
Iterative procedure for in-situ EUV optical testing with an incoherent source 

Ryan :\ fiyakmHt' and Patrick Naulleau 

Lawrence nukeic!! ;VuliO/wi [auamtary, Berkeley, CII 947217 

A \"ideh Zakltor 

DCfi!. of Electrical Enl)lIwcring, CC !Juke/ey, Berkeley CA 9/;720 

(Dated: October 1:3, 2(00) 

\\'0 pt'Opose all iterative Illethod [or in-situ opt ical testing under partially coherent illumination 

t.1"lt relies on t.i1e ri1pid cotrlput.al.iun o[ ael'ial images, III this metilod a known pat.tel'll is inwged with 

the t.est optic at several planes tht'Oligil focus, A lIlodel is created that iterates through possible 

abcJ'I'atiol1 maps until t.i1e thl'Ough-[ocus series o[ aerial images matches the experimental reslJil. 

The computation time of calculating the through-focus series is significantly reduced by ROeS, an 

adapted [orm of the Sum Of Cuilerent Systems (SOCS) decomposition, In this method, t.he Hopkins 

formulation is described by an operator 5 which maps the space of pupil aberrations to the space of 

aerial ilnages, This operator is well approximatecl by a truncated sum of its spectral components, 

PACS numbers: 

1. INTRODUCTION 

As EU\' optic,)l systellls 1I10\,(~ to larger numerical apertures to achieve higher resolution, it is crucial to have a simple 

,wd reliable procedure for chantcterizing the aberrations present ill the optics, Standard interferollletric teclmiques 

,II'<~ 1II0I'e dilficult lo perforlll ,It Ili;;her 111I111eric,d ,)pertllres, RefercIICl" wove illterreroilletry such as PSjPDr requires 

slIwller pi II holes t hat are d i Ificul t to fabricate and I)l'O\'ide low photon flux that gi ves poor contrast fringes [1], 

Crating-based interferometry such as lateral shearing interferometry (LSI) is promising, but has strict tolerances Oll 

the posi t iOll and ti I t of the optic)1 elelllellts \V ltich COli pIe \\'ith aberrations much lllore prolllinently at higher nUlllerical 

ilpl'I'tlll'eS, '\Lllll' ilerillive jll'llCeclll],('s hil\"(' t.he benefit of being independenl. or 1l11l11erical Dpt'rt11l'C, milking I.hel11 n11lch 

1IIOre e:\perillle1ltLllly feasible, They ,)bo h,)ve the advantage tltat they can be lllade to \l'ork with e:\isting tools with 
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no '1drlitional experiment,11 setup. 

II. SETUP AND PROCEDURE 

"-\ schenmtic represellintion of a typical [LV optical systelll is shown in figure 1. Light racli;)lcs frOll1 ,111 w-;(endcd 

incollerent source placed in thc renr focal plalle of a collector optic ChDt illUlllillates a test p8tterll. \\·hich is illIDgcd 

by tlIe test optic onto the cletector. Here. the detector can either be Ll eel) CClllwra ill ')11 i1ll8gillg setup. or n resist-

coated \\·,lfcr in a lithography setup. \'"10 obtDin a through-focus series of irn8ges by tnlllSlaLing tile detector st,lge ill 

z between each exposure. III a liLhography tool, inwg(:s me obtailled by devclo[ling the photoresist ,llld vie\\·ing thelll 

by it scnnning electron microscope (SEl'd). llsing the commerciDI software Su!'vL\IIT to process [HId com·<:'rl the illlnges 

into bi no ry line-edge profi les. 

All illlportallt consideration is picking a lest pattern tlwt hns a uniqlle through-foclls si,',;n8lure ill respollse to 

the aherrntions of illterest of the test optic. for exmnple, n test pattern cOlllainillg olliv vertic81 lilies In,lY be ;) 

poor clloice since it has a simil8r through-focus sigllature III response to aberriltions tlwt are sYlnllleLric 'Jbout tile 

y-axis, Sl.lch i1S spherical 8berr8tion 8nd secondary .T-!) astigmatism (each of which Iws a 4th order x-dependellce ). A 

proper test pattern will hove cJ dill"roctioll pcli:tern L1wt slifTicielltiy probes the lest optic pupil. II" cl C,lse cnises where 

certaill abermtiolls are more irnport8nt. than others to detect. an appropriate test pattern call be desigllcd to sClld 

the dirrrnclrrllight. ;-11 tiHgeted rlnglcs. 

A Aow-diilgram of the recollstruction algorilhm is shown in figure 2. A computer model of the optiC<JI system is 

genernLed llsing the known lesl pal I ern 8nci SOlliTe !1ilrnmelers. 11 hns been ShOWIl [211h<l1. the err('cL 01· resi.'1 iJhlnillg 

CDn be modeled as a lillear system whose point-spread functioll is described by a host fUllction \\·ith parmneters tlwt we 

olio\\' to floot in the algorithm. All DeriEd irnoge through-focus series is generLltcci via ROeS Iising il inil.i'JI guess vector 

of aberrations. In the illl'l.gillg setup, a lllerit f\lnction is generated by cOlllpi1ring the ilililge series to the experill1Cllt,ll 

ncr-i,ll irni1ges. In the lithography setup. tlle i1l18ge series is convolved with the resist poinL-spreild function. thwsllOlded 

iJ nd compared wi I. h t he ex peri menlo I line-edges. The o.berra Lion vector Dnd host ru ncl ion pD I'D meters a re mod i fi eel 

using a genetic sill1l11ated anne8ling <1lgorithm whereby the best results from a set of illdependent trials is used clS the 

initial gness of a subsequent gener:Jtion of trials. A merit function is generated that serves to measure the proximity 

of the guess to tile clctllDI solution. The calculation is performed iteratively until the llllOrit fllllCtioll re;Jches a desired 

tolerance chosen to accommodate the le\:el of 8ccur8CY required by the test system. 
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llI. FAST AERIAL L\IAGE CO,\IPUTATION VIA ROCS DECO,'vIPOSITIO;\i 

Tile roiJuotllC,)S of tllC algorititlll relics Oil tile computatioll of ll!<\l!y iteratioll;;, each of which illvolves tile calculation 

fJf se\'erill m:rii'd illHlges, Aeri;d illlilge 1I10deling is llol'lnally computatiollally taxillg iwciluse tlte Hopkills eqwltioll 

\,'hidl gOl'el'lls tlie penti;ll)), coitcrellL illwging ')\'stelll requires illtegration across four variable:i, In ord,?r to make tlte 

rc~COlbLructioll algorithlll lllore cOlnpuLMiOlwlly feasible. we dcvelop a new metllOd for aerial inwge calculation that 

ic\'(;r;)ges the specific cOllfiglll'dtion of our cxperimellt to optimize the calntlalioll, 

A. Ivlotivatioll 

III Olll: dililelisioll the H')]lkill:i illtegnll for iwriill ililage calculation lakes the following fOl'lIl: 

5(v) = II cij)c/;: /o(p)X(v)X'(v - 2') (1 ) 

X 3(v + p)5'(v - z + p) (2) 

Here 5 is the 8erial illlage illtensity Fourier trallsforlll, ,X is the coherent tl'8nsrnission fUllctioll, fo is the Fourier 

tl'<1l1SfOl'lll of' lIlutuill illtellsity of the light i1luminatillg the Illilsk alld 5 is the mask Fourier trallsform, Tlte Hopkills 

illtegr;ll GllI be tltought of ;lS a sy~telll that takes three illputs, the mask, the source, and tile pupil. and outputs tile 

--~--- -----,----" ------
,leriill illwge, In our experimellt, the source allel tile Ina::;k are the same across all the calculatiolls, so we can represent 

the Hopkills ililegrcli ,1S i1 lIew system S t!titt IW:i tile :iource alld lllilSk illfonnatioll integrated ill the systerll, 'vVe call 

1I0W thillk of tlie syslelll S ,1::; Iliappillg n pupil to all aeriell illlage directly, i\Iatilenwtically \\'e call write this as 

..J'(v) = i: (/;: X(v)X' (v - z)S(v v - 2') (3) 

S(k, m) = i: dp Jo\P)5(k + p)3'(m + p) (4) 

\\'Ilere S is tllc SVSkll1 cro:;::;-cucf['iciclll (SCC) Iliiltrix, tllilt depellds 0111;.: 011 the SOLll'CC ;llld Illask, This fOl'lllubtioli 

is i It d ired <llialogy wi t h t he more l';l In i I iLl)' tra nSlllissioll cross-coefficiellts CfCC) \1' bicll depend Oil the source and the 

pupil [31, Sillce S is a COllstnllt ill eL1ch of the cnlcuL1tions, it can be computed once and stored, ciiminntillg tile need 
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to enliuMc it cach time, "~e tlOll' SllOI\' that by exploiting the mn.thelIli,tical structure of'S, I\'e Gill 8pproxililoHe it 

;JIle! signiricantly rcduce the number 01' complltalions reqllired to calculate the ileri;JI irrliJge, 

B. Spectral decomposition of the sec matrix 

Bv direct Clm1logy to the Tee lll,)trix itl [:l:, it can be shown that SU'-. m,) = S'(m .. k) ol'er the complex field 50 tiwi 

Sis Herrnitii1ll, Spectr"l LhecJl'(oli1 therefore gmuantees 11S thill. S is diagotlilliziJble i11ld th,n we C811 IITile S i1S ,1 SUtll 

01'101' the outer products of its eigctlvcCi:ors lI'cighted bv tlleir corresponditlg eigenl'iJ.lues, 

,Y 

S(k, m) = I>\,c" '(m) (.J! 

i-= 1 

where ;V = T'an.k{S}. which C,Hl be shown to be equal to the llulnber of silrnpled source points, Plugging back into 

(3). and swappillg the order of the surn and integral gil'es: 

"'e recognize the inleg1'81 as tIle autocorrelation of the product J{;c'i and t,Jke the itll'erse Fourier trilllsform of both 

sides to get the space-dolllain aerial image intensity. 

.v 
---nl+=~E A,lY -::1 {){! ~d :2 __ ---- (G) 

i=l 

C. Truncation of the spectral Sllm 

Dile to the energy compaction property of spectral decomposition [4], tlte nwjoritv of the lI'eight ot' S is represented 

in a relatively small number of terms, The aerial i1l18ge intensity is therefore well-approximated by cOllsiderill~ only 

the first [(k < X terms of the SUlll, This trullultion is kn()\\'ll 8S a low-r,-1I\k (lpproxirrl<Jlioll IS], 

[C 

f ') [-) '\" \ I -:;z--l{ Y/C}'2 Ix "'" IJ. = L/i,c/ ,/0" I 
!.=l 
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(8) 
t=I(--t--l 

\\'e rillci llwt ill a lypiu.1i case, to ilcilie\'e G\lI en'or less than I 

ilc:ri,Ii ill1ilge cowput<1liOIl is perfol'llied - to 10 tililes faster thall with cOlllelltiulli)1 IllCtllUds. 

IV. SIMULATION AND DISCUSSION 

\\'12 lllodel a 0.3:j ,\A illWgiIlg systeIll openltillg at ,\ =1:3.5 lllIl with a coherellce blclor a = U.5 ill '\[ATL·\O. The 

lest piHtel'll is clesif';IICcd of a sillglc pililiole of c1inlllel.er rl = 50 11m. Hplal to 1'01Ighl\' twict' Ilw dirrl'<1ction lilliit of t.ill:' 

systew, \I'lliciJ is cllosell to sweep throllgh the full extellt of the test optic pllpil ulider tlIe gi veil illumillatioll. Other 

test pi)Lterns \I'cre considered, including patterns with different size features, howcver for preliminary tests the simple 

pillholl' pill1'l'nl WitS Cl!OSI'1l Iwc:tllsr il 11;1,<; il compilcl cigcnvilillc spcctrlll11, An C1bcrri1tion vector 01' tile first. /'. Zernikl' 

pulYllolilinis is gellerilted Hllldowly usillg it Gaussiall distributioll with slLUlclard de\'iiltioll 3 9 = 0.2::1 waves. Detector 

.~l!ot lluise is mocleled usillg PUiSSOll phOtllll st'1.tistics Oll a IG-bit call1era. AeriLd illwges at 3 fOCllS steps me cOlllPuted 

IW[,II'cell tile llurllwlizl~cl iIll'lge ililelisiLie,;. 

Each subsequcllt aberr,ltioll vectur guess is gellerat.ed via <1 genetic silllulaLed <1Ulle.llillg search algorithlll, Simulated 

'lIllle;llill!,; is well sllited Cor 1l0l1-COlivex oplillliziltioll because it eOlltaills a probabilistic compollellt that helps resist the 

telldcllCY to CDII illto IOC,lllllillill1L1, ]\[l)re illforlllL1tioll reg.Helillg the details of tlte Silllulill.ed ,11111eillillg ;llgorir.lllll (:(111 be 

fOlllld ill tlte literature [71.The results ill Figure:3 sholl' tlte simulated test optic aberratioll 111;]]) ,l11Ll the recollsLructecl 

nberratioll Illap to be ill goud agreemellt \vith total nns lV<1xefront error [rill> = ACLI' /25. The simulatioll l\'CiS 

performed Oll a PellliullI-D 2.cl GHz dULl I-core processor and completed ill 13-1 S . 

. -\s witlI mallY iterative procedures, cOllvergellce of the algorithm call be susceptible tu 101lg computation tillles 

clepellclillg 011 tIle illPut pmallleters. Sillce 1l011-couvex searches like siIllulated ouuealiug tcud to cOllverge luuch more 

slOll'lv t.lli1l1 CUll\'ex ;llguritlIlns, tlIe cOlllpulatiull of 1Ili1llY gelleratiolls lllily Ge requin'd I)efore a desirable tolerallce is 

;1chie\·ed .. -\ddiliollClI1y, sillce silllubted <11111ealillg relies OIl raudolll motion ill the p;1rallleler SI)<lce to step toward the 

solutioll, illCl'eLlsilig lhe dilllellsiollality of the spoce by illcludillg lllore Zeruike POlYllolllial;; CL111 put further dernallds 
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Oil the alQ;oritlnn, 

or multiple illu!l1ill;Jtion ~ettillgs rnc1kes dlc cont0ur of 1 he lilerit fllllction lIlore GJII\"(;X, \\'hicli helps tile 8i:;!)rili:1ll 

CO!l\'ergc l[]OrC quicldl', Allother key ,ldvantage of silllulated ;lllncDlillg is thitt, it CJII be p;ll,titiolled illeo iwl';pelld'clll 

t;lsb that C;ll1 he rUII in p;JrDilcl on sevcrDI processors 

further Il'ork rnu::;t. be clone ill extending the silllul;ltion 1.0 a lithognlphy setllp 1,0 ;,sses", Llle f<~"sihi;ir.y of IISill;'; tIl!; 

IIWt.hod to I.e~t litho;,;r;ljJlty tools, As \\'IC continue to rnol'c l:o\\,;Hd Itigiler re,'iUiul.:UII. il.eriltil"l; iln~l,gc-b;l,"ed uptiC;li 

testingis ;'-pl'()lllising;)IIi'l'll~,-tjl'e to irlterfel~oln_etry amI mal j2IctY_ilnilnr)OrLJnt role illncxL~gfi.ler;lI,iQllul)ti!:_;1I systelllS, 
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A. Figure captions 

f:gmc [, ,,\ Scll(~III"I:C rq)['l:selltatioll of it typical EC" optic<11 system, 

F:C',ure 2: (;1) FI()I\' di'l~r;\lll or iter;1Li\'e reCollstl'lICCioll algorithm for lithography Selll]J, (I)) Flu\\' di<lgnll1l for 

FiC',ure 3 (;\) Test \\';ll'drolll, Ib) Recullstructeci w<)\'efrcJllt vw iLerative algoritlull, TOl;11 rtIlS \\';ivdnmt error [",,,, 



Incohel-nll 

')uurce 
Collector oJllic TeSl p:lllern Tesl (lplie 

FIC, I: 



a. l',<c illiti,li gues, ot' 
Jlupil al)CtT::lliOIl5 

CGmpute 
(lerizd lt11J.ges 

Litrott'ih focus 

! \PPI: resist 
moelel ,wei 
thtTshold 

FIG,2: 

h. 

Tesl pallcm 
ese itlili::ti gut'ss o!' 
pupil aL1Crrali(jth 

Compute ,lcri,li 
inlages lhroll,sh 

~lClIS ! m! m 
CI-+~ E ~c(--[i 

I tll<1gC pattern 
through tocus 

ComJlule l1lerit !itnClion anel 
tllodi!,' pttpil <1IJe]'J\lliotls 



[(I 


