MEEF and polarization, and, of course, die size {c.f. §2).
[00112] The formulation in egs. (5) and (6) is more general and
facilitates extensions to more general cases. The "selection" of the diffraction
orders that actually contribute to aerial image formation is implicit in the TCC
in eq. (B).

[00113] It is evident from the general formula (B) that a function that is
an average of intensilies of pixels of a sub-frame has two distincti'&e
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These exposure conditions differ by the aperture of an illum nation
systemthat was sinulated in order to provide sinulated i rages of a
mask. The function that was cal cul ated was an average intensity and
its partial derivatives (w.r.t line width and MbSi phase) for a
sinple, dense, attPSM (MbSi 6% pattern, with half-pitch 40nm (on
wafer), and 50% line duty cycle. [00132] The first exposure
condition is an aerial image condition and is characterized by
aperture 610 illustrated in figure 6A - Numerical aperture of 0.337,
300 quadrupole with c¢c", = 0.85, ca", =1.0 . Aperture 610 incl udes
four annul ar stoptributipng. Tie1rst @mBibativd -6 hereafreat/, ardeppods $dleynen tar ound

an imaginary clircle.and _spaced art. 9 egrees from each_ other.

[ 00133] The secdtgénS fga}tﬁglsﬁrn '%Sﬂ@agﬁegﬂnﬁéﬁépgO‘?{t’&nqseéﬂls & ePi%hge and
i s charact er i zsdfigsyatiapef theinerg 20quidition syste:ed i n figure 6B -
low-NA/lowc: NA, =0.15, ¢ = 0.1 Aperture,620 has a single
circular slot 621 at its centery =[J[§)b041 4]_];@%} hird exposure cp,rydi tion

is an aerial image condition and ils® chr & rized by aperture 630

illustrated i re -E‘iléwir&;' ! t f 337, 30 dipole
. with am= 0. 83?612?1& fi Q@f . Apg'%r@ﬁ!rmg?\g@@ ‘ls‘gr?g'lqéasaoé‘sh? W‘%’ﬁ%ﬁﬁ%&gpg ots
' 631 and 632 t HRNIHANS, §apends; absoeit Kgherptferamarmmmigisnar y- circl e and spaced
apart by 180 degrees from each(pot her, 13/2rL 'g, i,s the_.pumnerical
aperture of thefh&ghiggt_i;boyf?j@'éﬁﬂiﬁlél Tbgg df Jm[(c&r,x_é on@'?ing
proj ection NA (due tLo opti&hl7 ledd#étron |by ther 5t epper) . pYWereas the

low-NA / | owcC e%gosure condition results in.a non-nodul ated i mage
(since Al NA(199'32) > pyhus; e =t'wblugh ausi bl e "aerial " exposure

condi tions resgiqy Blnn @HH# ?érﬁﬁjsztigﬁsgﬁ%as[( gg&e:?r@he-[%ps&ﬁgets?rgrar\’r\gr &
conputed for the three different exposur& conditl onscot PARGRSCh
partial derivalt f@gtegtedimea. (B Conegniraling pe pieramingpage shift mask line
- patterns (attPSM L&S patterns), two types of feasible (and common)
perturbations can be distinguished from each other.
[00117] First, the duty cycle of the features on the mask — d/p —~ may
differ from the nominal value. This may occur due to mask writing errors
(owing to width variations of the writing beam), or during mask development.
The underlying origin of this specific type of error implies, then, that the mask
pattern has the nominal pitch, but the line width d varies from the intended
value. Assuming the deviation from nominal line width value is small, the
effect on the average intensity is captured by a simple Taylor series (typically
the 1% or 2™ order terms suffice). The effect can be expressed by the
following equation:

2
&, (Ad) = %{;-"Ad +%%Ad2 +o (9)
[00118] Here o&f, =(l, 1, )}/ s, i the change in average
intensity relative to the nominal average intensity 1 1,.nem that is obtained for a
nominal, defect free mask.

[00119] Second, a MoSi deposition error may occur, lsading to a
variation in film's phase shift ¢, that is coupled to a variation in transmission
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were conputed. The tabl e bel ow summarizes the results. The intensity
Is normalized to 1 for a large clear region on the mask: [00137] Tabl e
1l illustrates average intensities and sensitivities (partial
derivative) for the three nentioned above exposure conditions:
Exposure condition 1," [clear-)1] waviad lrun-1] a21j0cr [rim 2]

~acla0 [deg-1] 821-1802 [deg-2] Aerial # 1 (cquad) 0.22 0.0117
5.5)(10-6 2.55x10-4 1.05xle

value. As the attenuation is an exponential function of film thickness, while the
phase shift is proportional to the thickness, one can schematically write

g (8) = 1y expl-q 4 ~ig]. (10)
[00120] Wherer,is a parameter that depends on the reflectance of the
MoSi film, while ¢is a parameter that describes the sensitivity of transmission
to film thickness, and is proportional tox/(n~1), where xand »n are the

imaginary and real parts of the MoSi's refractive index.

[00121] The sensitivity of the average intensity fo MoSi thickness
through its dependence on MoSi phase (and through this on its transmission),
can be expressed by the following equation:

or 18%7
O (Ad)m = Ag+ — 2 Ad? 4 ..,
GY)) Y ¢+2 Y ¢+ (11)

[00122] Considering & mask that is endowed with both types of
perturbations (i.e. both mask line width and MoSi thickness deviate from their
intended values)- a singie measurement of the average intensity error is not

enough to recover the specific error source.

[00123] The error sources (and more specifically — the contribution of
error sources to the images) can be evaluated if different images of the mask
are obtained at different exposure conditions.

[00124] Denoting the iwo exposure conditions by EC, andEC,,
measurement of average intensities for these two optical modes gives, upon
substitution in (9) and (11} (and by omitting higher order derivatives):

@ ol pg, Val pg,
od |, 86 ., )
51 Ol pgy Flwl pg
od ECy 3¢ EC,

[00125] With o189, 815} measured, and the sensitivities of the function
(also referred to as partial derivatives of I per error source) and per

exposure condition computed, eas. (12) can be solved for the unknown mask
error sources Ad, A¢ . In some cases, a higher partial derivative (typically w.r.t

phase) may be required, but the principle is however the same.
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Non-aerial (low NA/lows) 0.3 0.0117 5.5k10-b 1.25)00-4 1.0x10-4
Aerial #2 (dipole) I 0.14

[00126] EC, can be an aerial imaging condition. The other exposure
condition EC, can be chosen is such a way as to maximize the discrepancy
of sensitivities (partial derivatives) between the two exposure conditions. A
practical choice is to choose an on-axis low-NA / low-¢ combination for EC,,
that satisfies

A

NA(r oy L (13)

[00127] This choice renders J,.,. =0 in eq. (8), as the collection optics
does not subtend any of the paitern harmonics (£ 21). In this case only I,

(c.f. eq. [7]) contributes to image formation. It is nofed that adopting this

choice for EC, can provide a robust recovery of mask error sources.

[00128] It is noted that the scheme put forward in eq. (12) can be further
extended to multiple (>2) inspections with a set of different exposure
conditions. This may be used in case the number of possible (or suspected)
mask error sources is larger {e.g., in order to account for haze). Or,
alternatively, one may get an over-determined set of coupled equations (12),
and then increase robustness of solution (to noise, e.g.} through least-mean
square solution.

[00129] It is further noted that in the case of significant deviation of mask
parameters from their nominal values, the Taylor series in eq. (12) contains
higher order derivatives, and the equation set is no longer linear. Still, it may
be solved numerically using methods such as Newton-Raphson and the like.
[00130] it is also nofed that in the same way that an average intensity
was derived from knowledge of the mask spectrum and the exposure
conditions (the information on which is captured by the TCC factors), one may
use eqs. (1), (2) and (5) in order to derive an expression for the amplitude of
image modulation.

Test case

[00131] Three different exposure conditions were numerically evaluated.
These exposure conditicns differ by the aperture of an illumination system
that was simulated in order to provide simulated images of a mask. The
function that was calculated was an average intensity and its partial
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0. 0117 5.5x10-s 3.85x10-4 1.15 x10-4

derivatives (w.r.t line width and MoSi phase) for a simple, dense, attPSM
(MoSi 6%) pattern, with haif-pitch 40nm (on wafer), and 50% line duty cycle.
[00132] The first exposure condition is an aerial image condition and is
characterized by aperture 610 illustrated in figure 6A — Numerical aperture of
0.337, 30° quadrupole with o, =0.85,5,, =1.0. Aperture 610 includes four
annular slots 611, 612, 613 and 614 that are positioned around an imaginary
circle and spaced apart by 90 degrees from each other. '

[00133] The second exposure condition differs from an aerial image and
is characterized by aperfure 620 illustrated in figure 6B — low-NA/low- o :
N4, =015, c=0.1. Aperture 620 has a single circular slot 621 at its center.
{00134] The third exposure condition is an aerial image condition and is
characterized by aperture 630 illustrated in figure 6C - Numerical aperiure of
0.337, 30° dipole with &, =0.85, o, =1.0. Aperture 630 includes two annular
slots 631 and 632 that are positioned around an imaginary circle and spaced
apart by 180 degrees from each other.

[00135] NA,,, is the numerical aperture of the collection optics, equal
to), of the comresponding projection NA (due to optical reduction by the
stepper). Whereas the low-NA / low-o exposure condition results in a non-
modulated image (since 1/NA(1+0) > p), the two plausible "aerial” exposure
conditions result in modulated images.

[00136] TCC factors were computed for the three different exposure
conditions, from which partial derivatives of 7, w.r.t duty cycle and phase
were computed. The fable below summarizes the results. The intensity is
normalized to 1 for a large clear region on the mask:

[00137] Table 1 illustrates average intensities and sensitivities (partial
derivative) for the three mentioned above exposure conditions:

Exposure I, o, /od | 8*I,/6d™ | 01,108 | 8°1,/3¢*
condition fclear—1] | [nm™] | [(nmY [deg’] | [deg?

Aerial # 1 0.22 00117 |55x10° |[2.55x10™ | 1.05%x10™
{cquad)

Non-aerial (low- [ 0.3 0.0117 - |5.5%10” | 1.25%10™ | 1.0x107
NA/low-s)
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[00138]11ls evident fromthe table that while 1st order derivatives

w. r.t. duty cycle are enough to recover the CD error induced by mask
feature size variations, the 2nd derivative with respect to phase is
al nost as large as the |st order derivative, and cannot therefore be
negl ected. [00139] Mbreover, the table denonstrates a | arge

di screpancy between the phase derivatives (1st and 2nd orders)

bet ween different exposure conditions. [00140] This enables a

meani ngful solution of the system allow ng a robust recovery of mask
error source for_even small mask perturbations. [00141]Figure 7

il lustrates t|nerigidiidiipple) { 0.64 of (DMt ¢bFesl e 8.65wdiot’i| origxtod dver age
i ntensity, duty ctycte and—WMS—tayer—phaseand—transparency
paraneters according to_an enbodi nent of- the invention. [00142] Box
710 i 11 ustrat d90%38k  selds eyidant {jom dhealplle dhpd white Eheider/derivalives et
exposure C?ndic_tu;:m\cl;\ksaré ﬁugmgﬁl'{o reBSver e @D !eﬂtrmﬁcru_eé&@ _FnQékl ﬁgznn?BéﬁeV;% to
average i ntensity. n tdhe exposure condition i i pole”. Bo
illustrates a Vgg%tg’f]?'i? %yg?rga’g’?éﬁéé%sp?ﬂ?‘b’?{?ﬁ?S?Ma%)ﬁ@e@ﬁﬂﬁsﬁtr e
condi tion is "drasydbiivativepandséannot[titiddidi@lbeBogleceld i | | ustrates the
sensitivity t cy e %}ﬁm | bl LS . ad". Box
750 illustrat gg&? ?1% seﬁglﬁeﬁ y\é\/}i {Bes:t {bﬁe ut yﬁtl(':%}% %%\?\%eé{écg%gh%x%eg‘g%erne

condi tion is "Bf pbpee dephivess (i BPdiA'r Rrdess) abedwensi diffetenty exposdiet v

cycl e when t heoggigmsure condition is "low NA [ow s". [00144] Box 770

illustrates t sitivity to MSi | r thickness en t he exposure
condition is q@%@@g . EE)'& e\é%eﬁ ?ITF?PWQ%E‘?“E“HB Ogé F¥S¥\41W'tiu°‘f"89 RoSi
| ayer t hi cknegsbushigpovelyesf maplosimTeowemidi ¢veosmals mask geoligationBox 790

~illustrates a Ui ViR Yret ' Bhsitii osure
ondit ] on°t o IECBL VEkel |XErbIE KGR bR BRgferes)

. coupl ed equati‘ons

condition is "l ow . i ] : nti oned
above equati or® RERIHMBEN Y CYLE PBE MASH layak Rhaser ¥1d Basperenayl so f or

sparse and serparabjetdrs 8coriiigas B embditeae of thdRvéitib@Ng dependence of

a4, 150 on t he.[ﬁ)@l%# ﬁul( %@3 ?@i%?r%%ﬁﬁ%?%‘g%@hgIto;%]\%!re?g%ti%gnstitp ev ertl 91%
exposure condition is "cquad". Box 720 illustrates the sensitivity to average
intensity when the exposure condition is "dipole”., Box 730 illustrates a
sensitivity to average intensity when the exposure condition is "low NA/ low s".
[00143] Box 740 illustrates the sensitivity to duty cycle when the
exposure condition is "cquad". Box 750 illustrates the sensifivity to duty cycle
when the exposure condition is "dipole”. Box 760 illustrates a sensitivity to

duty cycle when the exposure condition is "low NA/ low s".

[00144] Box 770 illustrates the sensitivity to MoSi layer thickness when
the exposure condition is "cquad". Box 780 illustrates the sensitivity to MoSi
layer thickness when the exposure condition is "dipole”. Box 790 illustrates a
sensitivity to MoSi layer thickness when the exposure condition is "low NA/
low S".

[00145] it is noted that the mentioned above equations can be extended
to recover mask eror source also for sparse and semi-sparse patterns.
Indeed, the strong dependence of &7,,/8¢ on the particular exposure

condition indicates that the coupled equations in (12) remain non-degenerate,
thus allowing a robust recovery of the sought mask error source (Ad, Ag).



thus allow ng a robust recovery of the sought mask error source The
applicability of the nethod for sem -sparse and sparse patterns is
the reason for the apparently cunbersone series formalismin eqgs.
(5)-(8). [00146]Figure 8 illustrates method 800 for evaluating error
sources associated with a mask, according to an enbodi nent of the

I nvention. [00147] Met hod 800 may be executed by system 500 of figure
5, by a systemthat receives data frominage obtainer 530 but this is
not necessarily so. [00148] Met hod 800 starts by either one of stage

810 and 820. [TA§kfPicSiimper &bOméthed meamp@b@ulaaaigpgrsa pafaas g et y of
the mask inage obt

. Th
Sour cos may 1 eaveinr R Rbal ERdpt St skt ki Mot For ource
three error stiPié@ds andowechilligirates Mhibod BRG Morseahuetng ragr airdesnked t o
each other or ,oRYi.RE \nhtﬂ‘i'rﬁd‘sﬁra"c%rdﬁw&to%%b%t%ﬁtof kG RREckhe

sensitivity data may describ each error. source or
conbi nati on 01{00é4ﬁl ur aﬂ"?tf‘?ﬂ 690 @'PY B? eé‘?ﬁ':ﬁeéé’g sy¥emrOP hfeure st BY Aed by

t he mask i mageystdrh 8iabidgivedy @tesom irhalRlbikjndnsHY KU thisie ot secatarigf f ect
one or nore paraneters of the image such as a critical dinmension of a
pattern (as r &1 ect ed by the image), a statistical function
(variance, ne#i®14@ll ue) Methodddtstatsdy ieither ahe ofistaga i ®and 829. i ntensi ty

variation of tdgad mflgesm@é‘@ﬁ fﬂ@lu&és&%lcufa%@ﬂé&@@%f&ﬂ@n'IaQ!@in‘\é‘i’;@s (i )

stage 811 of receiving calibration data representative of a inage of
a reference p&PPBING Profses iofRyire Bor5arPeR BBRICTRISPRrRS MR NCIUAR Pl ect an
I nducti on of @fst efrorSurceeshdtDsddafd e&éﬁoemethmtérm Bourddese evehhe

perturbed pattern differ rom C y.the err s t hat
DT ot ed t hanoknant oy SpichS Ml 36 dpdSFarthonkl 8 80 B ndmE=Gr, ' of

t he mask |rrag§a@‘tntmrn| ng process to a pI urality of error sources

based on a relg@k5@nshi theRHMRAN dhtA endy FESI NS Hhe Gabdt BF &lch QhofRluRe
or a combination of a plurality of error sources on an image obtained by the
mask image obtaining process.
[00151] An error source may affect one or more parameters of the image
such as a critical dimension of a pattern (as reflected by the image), a
statistical function (variance, mean value) of such a critical dimension, an
Intensity variation of the image, and the like.
[00152] Stage 810 includes: (i) stage 811 of receiving calibration data
representative of a image of a reference patiern, and images of perturbed
patterns that reflect an induction of error sources to the reference pattern,
wherein the perturbed patterns differ from each other by the error sources that
affected them; and (i) stage 812 of evaluating the sensitivity of the mask
image obtaining process to a plurality of error sources based on a relationship
between the received calibration data.
[00153] Stage 811 can include generating the calibration data.
[00154] If a first and second error sources are being evaluated then
stage 811 includes recelving an image a first perfurbed pattern and an image
of a second perturbed pattern, wherein the first perturbed pattern reflects an
induction of the first error source fo the reference pattern, wherein the second
perturbed pattern reflects an induction of the second error source to the
reference pattern. In this case stage 812 includes evaluating the sensitivity of
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[ 00153] Stage 811 can include generating the calibration data.
[00154]If a first and second error sources are being evaluated then
stage 811 includes receiving an image a first perturbed pattern and
an i mage of a second perturbed pattern, wherein the first perturbed
pattern reflects an induction of the first error source to the
reference pattern, wherein the second perturbed pattern reflects an
i induction of the second error source to the reference pattern. In
- this case stage 812 incl udes eval uating the sensitivity of the mask
| i mage obt ai ni rige paskimege taibihg plhbessto thadrssaticedorgranor sants basedbased
On 2 reratl onsiiNoBRnRE Beliden hEFELNER ARkl O data. [00135]1
three or nore error soufrces are eva uate then stage 811
i ncl udes receill'd8 an |fﬁ'ﬁg‘é°bmpfﬁ@@f@PUfﬁQﬁ@’er}@F‘QlﬁV@é@Fa%éh%eq{m I n

this case staga1&lhidesedcuiing aavmb%eas itk émoréqya&mbéd/baﬁer@ if e mask

i mage obtainin to error sources
' basgd on a relS g ?3?‘?@ %2‘0&’3&@3‘% ef’ﬂléatwgc'%?v?as'%ﬂ’l?fr& BAsky dpage
| [ 00156] Accor diohtgining mnc&saho@adent thefthieher imwe ptrorosourdes hasedyen af t he
! reference patt Etﬂm'srﬁp g%gémg vy ﬁgﬁéljétld "HBge obtaining process that
0

- conprises simu at| on ograp C process. [00157] According to
" an enbodi ment [@F156he i Aterinadh antrmhodisset offthe fwention dhecimase atheern i s

| obtained by pre6Rass Pattertl ki @henddBPes nakk iidaR) bMainfgnprosats hat t erns
of a mask that were ge obtai ning process that

| conprises optiCaPISi 51"?”?%%3ftﬁb'ﬁlbogfa}r{’g'°ﬁﬁ?§ﬁss This image of the
- reference pat tl@h7lcan Becordygalo dmcenawdmehyad thie imventioh dheintgetdiftte | S
based on | MOGseLRal b ﬁ.QQ%[b.ﬁ@d byprBRs8hd R il haBbLofianP Rl Dased

on sinmulation. [00158] Accor nven i on
stage 812 i nclPaRes &t 3@@381@"6‘?’%6‘?@?%& by g sk firergeneiaining gesessnher ei n

. each di fferenctreatlcﬁmgﬁse&emamgenmmrdmfg‘ méemﬁ et weer dfhee rdr@gme0f the
ref erence pattg&gmand an |rra e_of, Leﬂ%ﬂce% atter St a eth§t13 is

fol L oved by statan 5308 oadPe ar 8t § veped oniFeg
par anet ers of asaerhicaliyfobieingd eed amgtapurél\hww ongmolatioror e st ati sti cal
paraneters mayoge] ect A&J&?dlfﬁﬁﬂ%h Bh‘l‘lﬂb&n}ﬁerﬂfof {héenvgmk stagB8%2 thé’ésm ng

process to one or nore error rces. [00159]1 for exanple first
and a second é‘fatgﬁr81§d3{1r986%’até{\ged' %ﬂcﬁd'ﬁ“é@st WB‘?fe@t%?Q@ JFfRLENER (Taste
generating a fre;frssient%l diffeemoecieetwesnotbe tithade oethk atferentd phtdren@asanbet ween
t he i mage of t r a of e

ref erence pat :”ﬂ%}'l % Bgrﬁjerée;at P%ge"g %%@; %éggg %@rﬁlghg@g%t g é19h%f
reflects di ff@ﬁbﬁ@'@@ pret W Eipre ﬁ@tiﬁtwalgear@met@nseofs@a;bndiﬁgemqeumtaeel

pattern and th@eidTBee opfr)oﬁehﬁaﬁsﬁnf:é? rp%%ﬁ’%td?@%? Tdhect O L8RtV PR case

stage 814 i ncl udﬁs cal %u ati ng one or
maskK Image o taining process to one OI' more erfror sources.

{00158] if, for example, a first and a second error sources are evaluated
then stage 813 include generating a first difference image that reflects
differences between the image of the first perturbed pattern and the image of
the reference pattern and generating a second difference image that reflects
differences between the image of the second perturbed pattern and the image
of the reference pattern.

[00160] In this case stage 814 includes calculating one or more
statistical parameters of the first and second difference images. At least one
statistical parameter of the first difference image reflects the sensitivity of the
mask image obtaining process to the first error source. At least one statistical
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statistical parameters of the first and second difference imges. At

| east one statistical paranmeter of the first difference inage
reflects the sensitivity of the mask i mage obtai ning process to the
first error source. At |east one statistical paraneter of the second
difference inmage reflects the sensitivity of the mask i mage obtai ni ng
process to the second error source. [00161] At | east one statistical
paraneter of each of the first and second difference i mages nmay be
associated with a critical dinmension. [00162]A first error source may
be a vari at i orpadmetertdfitrekseesss mlfreratcehra@getrgﬂum thay&isitioly dhee ﬁﬁggk Thi s
| ayer may be ond error source may be a
va¥iatio% I n ng$§%m$ﬁX§Bm?4 %}@§§§?ﬁ§§WFéPW“ 1 00164] According to an
embodi ment of PHET] nveht leas ose algiistisal parmmpter nicdagil ef the Gt andngpcond

cal ibration daiferdRBiRe@aial by 8-0biallh Wih Bfichtfenid! the Tef erence
pattern, multi each pertur pattern out of a plurality

| mag
of perturbed HQQ@@( ns: EMFEPWOH[?PWTJIQ? 3 Yasgiew e hickigaeofipileast n are
obt ai ned at dldnfa@yerxﬁfthd thaiki Thas lager mmdlatmdm&yer[ 00165] The different

il
[00166] &t g A0 Fhe uACTBERErAR-BR WM iR e of

t he mask pattern.
[00164] According to an embodiment of the invention stage 811 may
include receiving calibration data representative of multiple images of the
reference pattern, multiple images of each perturbed pattern out of a plurality
of perturbed patterns; wherein multiple images of a same pattern are obtained
at different illumination conditions.
[00165] The different illumination conditions comprise an aerial image
condition.
{00168] Stage 820 includes receiving sensitivity data indicative of the
sensitivity of the mask image obtaining process to a first and second error
sources.
[00167] Stage 810 and 820 are followed by stage 830 of receiving image
data representative of an image of a region of the mask. The region of the
mask includes a mask pattern.
[00168] Stage 830 is followed by stage 840 of detecting at least one
error source in the mask pattern based on the image data and on a sensitivity
of a mask image obtaining process to a first and second error sources.
[00169] Stage 810 may include;
[00170) (a) simulating a region of a (periodic), unperturbed pattern of a

mask, to obtain the aerial image 7,(x,»);

[00171] (b) For each error source (each perturbation type} m <fl...M}]
simulating an image of a perturbed pattern (a pattern that is endowed with a
very small perturbation of the type m. These images are denoted /™, (x, ).

smulf

[00172] (c) Calculating difference images
A (6, ¥) = 150y (2, ) = Ly (%, 7).
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sensitivity of the mask inage obtaining process to a first and second
error sources. [00167] Stage 810 and 820 are foll owed by stage 830 of
recei ving image data representative of an imge of a region of the
mask. The region of the mask includes a mask pattern. [00168] St age
830 is followed by stage 840 of detecting at | east one error sourcge
in the mask pattern based on the image data and on a sensitivity of a
mask i nmage obtaining process to a first and second error sources.

[ 00169] St age 810 nay include: [00170](a) sinmulating a region of a

(periodic), unperBpr begyupatiter Br ach HRFK. 199,.9Rt 8} Dt he, aghial i mage
10 (x ,Y); [00171]¥b) Fér ééﬁh grfgr gogrcé“(égghg%ggf9?5a§%%§4type)
i n sinul ati ng Griical Pirgensioh varigien bopYed pattern (a pattern that is
endowed with ry s I turbation of the type in. These inages
are denoted lgTﬁgfﬁ,y) ggfggiﬁéﬂng%%lculatingdifferenceinages a- al
(x, = /=11 (x,1001q] [ G)OBGnigtandebdend a nizek patrei- bemas #ksi) " (X, E
extract Criti(i(% a'men?bsgn var i at i_f?n 5CDt, . [00174] St age 840 may

i ncl ude: 17 alculating a differential image: AI(x,y) = I(x,3) = I,(x, y).

[00177] (c) Calculating the quantity E, wherein

M 2
E(fyse Sy) = Z[N (x,) ‘"meN s(r?:;n(stJ)] . Wherein E is a least-
xy

=l

mean-square “error" with “sensitivity factors" 7

mn

y assuming that the
perturbation that led to Al(x,y) can be decomposed into individual
contribution by all the M perturbation types.

[00178] (d) Differentiating E(f,...f,,) w.rt al the '8 (mel[l.. . M]),

and equating to O gives a set of the "best" (in the LMS-sense) fj,, 's:
[00179] Stage (d) may include;
1 . DEﬂning 7 Ahu = Z[foi?:ﬂ (‘x’y) M(M) (xay)] 1

smuail
xy
By = ¥[A1Ge, ) AI9, 5, )],
Xy
2. Finding the LMS solution for the set of "best" 7. 's by solving the

M A
linear system >4, /. =B, , (k=1..3).

m=}

[00180] And (e) Estimating the variations in the critical dimension of the
mask of a object that is manufactured by utilizing the mask wafer CD:

M ~
xD wafer = Zf m 5CD\(:JEH ¢

m=t
{00181] Figure 9 illustrates an aerial illumination condition aperture 910
and a non-aerial illumination condition aperture 920 according to an
embodiment of the invention.
[00182] Aerial lllumination condition aperture 910 (also referred to as Al)
is characlerized by a Numerical Aperture (NA) of 1.204, it has an annular
shape of 0.826 / 0.913 (sigma infout). Non-aerial illumination condition
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[00175] (a) Obtaining an image of a nmask pattern - denoted (X,

[00176] (b) Calculating a differential imge: 13.4x,- .to(x, Yy).
[001771(c) Cal cul ati ngt hequantityE, wherein 2 EU, f m) = E cx,y)
ELA/5 7."11(x, y) . Wwerein Eis a least- x,ynmrl nean-square "error"
with "sensitivity factors” f"" assuming that the perturbation that
led to Al(x,y) can be deconposed into individual contribution by all
the M perturbation types. [00178](d) Differentiating E(f,,... fm
wr.t all the fnis on EP and equati ng to 0 gives a set of the "best"
in the LMS-sens S: 00179 St age i ncl u

E)efl ni ngAt , , aeefﬁ%twale% Jgred 10 g of Eﬁr%"»feﬂ(sad bwAALU (lwasw] 2.
Fi ndi ng the Lbfhueolshddean 0602 /0.8 (Sigtna affouflpest™ 1," 's by solving the

m | inear syst i 1 ngaBid lopzhees Mio 85D LOOIRQLARC 5k FRL I ™t i NO
the variation |nthe critical oh-of THe
sensitivity of the mask image obtaining process to each of three error sources

— variation of MoSi layer thickness, varlation of y-axis length of a rectangular
mask aperture and variation of x-axis length of a rectangular mask aperture.
[00184] The sensitivities fo each of the three error sources per each
illumination condition (using aperture 810 or 920) are illustrated as multiple
graphs in figures 10A and 10B. These graphs illustrate the relationship
between an average intensity (51) of sub-frames of each obtained image and
differences (6CD) in the critical dimension of each pattern for Al (figure 10A)
and OAC (figure 10B) illumination conditions.

[00185] Figures 11A-11D illustrate sensitivity and estimation errors for
muitiple illumination conditions according to an embodiment of the invention.
[00188] The three error sources that were estimated were: (i) MoSi
thickness variations alone (represented by blue markers), (i) aperture y-axis
variations (represented by red markers) and (i) "Composite" error sources
where both MoSi thickness and C/H y size are changed simultaneously
(represented by green markers).

[00187] Figure 11A illustrates estimated Critical Dimension variation
obtained from images of a mask obtained by applying aperture 910 (Al)
versus real critical dimensions of wafers manufactured by the mask.

[00188] Figure 11B illustrates the relative error of a critical dimension
estimation (relative to the true critical dimension variation of the wafer) under
Al conditions.

[00189] Figure 11C illustrates esiimated Critical Dimension variation
obtained from images obtained of a mask by applying aperture 920 (OAC)
versus real critical dimensions variations of wafers manufactured by the mask.
[00190] Figure 11D illustrates the relative error of the critical dimension
estimation (relative to the true critical dimension variation of the wafer) under
OAC conditions.

[00191] Those skilled in the art will readily appreciate that various
modifications and changes can be applied to the embodiments of the
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mask of a object that is manufactured by utilizing the mask wafer CD:
~kf OCD'cf" = EL OCR" . nrl [00181]Figure 9 illustrates an aeria
] illumnation condition aperture 910 and a non-aerial illum nation
“condition aperture 920 according to an enbodi nent of the invention.
[00182] Aerial illum nation condition aperture 910 (also referred to
as Al) is characterized by a Numerical Aperture (NA) of 1.204, it has
an annul ar shape of 0.826 / 0.913 (sigma in/out). Non-aeri al
illumnation condition aperture 920 (also referred to as OQAC) is

characteri zed ientith @f heteidbeforé dB@BbANWIERIMREMSNRBA 118TscOhebiefindd O- 874
(sigma in/ out)| a;@%ﬁg%%gﬁgqﬂm apertures e?910 920) were used to
I VI 0

sinmul ate the sensi M rask i mage obtalnlng process to each
of three error sources - variation of MdSi |ayer thickness, variation
of y-axis length of a rectangular nask aperture and variation of
x-axis length of a rectangul ar mask aperture. [00184] The
sensitivities to each of the three error sources per each
illumnation condition (using aperture 910 or 920) are illustrated as
mul ti ple graphs in figures 10A and 10B. These graphs illustrate the
rel ati onshi p between an average intensity (61) of sub-frames of each
obt ai ned i nrage and differences (6CD) in the critical dinension of
each pattern for Al (figure 10A) and QAC (figure 10B) illum nation

- conditions. [00185]Figures 11A-11D illustrate sensitivity and
estimation errors for multiple illumnation conditions according to
an enbodi nent of the invention. [00186] The three error sources that
were estimated were: (i) MSi thickness variations alone (represented
by blue markers), (ii) aperture y-axis variations (represented by red
mar kers) and (iii) "Conposite" error sources where both MS
t hi ckness and C Hy size are changed sinmul taneously (represented by
green markers). [00187]Figure 11A illustrates estimated Criti cal
D nensi on variation obtained frominages of a nask obtai ned by
appl ying aperture 910 (Al) versus real critical dinensions of wafers
manuf actured by the nmask.
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[00188] Figure 11B illustrates the relative error of a critical

di mrension estimation (relative to the true critical dinension
variation of the wafer) under Al conditions. [00189] Figure 11C
illustrates estimated Critical D nmension variation obtained from

i mges obtai ned of a mask by applying aperture 920 (QAC) versus real
critical dinensions variations of wafers manufactured by the nask.

[ 00190] RCpmrasSl1iD illustrates the relative error of the critical

di mension estimation (relative to the true critical dinmension
variation of the wafer) under QAC conditions. [00191] Those skilled in
the art will r ! i I. O mdi T i

changes \(,:\ién bgf?ggglh?{deg&?%g?{ﬁ%&gnggﬂ? ?rente'g %?oﬁgd V\%Iﬁlstgnlg?%hqg% method
her ei nbefemprgegeri bed wi t hout departing fromits scope defined in
and by the appended clainms. CLAI 1. A nethod for. eval uatJ eryor
sour ces associrg?eé‘an%m?q)ha’é infgrigge, f]?\“{g fﬁ%ﬁﬁBﬁgg%ﬁgﬁ‘%ﬁl% 1mages of the mask,
recei vi ngwhdvwinalie molkiplefidages wiat ablatied @sdiffe@hi sofire BMditidake | mages of
t he mask, wherejn the nultiple jnmages were obtained at different
exposure condi CtaICB}?éng’ for eachygybeligag pRgot 2 glurdiy 19t subimmanel ger muktiple

pluralit Hnﬁ%esﬁ H?afpf&'gﬁgr AmhificiVely Ruplel TREE Sntel?¥ceda H{ngﬁ&?éﬂﬁtensities

comuni catively coupled to the interfate, a function of Intensities
of pi xel sofpixalshef thedybtirametotmoydeomutiplawaldulattdvatadscardat ed val ues; and
detecting, by .processor. the error sources bas 0 e

cal oul at g vl o8B FSRE BipestcOE oL bidr PRIEC BpO BRde e elyewands

error souas&l on nsifiviciesr®f the thirdieotodiabigetiér sehi@em 1 wherein the
function is an intensity integral.

2. The method according to claim 1 wherein the function is an intensity integral.,

3. The method according to claim 1 comprising calculating, by the processor, for at
least one sub-frame multiple functions of intensities of pixels the at least one sub-frame

to provide multiple calculated values.

4. The method according to claim 3 wherein the function is an intensity integral.
5. The method according to claim 3 wherein the function is a variance of intensities.
6. The method according to claim 1 comprising comparing, by the processor, between

calculated values associated with sub-frames positioned at a same location within

different frames.
7. The method according to claim 1 wherein one image set is obtained by applying an

aerial imaging condition and at least one other image set is obtained at an exposure

condition that differs from the aerial imaging condition.
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3. The met hod according to claim1 conprising calculating, by the
processor, for at |east one sub-frame nultiple functions of
intensities of pixels the at |east one sub-frane to provide nmultiple
cal cul ated values. 4. The nethod according to claim3 wherein the
function is an intensity integral. 5. The nethod according to claim
3 wherein the function is a variance of intensities. 6. The nethod
accordi ngd.t o cTlai methodcaxiadingi to glato peteraig ondoyhap b eet iy Gl€isS0Y, appBingean
cal cul ated val ues assqci ate i th sub-frames positiaoned at a sane,
locat i on SHFERITHAEE SBAEIR 2P 4insest ot Other Mgk o8 SLeiey FrigloponEReicah 1
wherei n ofertifepge set is obtained by applying an aerial imaging
condition and at | east one other inage set is obtained at an exposure
condition that differs fromthe aerial imaging condition. 8. The
met hod acgor di ' - {.n_ope _|nege s hS: 0bt ai .
appl yi ngC%n aeﬂ%ah%fh%ggécggl%é%go: ? !aéqlr} gncghgg%éa%icu%aﬁlggb%’ﬁe@ giprgg%éésoé’et
i s obt ai needsitititias bbvhenfin@icncial caap errbtis@irce By sihdatingt dhadgaadaar divatatddo

claim1 conprising.calculating, by the processor, sensitivities of
The Tuncenth. (GmBBuRe erber SO Byms: B eRng o ShoRs. pielsied. mask,
si mul at ed:alfafding StheUAdtioROfor e B8R DiALMAHesk fOProRtlel LdIMITABAARRs Ofnd
the sinul ated mask, calculating the function for sinulated sub-franes
to provi cempariag befveen Gigkeledlatedyaluesnpar i ng bet ween the cal cul at ed
values. 10. The nethod according to claim 1 conprising cal cul ating,

by the processor, sensitivities of the function to each error source
by si mul atl. ng Theamgtsd | atcardgigntd atagd hreskprisingudabtuiatige] bagae pebdessoned

froman illum.nati of the sinmulated mask, at. nyltiple illumnatjo

cond! ¢ orenRUE PERernttE Puiich RO FOFoS i B o Pt
provi de thgkeahtial @daseslobRsned Frbnt SRk iNGioR OF NREIM S8 WAk 80multiple
values. 11. The nethod according to claim 1l conprising determ ning,

by the priegisgen condifions; errplameghe Buctionfospinmated silcframenteprpgide the
manuf act Lgaﬁqlapéﬁ %tldeg'aﬁd Qﬁnﬁﬁﬁé%@@lﬁf&n cgigulat-gﬁgalggst. hod according to

claiml conprising determning, by the processor, a contribution of
an error source that is related to changes in a thickness of an

attenuated phase shifting lLayer gf. the nmask. 3. A systemfor

eval uat i nla‘ er ?@'? @%b?%@gg’é@géct?a@@@ i PR SHEs é?te‘E“HBméin fif processor,
conpri si n@ria@hsioft@ediae of bbaticleebf iyv@smiadtarell 6P LERARE MeinyRk Of

mul tiple i mges of the mask, wherein the nmultiple i nages were

obtained at different exposure conditions; and a processor that is

configured to @Rl Gihad Gecoldhe Q@%Eilﬁuplﬁgﬁl@qﬁna H%t]gt%infﬁgg ‘SJ? il E&g?sggr, a

sub-frames of the nmultiple images, a functio I nt tre

pi xel s ofcontrdbugonp of ammpeort spumedhitde reteted iptlenged i tidkdessalf wesiitemnatkdt o
det ect th% ernor. s au‘r;:g:efs(hbas d on the cal cul ated values and in
response FEEBHEPE AP ST BEK e f unction to each error sour ce.

13. A system for evaluating error sources associated with a mask, the system
comprising: an interface that receives data representative of multiple images of the mask,
wherein the multiple images were obtained at different exposure conditions; and a
processor that is configured to calculate, for each sub-frame out of a plurality of sub-
frames of the multiple images, a function of intensities of pixels of the sub-frame to
provide multiple calculated values; and to detect the error sources based on the calculated

values and in response to sensitivities of the function to each error source.
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14. The system according to claim 13 wherein the function is an
intensity integral. 15. The system according to claim13 wherein the
processor is configured to calculate, for at |east one sub-frane,
mul tiple functions of intensities of pixels of the at | east one
sub-frame to provide nultiple calculated values. 16. The system
according to claim15 wherein the function is an intensity integral.
17. The syt erMlaogsedi sacoriiaged aait 15whbeirehs fitndeod 14na tihtersity $ntdgral.
variance of intensities. 18. The systemaccording to claim 13
wherein the processor is configured to conpare between cal cul ated
val ues asgpci af]?éjsty\é‘ﬂefnhacé&gm rt@%ﬁn @9%&1‘&3%6@[9@1@ ce?so?fé%m?g%&@ttb Qilculate,
within different frane he systen1acc ding to clarm
wher ei n ofee ai hﬁ%je)nﬁwb-tﬁltamenmltb?}e Gppligrisny intensitesi ofl pikelngf thg at dendi oneon
and at | eagt he ed at an exposure condition
that dif f%f%sﬁ %eotr%% Véé%%nrqﬁgﬁa Caﬁmpa?er‘ligvacoﬁdl tion. 20. The system
accordlng to cIa|n113 wherein one imge is obtained by applying an
aeii al condltlon and at | east one other .inmage . is obtalned at
a | ow nu . ca hesp¥mircenrding 10 clame | SYRersi the Burtvhig ap dntensay integal.
wherein the processor is configured to calculate sensitivities of the
function to each error source by sinulating changes in a sinulated
mask, si M at iHy systegascadinaitnddint t bwhensin the tmtivatis omarginct bfEintensities.
si mul at ed mask, calculating the function of the intensities of pixels
of a sub-franme for nultiple sinmulated sub-franmes, and conparing
bet ween cH. cul Zhedsieal mslzdmg]?ta c]a'ﬁiﬂad 3sylsdr ﬁffﬁl&fﬁ@d’e&bﬂg configired & cﬁbﬂ}pareh
wherei n the is. configur to calculate sensjtivities of the
functi on TovEcTRIGHE vl é%sogg? o) Wilh 0Py R dtogRionsch ab as§ams loceipn
mask, si nydiahdrerédi®@gesobt ai ned froman illum nation of the
simul ated mask at nultiple illumnation conditions, calculating the
function of the intensities of pixels of a sub frame for nultiple
si mul at ed, gsub- ul .at ues
The. syst et ace mearnem SR BT YA sNhSBE o€ TpEl BB Y AR e
vari ati omnalhnagfnga:budleomﬁncbm lust drel oghdr Imahgel is ohﬁmaﬂ acinexpdsddy condition
ut|I|2|nqh gﬁ ﬁ? no4: he syste accordlng to claim 13 wherein the
processor 'y %?"ﬁagiaa% {R3ERE FBAU™ an en-or source that is
related to changes in a thickness of an attenuating phase shifting
| ayer of the mask.

20. The system according to claim 13 wherein one image is obtained by applying an

aerial imaging condition and at least one other image is obtained at a low numerical

aperture.

21.  The system according to claim 13 wherein the processor is configured to calculate
sensitivities of the function to each error source by simulating changes in a simulated
mask, simulating images obtained from an illumination of the simulated mask,
calculating the function of the intensities of pixels of a sub-frame for multiple simulated

sub-frames, and comparing between calculated values.

22.  The system according to claim 13 wherein the processor is configured to calculate
sensitivities of the function to each error source by simulating changes in a simulated

mask, simulating images obtained from an illumination of the simulated mask at multiple
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illumination conditions, calculating the function of the intensities of pixels of a sub-frame

for multiple simulated sub-frames, and comparing between calculated values.

23.  The system according to claim 13 wherein the processor determines variations of a

feature of an article that is manufactured by utilizing the mask.
24, The system according to claim 13 wherein the processor determines a contribution

of an error source that is related to changes in a thickness of an attenuating phase shifting

layer of the mask.
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