WO 01/ 55669 PCT/ U901/02536 5 10 CACHI NG OF | NTRA LAYER CALCULATI ONS FOR
RAPI D RI GOROUS COUPLED- WAVE ANALYSES 15 Rel at ed Docunents The present

pat ent applWeAHSEM i s based on provisional patent appli cadrasisesial

nunber 60/178,910, filed January 26, 2000, by Xinhui N u and N ckhi

Har shavar dhan Jakatdar, entitled Cached Coupl ed Wave Met hod for
Diffraction Gating Profile Analysis. 20 Technical Field The present

i nvention relates generally..to the neasurenent of conplete profiles of
one-di nensional | y and two-di nensionally repeating, regul arly-spaced series
of structures through the use of an algorithmfor caching of internediate
results, and the use 25 of cached internediate results to increase the

ef ficiency of calculations. The present invention also relates to coupled
wave anagyses of diffracted el ectromagnetic signals from periodic
gratings, particularly where the diffracted el ectronagnetic signals are
nmoni t oredby optical netrology tools, such as reflectoneter and

el li psonmeters. Mdre particularly, the present invention relates to
apparatus and net hods for neasurenent of 30 conplete profiles of

one- di nBmsi onal |y ancA¢tHENG NI RARAVER EREAULAT /1|y spaced series
of structures and to RAPIFRIGOROUSICHUPLEDIWAVE AR sﬁﬁipl ed wave

anal yses of diffraction fromperiodic gratings, and sti nore particularly
the present invention relates to apparatus and net hods foi caching and
retrieval of internediate conputations to reduce the conputation tinme of
coupl edisvavRelsted Docgen®d di ffraction 35 fromperiodic gratings. 1 a je WO
01155669 PCT/ USQL/ 02536 -Back round Art Diffraction gratings have been
used in spectro m%n?@gg?a@ﬁ’é{sq’?‘s?@ on provisional patent application serial

number 60/178,910, filed January 26, 2000, by Xinhui Niv and Nickhil Harshavardhan
Jakatdar, entitled Cached Coupled Wave Method for Diffraction Grating Profile
Analysis.
20
Technical Field
The present invention relates generally to the measurement of complete profiles
of one-dimensionally and two-dimensionally repeating, regularly-spaced series of .
structures thtoygh the use of an algorithm ﬁ-)r caching of intermediate results, and the use
25  ofcached intermediate results to increase the efficiency of calculations. The present
invention also relates to coupled wave analyses of diffracted electromagnetic signals
from periodic gratings, particularly where the diffracted ¢lectromagnetic signals are
monitoredby optical metrology tools, such as reflectometer and ellipsometers. More
particularly, the present invention relates to apparatus and methods for measurement of
30  complete profiles of one-dimensionally and two-dimensionally repeating, regularly-
spaced seties of structures and to reducing the computation time of coupled wave
analyses of diffraction from periodic gratings, and still more particularly the present
invention relates to apparatus and methods fox;,eaching and retrieval of intermediate
computations to reduce the computation time of coupled wave analyses of diffraction
35 from periodic gratings.




di ffractien applications utilizing multiple wavel engths, such as optical

I nstrunents, space optics, synchrotron radiation, in the wavel ength range
from visi bl N@81/56669ays. 5 Furthernore, the past decades hewash@REsst he use
of diffraction gratings in a wide variety of nonspectroscopic
applications, such as wavel ength selectors for tunable | asers, beam
sanpling elenents, and dispersive instrunents for nultiplexers. Advances in
conputing power are the result of increased speed of sem conductor

devi ces. Thi-m@ﬂmm& achi eved by continually reducing the transistor
. e.,

i new dths, 1.€. e 10 dinensions of transistors. However, as the scale
of sem conduct or difEeso 8RS beoh A8 Pdpe@fosdopR &kgeprofile of the
features, rather.than the |inew dth alone, i s cruci or "effective chip
oper ati on. @%@P@#mwl%@ﬂ%wwbwhs«m pyeptical fnstruhentiy space

li newi dth ( aoptics)eynghibiton radigivR it hetvivEl 6@ Yakde Yok Vidifle R 4ah€ i Ne, i.e., two
pararreterss df‘%tbne t he st(riuc ui]%. However, due to limts I'n current

fabri cation HSTe P st ‘?‘7@‘5"‘? g seen dheqiseref dififpction geatingsfin 2 widewariaty not

i mpossi bl e, dfaompiiuescopic afplictions) ikl aSwwilR1Makth Sel@idts foPlEbk lasel nbe@ﬂ@” tion to
the slope of a sidewall, other features that_ are artifacts osf t he
t echnol ogy WP%%"%“EF&%ﬁW‘FWW@WWEH@&T-toppi ng (the formation
of a "T" shaped profile and footin the formation of an inverse "T"
shaped profi Ioe) : R&ﬁ%ﬁﬁr‘%ﬁ"d"%‘ﬂ%@%ﬁ? respit of Increaged speedrof pamigondyginsor t ant i n
achi eving a Mmemmaemtﬁmd&eagy boneiniallp ddaciig MOwdRRIPRANMR e B | N
additio 0 | su atures, controlling themis also inportant in
this hi %y@%%%éﬁ%m &bﬁfééé!esﬂ%?féew%!l em@rdé%fgqs?ﬁgngfforts to
devel op and contfdl bEthe complete profile ofthe feafieds, ththéFRheh AV bRtk AP LAl SChemes

that attenpt. tq.make profile asurements in-line or 1n-situ, and use this
i nf or mati on f?roeg?gaﬁ(‘f]élg W%@QSI i %ﬁWaFWeH%?ﬂYs‘@ﬂ@PL knowiledge efnce netrol ogy
for the meadinewidthitnddieight) & dnbighkeRecns@ict thé bifie ik, ze’-&wwﬁ]&h?éiggw In .
refl ectance ‘&eﬁtﬂi%@géb an Léggol arized or polarized beam of br oa%and | i ght
is directed 10 - Howeyst due to limits jn current fabgication tachnplngissventisll ect ed. The
ref | ect dfce sidawallsere difficulty éf noEBpUssiaL, tb&cﬁb@?&ddts%pﬂl% kidGwalRarelcbihtba.ve val ue
when nor nal ih;g(g%t} 0 stgn%r ef\.f I Ct@iﬂc st%%'gg%{l ds. The reflectance signal is
then anal yzed to A&t BF ArprLie gidewll, pthend o A1s apfectofthedeshadlogyt s of the
filmor fil mbichTinyibepsent indiney in¢ledec o ihethe¥malod Fal"BCHARAGITRE) " Ol 0gy. For
exanpl e, U. §nd ﬁ%ﬂg (ﬁ{ce) forgago%So‘fgn?avg'lsev"ﬁ‘n sﬁaged%élg)yéap%inglsﬁch d%miélls a%mut
the profile is important in achieving a better understanding the fabrication technologies.
20 In addition to measuring such features, controlling them is also important in this highly
competitive marketplace. There are thus increasing efforts to develop and refine run-to-
run and real-time fabrication control schemes that attempt to make profile measurements
in-line or in-situ, and use this information to reduce process variability.
The use of reflectance metrology for the measurement of the thickness of films is
25 well-known. In reflectance métrology, an unpolarized or polarized beam of broadband
light is directed towards a sample, and the reflected light is collected, The reflectance can
either be measured as absolute value, or relative value when normalized to some
reflectance standards. The reflectance signal is then analyzed to determine the-
thicknesses and optical constants of the film or films. There are numerous examples of
30  reflectance metrology. For example, U.S. Pat. No. 5,835,225 given to Thakur et.al,




WO 01/55669 PCT/ USOL/ 02536 teaches the use of reflectance. netrology tos
‘nmonitor the thickness and refractive indices of a film The use of

el | i psonetwo 01/8#66% he nmeasurenent of the thickness of fi PEFEUSENZFE0 wel | -
known (see, for instance, R M A Azzamand N. M Bashara, "Ellipsonetry
and 5 Pol arized Light", North Holland, 1987). Wen ordinary, i.e., non

pol arized, white light 1is sent through a polarizer, it energes as linearly
polarized light with its electric field vector aligned with an axis of the
pol ari zer . tathaets hie gTpéfRtiageedndrolphy toansmitbrthe thickness alhrefrictive mdicésfs, . e.

t he vectors Parallel and perpendicular to the plane of incidence.
EIIipsonetPF M5 based on the change in polarization that occurs when a beam
of pol arized 10THeiug'éf el sﬁxﬂéttyetsmdmtdsmranantrmdiemlmas@fﬁlmrigasd Well-

pol ari zatigon consi ts 0 ar), and an_anplitude
change. Th&“‘E’ﬂ’a@%“ﬁ eama&‘é?‘“flén‘bﬁhﬁéﬁ%‘ ‘?tlon of the

i nci deng r?dllaﬁéeﬁ(!}i'gh‘f“ North RelAdEB8Y). m%tmmsstﬁd@dmwmml ane of

i nci dence, ,and t portion of the |Em?aﬁ gllgﬁlon Wi e electric
vect or oscid ek q“ﬁ ARoFit ERPLEFS 25 BIP%"?? 1 Wlt%tsﬁ 8 ol | i psonetry
measur es tb&tdraﬁgﬁeamfanhmsmé MQW1MWw@beeeﬁmabyntly
represent ed b whi the ch ng! %ﬂ?‘@ﬁ’%”g‘ of the reflected

beam p from’? shl:‘? T’ﬂ’ EFFP?H‘& 4% ned as t he
ar ct angent Jséﬂwyaﬂpdsbddﬂiﬁe élahgﬁngfnlaﬁhﬁonthaﬂdiaﬁiwmmaﬁloﬂpdlﬁ&e@eam i.e.,
t

Cet Poe at?]'%ﬁ ﬁ@e@m\ggﬁﬁcﬂwm&?&{%ﬁg&f@? ng%%ﬁa&tgt h'(Ia'he angl e of

refl ectlétncff:'l
i nci dence @hﬁeblafngemdtanramprmdechaﬁge,mmmgamlarizaman1sd1§h;entfa'thach ot her

and may be ¢ for..c enc e amd s fixed in
position P& {‘|€ © df‘ﬁémﬁ#l@f’a'étﬁfthebeg BTQ roc'%%ﬁggnﬂegﬁ'éenﬁattractlve

t echni que fissidehee; mdtﬂlepmﬁnﬂufhheaﬁcxdqntmm&mhedbctmmeempbmm a chanber.
There are nunerpu X8 | e fo (} e ec o) gHR try For
25 excanpl o PEEcE o R Blaiorhsidente, HRpoSherd bl ns SRR

el |'i psarset rejiariges wikich irébonvbﬁi&xtﬁyhﬁpiﬁéﬁaﬁ&‘ﬁbm a&gl‘é iA| Whistsisithe change pstabe ed on a
wor kpi ece. The nethod is however |limted to planar surfa S. Pat. No.

5,739, 909 19 thereflested beam p from Sherjncident brampang apgnele &) which is de nedasgle

arctangent of the amplitude ratio of the incident and reflected beam, i.e.,

~

£ = tan(¥)e’? ,

)
where 7, is the p-component of the reflectance, and 7; is the s-component of the
20 reflectance. The angle of incidence and reflection are equal, but opposite in sign, to each
other and may be chosen for convenience. Since the reflected beam is fixed in position
relative to the incident beam, ellipsometry is an attractive technique for in-situ control of
processes which take Iplace in a chamber.
There are numerous examples of the use of spectroscopic ellipsometry. For
25  example, U.S. Pat. No. 5,131,752 by Yu et.al. teaches the use of ellipsometry to monitor
the thickness of a film as it is deposited on a workpiece. The method is however limited
to planar surfaces. U.S. Pat. No. 5,739,909 by Blayo et.al. teaches a method for using
- spectroscopic ellipsometry to measure linewidths by directing an incident beam 131 of
polarized light at a periodic structure 100, which has a pitch comprising a feature 121 and
30 aspace, as is depicted in FIG. 1. A diffracted beam 132, which leaves the periodic



spectroscepic ellipsonetry to neasure |inew dths by directing an incident
beam 131 of polarized light at a periodic structure 100, which has a pitch
conpri sing P eHBEMe 121 and 30 a space, as is depicted iPCTRS@/M2836 A
diffracted beam 132, which | eaves the periodic 3 WD 01/555669

PCT/ USO / 02536 structure at an angle O which is equal, but opposite in
sign, to the angle 8 the incident beam nmakes with the periodic structure,
is detected and its intensity and polarization are determ ned at one or
nore wavel emgubtsmaﬂ'dmaagleevtﬂimns @Wﬁﬁoﬂélﬂs@ﬂ,ﬁ:@ﬁéaﬂﬁl@@ﬁ@iﬂéﬂ%ﬁd l'ibraries

of signals to ntal, data, to extract Linew dth information. Wile
this is 5 a%?%‘ﬁ W oglig struchiyzg, is fisteeted and its insepsieand pelerization #e or mat i on,

but i el ds o&eteymmem bgéd tﬁ.’fmdeﬁ&lengtﬁs Q’hﬁis&ﬁén&:fbmiﬁed With &?ﬁé Isrwon%médhg
process. or char i Zi eat ures of a patterne

mat eri al qﬁ’ P (9 egperipy élrﬁ?’m ext%cglgxpwg!@‘g il thisis

Accor di ngS t (mioh«tds.v.tmrai\imeit, 1ﬁd&&ﬂoﬂ§1€ﬁ&é1§r¥ﬁlemﬁmﬁﬁén,hﬁi%1dﬁ§%ﬁ§ 91%1 eZ€r ot h-order
diffraction is ito é&'{?ﬁé}% er of wavel engt hs, an related with
features of TUfRen gva{a&“ et thgprocess; (Anothenvag mctlve

techni ques Heatredsta aﬁdﬂ%%a&@ﬁliﬁaifsolégemvwétﬂa f‘s%’?m\ﬁfa as the
scanni ng el ectron m croscope. ( optica cfosco ‘of them
have the ab.%‘?ﬁ&%&)fgwmé, @%W%W%F@ﬂq@aﬂemf@mqrdmdlm’avamexsem st

cross- sect ifdhbre@ R binluBberRt WiNeRENhS, AR Orrelstdd i L' ce
m cr oscope ((“f\FI;{/z and the 15 transm§§5| onngl ect th?\ea{r%pegrog&gg pe, ?hat provi de

profile but at the cost of being either prohibitively slow or

fest ruct i ve, FurMﬁémdheiaﬂ\ﬁaﬂ-Hes&e&wb& V8 beeh BhEsted BOMANAIES Cannot be
i npl emrent ed | n- | | ne o EI tu. Fi nal I y,, there exists scatteronmetry

techni ques, scanging °EW”12%°°B?(%N@M°I&@1&1HWWQP%h t eaches
' a met hod f(ilbne mmmaw&eamﬁiyitb gmmaé QiPiétd B0sile Mbrialich, ?ﬁé}é’é}ﬂét bed by

directing mJI e veI eg)g% 0 polarized |ight onto periodic structure
at a single gﬁeﬁi@ $90ls, suphjas thy atommie forep miskoscoge fﬁﬁh@@édlel ntensity
signal . 15t mansmmimtehﬁorﬁrﬁlcﬁ@&oﬁe &Hhﬁﬁroﬁb@prbﬁl@hﬁﬁﬂfaﬁ&?ﬁﬁf‘atﬁe%t@f single

pl anar pol a(ryl.zatlon TLhi.s dlffra t ed S|qna hen conpared to a

pre-conpil e Bifhst Rrobjpitively &ﬂ?s{l% S At nerpS‘FBGl"iaP"égﬁséﬁc wletheithess. The

library is mcm@esmommﬂeﬁehtaﬁmdemn—sﬁmemaﬁ Jthedé e S Or s
als. This net hod uses only

"ntonsi Ly ofechRiats 3t 05 Tt Mo “hiRa oA MENF Sl which Gaches  weiapd
non- uni quenegasurihg profile information. This is accomplished by directing multiple wavelength,
20 polarized light onto a periodic structure at a single angle of incidence, and collecting the
diffracted intensity signal. It is important to note that the incident beam is of a single
planar polarization, This diffracted signal is then compared to a pre-compiled library of
signals to extract profiles of features, The library is either pre-computed based on
theoretical calculations or is based purely on experimental signals. This method uses only
25  the intensity of the optical signal and has been shown to suffer from non-uniqueness, i.e.,
there exist scenarios where two completely different profiles yield the.same intensity
signal, even across a broad range of wavelengths (see, for example, S. Bushman, S.
Rarrer, "Scatterometry Measurements for Process Monitoring of Gate Etch", AEC/APC
Workshop IX, Sematech, September 20-24 1997). This non-uniqueness reduces
30 robustness and accuracy of the results,




t here exi st scenarios where two conpletely different profiles yield thes
sane intensity signal, even across a broad range of wavel engths (see, for
exanpl e, WOBUSHan, S. Farrer, "Scatteronetry Measur eREFUSIHIBI6Pr ocess
Monitoring of Gate Etch", AEC/ APC Workshop | X, Semat ech, Septenber 20-24
1997). This non uni queness reduces 30 robustness and accuracy of the
results. 4 Y 1 WD 01/55669 PCT/US01l/02.536 The ability to determ ne the
diffraction characteristics of periodic gratings wth high precision is

useful for the refhd@iRpio dferBint Meidifadibh thabattcrigtis of periotiidgfafBge, t he
accurate dettﬁrg@;\natl on of %ﬂfg %ff _act|0£ characterjstics,. of periodic
gratings i ¥ grecision isuseiulior the refinement o sxistipg applicatignsyfiurthermors; M8 ct i on
gratings npyhtedieRihnationtdd R \deractioh cherackeriéids lof Sepionia s isRsdall g of the

diffraction of_ el ectrqgnggnetic, Lation from peri odj structyres is a
conpl ex pr %P@Hgtﬁraﬂpp}?@agvsrtwﬁ&%? ’&&'iag'égst‘"éﬂgﬁﬁﬁ . Heyveyee# iinal yti ¢

sol uti ops Q&R kidWithitGiddelidgQf R AMMEhitiof f MbinGhagielic fadiafbRbA péritaic t hey are of
little interest, , and current nuneri.cal {echni geu S, &%nﬁ{al require a
prohi bi t i vEMUSHETEA 2 (HMRSHSRR' SR quires gphipticateq °§%‘ﬂ aFl9sedmAHS of t he

nat hﬁmitiﬁﬁdlutgﬂ@h%%sgicﬁgdt@%@ﬁleﬁﬁmm%%ﬁﬁpfi@%mf areoffuiamm&es't,ogi c ve
gratings has, been addressed, using a_variety of. different_ types, of analysis,
and sever aP“q?“&S?t&H@WWg@Fmeﬁﬁ?%@%@ﬂm phibitive ?’?P“Ph@?é tfBcades.

Met hods ustpg. integral formulations of Maxwell's equations were used to
obtain nunmerical results by A R Neureuther and K Zaki ("Nunerical

nmet hodgafor th i SRS haShdMicaT" Iﬁi@g%':%‘ii L.C
struct apes, " ﬁ%:%r%%ﬁ§?°bg{/mnp05| um %n lggﬁ%én%fg%gﬂ C t{/es, a@?r esa,
Italy, 282fip@periadicgptingsdadheenaddsassed uiingia Meietyefdiffegint typessafiandlysisheory f or
dielectric ' AL AR Qleaddl8: . 490- 495,
Apri | 1978é@§kﬁﬁ%§%@?%esg#efbﬂ%?§§%d or mg at' oneg’ gf[ &ﬁﬂ%%wel? 's
equat i ons fintegeal frawlatiowsof Migwell’s pputiong veerengedsioobtain miiefieal easultspydups. For
I nstance, nv} ! [ d{ I][E ﬁﬁg qk | ?3((9‘:‘ evel oped by M
Nevi er e, P:i' | ngdeﬁr?\%,a&ﬁ'.(' e a% %@g‘%ﬁ{%{’:&%ﬂ%ﬁ erra'?‘gg'ogt udy of
r esonarifes notplivet pegiodip Siructurés, nini1| URSE Symplosium on ElegiromegpeticBavenni cat i ons,
vol. 9, nOgyde, fifly, 282288 RH69) bt B) MaydRE <A Hew' g Rl iiSerd HEBhAr Wave

dielectric coated gratings,” J. Opt. Soc. Am., vol. 68, no. 4, 490-495, April 1978).

Methods using differential formulations of Maxwell’s equations have also been

developed by a number of different groups. For instance, an iterative differential

20 formulation has been developed by M. Neviere, P. Vincent, R. Petit and M. Cadilhac
(“Systematic study of resonances of holographic thin film couplers, ” Optics

Communications, vol. 9, no. 1, 48-53, Sept. 1973), and the rigorous coupled-wave
analysis method has been developed by M. G. Moharam and T. K. Gaylord (“Rigorous
Coupled-Wave Analysis of Planar-Grating Diffraction,” J. Opt. Soc. Am., vol. 71, 811-
25 818, July 1981). Further work in RCWA formulations has been done by E. B, Grann and
D. A. Pommet (“Formulation for Stable and Efficient Implementation of the Rigorous
Coupled-Wave Analysis of Binary Gratings,” J. Opt. Soc. Am. 4, vol. 12, 1068-1076,
May 1995), and E. B. Grann and D. A. Pommet (“Stable Implementation of the Rigorous
Coupled-Wave Analysis for Surface-Relief Dielectric Gratings: Enhanced Transmittance
30 Matrix Approach”, J. Opt. Soc. Am. A, vol. 12, 1077-1086, May 1995).




anal.ysi s pethod has been devel oped by M G Mharamand T. K Gyl ord
("Rigorous Coupl ed-Wave Anal ysis of Planar-Gating Diffraction,” 2 Opt.
Soc. Am, vaVOOFS669811 25 818, July 1981). Further work ipeTRSW2s36

fornmul ati ons has been done by E. B. Gann and D. A Ponmmet ("Formnul ation
for Stable and Efficient Inplenentation of the R gorous Coupl ed-Wve

Anal ysis of Binary Gratings,"” J. Opt. Soc. Am A, vol. 12, 1068-1076, WMy
1995), and E. B. Grann and D. A. Pommet ("Stable Inplenmentation of the

Ri gorous Coupl ed-\Mdneepﬁﬁﬂ&,)aﬁREW&EonﬁkﬁEd‘t@&&mB&kBﬁ&u&%g:ect ric Gratings:
Enhanced Transm ttance 30 Matrix Approach”, J. Opt. SO0c. Am A, vol.
12,1077- 1086, Whayrhé 8@ is dvided info MManBérliHaE PRl ThyeS0ai102% 23n ofipcept ual 1y,
an RCWA conput atign consi s of, four steps:  The 'grating iIs gi vided into a
nunber of thin, [5@ 3’%@5@?&?@?“%%%@?%13&8%- ri dge within each

| ayer i s approxi gat,ed.b rectangul ar slap. Wthin the grating, Fourier
expansi ons of fh@%@%@&?@%{ éf?@ﬁ)ef?l@mf,ﬁe@n@ag@ﬁ%@?l‘?ﬁa@ ivity |eads
to a syst®m of d'péﬁmmhadstm@@aemnaifféﬁﬁﬁa@aﬁaﬁdnam@aem@e@ﬁa@achharmDni C
order. Boundary %%ndilio‘ps are applied for the electric and magnetic fields
at the layer bou R R ) provi de a system of equations. Solution of the

system of equaji | e diffracted reflectiyi fromthe 10
grating for each%@}%ﬁ%ﬂﬁ%é&@ gﬁéglbelffem% m?%“’c‘&?ﬁ‘iﬁ?f@?nlaﬁﬁ and t he
time required foboundariestoypontide 4 systedePpapationsn t he nunber of layers into
which the grating is divided and the nunber of orders used in the Fourier

expansi on. A ntnielutios of fhersysien ofeguasions previdetieaiiffractbdaflectiviyndnathb on . of RCWA
have beeqyp 15 pr | ?ng, vari ati ons of RCWA proposed by P.

Lal anne and G I\/g I\/bgfr%fgdée{ i H éih y Tnproved Convergence of the Coupl ed-Wave
Met hod for TiYleRedumicy &fthé Sotnputation an@tie ti i “Zﬁ# 4 L. Li and

C. Haggans (" nver%en(_:e ofl_mt h?an cqupﬁug&?g ulve oﬁ@teﬁ% ggnﬁéét%%ﬂq%el anel | ar

diffraction £ o fpgrers info wiigh thegratingnadivitied antighe miadex of ofdlersueedi®®id) , and G

G anet and Bouftlegmhsibn Ef ficient |nplenmentation of the Coupled

A number of variations of the mathemiatical formulation of RCWA have been

15 proposed. For instance, variations of RCWA proposed by P. Lalarme and G. M. Morris
(“Highly Improved Convergence of the Coupled-Wave Method for TM Polarization,” J.
Opt. Soc. Am. 4, T79-784, 1996), L.Li and C. Haggans (“Convergence of the coupled-
wave method for metallic lamellar diffraction gratings”, J. Opt. Soc. Am. 4, 1184-1189,
June, 1993), and G. Granet and B. Guizal (“Efficient Implementation of the Coupled-

20 Wave Method for Metallic Lamellar Gratings in TM Polarization”, J. Opt. Soc. Am. 4,

1019-1 023, May, 1996,) differ as whether the Fourier expansions are taken of the

permitivity or the reciprocal of the permittivity. (According to the lexography of the
present specification, all of these variations are considered to be “RCWA.”) Fora
specific grating structure, there can be substantial differences in the numerical

25 convergence of the different formulations due to differences in the singularity of the
matrices involved in the calonlations, particularly for TM-polarized and conically-
polatized incident radiation, Therefore, for computational efficiency it is best to select
amongst the different formulations.



20 Wave Method for Metallic Lanellar Gratings in TM Pol ari zation",=J. QOgt.
Soc. Am A, 1019-1023, May, 1996) differ as whether the Fourier expansions
are taken WO 045669 pernittivity or the reciprocal of thePGBUMHRIGty.
(According to the | exography of the present specification, all of these
variations are considered to be "RCWA.") For a specific grating structure,
there can be substantial differences in the nunerical 25 convergence of the
different forrulations due to differences in the singularity of the

mat ri ces i nvol vedFretuently tleairafilésaif a tutge nupbert of peialid gratings médbpol ari zed and

coni cal ly- ,pol ari.zed .i nci dent .radi.ation. Therefare. for.conputational
effici ency? mdbgﬁ%%é?ée&?m%egﬂge?ﬁo -led‘f"ﬁflé?@mwil%f“g%f“ﬁ?i ons. 6 Cv
WO 011556 68ifieiclion pesthd?mAGcdfemaisan spplicatioh ghqusaids beaven milliodsaf profiles mber  of
periodi c grat,ings t .be..determned, For..instanc I n.determni,ng the

ri dge prof P& bﬁ%?"(?g{%r %3@6‘%8“ Wgﬂﬂﬂt}% Pr%ﬁl?sf%i’?ﬁ“%dsﬂgglfercﬁ{?ﬁaﬁd a
scatter63%&if&i]acﬁmpéfpba&tdrommﬂammmﬁmmmﬁm/ﬁﬁa?ﬁdd§pmmbﬁﬁdthjéi I eg rrugt lﬁe
gener at ed, j f.fraction spectra of .t rqofil,es are cal.cul ated, and the
cal cul at ed °“gﬁt7ddfd’§@?t?°&?p%@5tvﬁﬁché?‘ﬁ @%ﬁ?ﬁdﬁ H’e?‘?féedrﬁgg‘%ﬂp@d di ffraction
spect rum t gpebiruml Fuither exainplss off seatterbinfetry amilications which requirathe adalysiesf cl osel y
mat ches the neasured.diffraction ,s I Eur X of,

scatterone af§7 “F8£P"i“8ﬂ‘§ %ﬁ?@ﬁ?@%y#y a?ﬁ@'%fhéf? s?gg’ g‘\‘%{%}rﬁg nunbers of
geg i68di cggﬁaﬁs,ﬁ@saﬂdﬂslbemihr Bpestroseoptie Sdattédometrybin THAY E%gr_aﬂquW.Jxlﬁl_Y,ﬂ%and ]

: : , vangd cu ectr t.Q4 ¢ r n i t hogr aphy, "
X N u,:iaN. J%‘%‘af%ﬂ&?‘?&ﬁg} S SEBLG67 ﬁ%é?g%h"é*h%?%?an, op.

159- 168, f mdiiotsufdiffraction profilesirubtibe amalyred. didwevar, usisganacafrate methndist  be

anal yzed. i N t t nput at i on
time can bgﬁ)%%ﬁﬁ:g{#%eeﬁ%ﬁp%ﬁ%h%%ﬁPgrfrh%ﬁfe&vﬂg%g&h P Yo is_ar%?%gogs and
appar at us tmethodsqnd dppanatussfortapid tud sowrhty snalysisfof diffrdctian tatoto ddtetming thedet er m ne
the profile le%f £ eeroidi%di G gﬁr atings. 15 Additional objects and advant ages of
t he presentpro pPI A W PT becone apparent upon review of the Figures,

Det ai | ed Descriptiaqn of the Present |Invention, andg nded Cl ai ns.
Di scl od8r e- of | gvéﬁ&ﬁﬁ‘??w jects anﬁ. vantages o? e present app?lcatl%ggv?llgecome

apparent upon review of the Figures, Detailed Description of the Present Invention,' and

appended Claims.
Disclosure-of Invention
20 The present invention is directed to a method for reducing the computation

time of rigorous coupled-wave analyses (RCWA) of the diffraction of electromagnetic
radiation from a periodic grating. RCWA calculations involve the division of the
periodic grating into layers, with the initial layer being the atmospheric space above the
grating, the last layer being the substrate below the grating, and the periodic features of

25 the grating lying in inte-rmediate layers between the atmospheric space and the substrate.
A cross-section of the periodic features is discretized into a plui'ality of stacked
rectangular sections, and within each layer the permittivity, and the electric and n;agnetic
fields of the radiation are formulated as a sum of harmonic components along the
direction of periodicity of the grating.




20 The present invention is directed to a nethod for reducing the
conputation tinme of rigorous coupl ed-wave anal yses (RCWA) of the

di ffracti onV 018568t romagnetic radi ati on from a peri odi ecymgemsss RCWA

cal cul ations involve the division of the periodic grating into |ayers,
with the initial [ayer being the atnospheric space above the grating, the
| ast | ayer being the substrate below the grating, and the periodic features
of 25 the grating lying in internediate | ayers between the atnospheric

space and the s ubSt.A[p?Ii@ﬁon & M&%ﬁ*s%@ﬁagg&’br&fideg Bfin -ia&&%a?rf%%@&dﬂ%% 'S

discretized into a plurality of sta rectangul ar “sec nd within
each | ayer t%eh ¢dhaintermeagiatelayersi@fthnorm) ectric and magnetic fields of the
radi ation are formul ated as a sum of harnoni ¢ conponents al ong the

direction of periodicity of the ggating. 7 WO 01155669 PCT/11S01/ 02536

Application of Maxwell's equatioE&—é%Fw&ﬁﬂswkn intra-layer matri x equation
in each of the internediate |ay %" 1lof the forma.r 8 51~, F j \Were Spy
are harnoni c anplitudes of an electromagnetic field, z is the perpendicul ar

to 5 the pegtiessh, hedinbiig: ﬂﬁﬁidgbﬁ \Qﬁg@oﬁ{%ﬁ I ' ' dependent
onintraJa e ersargnd ienci 3ent-ra |éat{taiﬁgir§?%)%lrﬂ%ré¥pg¢d§?u?ag\%omgeneous

yer paranet rad
sol uti on “of tﬁ?‘ﬂ:"nf’%? m&wtbemﬁwe@@.a%4ﬂﬁoﬂlﬁ@w ocaintgadasensi on of t he
har noni ¢ anppataiéfenSintidemtirifHR pRGNER! A thH@%”ehéoQ@ &1&59%;@9 %ﬁa—%}
r ccord ng to the

ei genvectors_and e[ﬁg}enval ues of said wave-vector matriX

present i nvé?f%"’ﬁ?ﬂ“ TNPEIES By Fpsioy offhe harmonie amplisudsn S, into expotential dent

radi ation pail@ﬁﬁﬁs%pdhﬂait%eig&vb&&?&d&i@%&y?ﬂ%ﬁ%&%ﬁﬁﬁﬁﬁm sanpling, and
e

an incident-radiation paraneter-region sanpling are ermnéd. Al so, a
maxi mum harnoni ¢ Qr, . Lch t.he el ecironmagnetic fields are to be
conputed is deter m%ﬁgogﬁmé%@ﬂ eaﬁtil?vgﬁmﬁe?t???ﬂcgf’ PHARSIE R, &y o cal cul at ed
for eachll ayngldept-mqlieﬁdnmamaietoereﬁmlalﬂef—pfoﬁér@@dmbmfi-ﬁgiohwmgraﬁ&ﬁi ty -
par amet er - r gl on. ing of the |ayer praopert araneter region. e
wave- vect or q%lla%gtléﬁmggﬁé’a%"gg%feéﬁ’ﬂéﬁ’ﬁggmgﬁwgﬂe } YEEIRRE  cal cul at ed
for each | ayemopicopier toywhich theelendmagetic fisldsi 2616 be Eaubediddbiendinb®, 2as

det er m ned inci.dent, radi.ati on [ ter-regi on sanpling of the
gfeh&?ed ﬁ’al(r%'é{ ltaarmomcs are cﬂcﬁfiategliro% each layef-property v: ue,asg

i nci dent radiati'on
determined by the layer-property parameter-region sampling of the layer-property
15 parameter region. The wave-vector matrix 4 and its eigenvectors and eigenvalues are
calculated for each layer-property value and each incident-radiation value, as determined
by the incident-radiation parameter-region sampling of the incident-radiation parameter
region. The calculated eigenvectars and eigenvalues are stored in a memory for use in

analysis of the diffraction of incident electromagnetic radiation from the periodic grating.
20
Brief Description of Drawings
Figure 1 shows a section of a diffraction grating labeled with variables used in the
mathematical analysis of the present invention,
Figure 2 shows a cross-sectional view of a pair of ridges labeled with dimensional
25  variables used in the mathematical analysis of the present invention.

Figure 3 shows a process flow of a TE-polarization rigorous coupled-wave
analysis.




region. The cal cul ated ei genvectors and ei genvalues are stored in a nenary
for use in analysis of the diffraction of incident el ectromagnetic

radi ati on WOaHs66%e periodic grating. 20 Brief Descript PEWUSI/OZIBAW ngs
Figure 1 shows a section of a diffraction grating |abeled with variables
used in the mathematical analysis of the present invention. Figure 2 shows
a cross-sectional view of a pair of ridges |abeled with dinmensional 25
vari abl es used in the mathematical analysis of the present invention.

Figure 3 shows Hﬁtﬂé@ﬁlﬁﬁ&af s HowFor ' BFMGY oﬁhmwﬂg&oﬁmeﬂe&ﬁa&ourﬂ ed- wave
anal ysis. 8 WO 01/.55669 PCT/ USOL/ 02536 Figure shows a process flow for
a TM pol arF‘E’%iﬂson ri gorous coupled wave analysis.” Figure 5 shows a process

flow for the prmg.ﬁ@mv&talpe&e@rﬂawqaﬁmﬂ@c@ﬁpﬁaﬁdﬁ%a&acﬁmgof@wlahm dependent
on intra Ig% nd |nC|den r adi atl raneters accor g)rtho the 5 net hod

of the pre ?ﬂtP’?.)H’ 5&?‘“@“6’1 AN REFRELL 4PTHE BT he use of
cached sal ﬁﬂ{h@abﬂﬂeﬁ@ﬁn{:iﬁenﬁejﬂendent on intra-layer and incident radiation

Cove an oxonpl EIF P AT AAFsPSE G oot oo Blolabh et dmispdent nckced 10

rect angul aon ilelldyerdnd ivideut-RdidfonsganinRieds acCording tothy methoder ths grédehte Whi ch is
di screti zed | r)ﬁ 0 three stacked rectangul ar sections, where the rectangul ar

secti ons hBV8%e sane di nensions and x-offsets as three of the

rect angul ar secmigﬂamehmb anlexérhyslark ridgeprolfiile whivchiig discretidedihtofbupstacke. 15
Fi gure g shows o utation systemfor inplenmentation of the conputation
porti ot% P¥ntion. Figure 9 is a flowhart depicted the sequence

of events f or tFigurb 7B IsBeve tin@kéniplarg tidgd prefilewihith s diderdtibel iRdo@EeNt | nventi on.
stacked rectangular sectlons, where the rectangular sections have the same dimensions

and x-offsets as three of the rectangular section found in the ridge discretization of FIG.

7A. '

15 Figure 8 shows a computation system for mplementatlon of the computation

portion of present invention. .
Figure 9 is a flowchart depicted the sequencé of events for the implementation of
the method of the present invention. '
Figure 10 shows an apparatus for producing radiation incident on a periodic
20. grating and monitoring the radiation diffracted from the periodic grating.
Figure 11 shows an apparatus for producing radiation incident on a periodic
grating and monitoring the radiation diffracted from the periodic grating at two angles of
incidence and diffraction.

25 _
Best Mode for Carrying Out the Invention
The method and apparatus of the present invention dramatically improves the
performance and efficiency for mefrology of profiles of one-dimensionally or two-
dimensionally repeating, regularly-spaced series of structures, by reducing the
30 computation time required for RCWA computations by pre-processing and caching intra-



Figure 10s:shows an apparatus for producing radiation incident on a periodic
20. grating and nonitoring the radiation diffracted fromthe periodic
grating. Fi §NRUSE6Ishows an apparatus for produci ng radi @crmseiimsisdent on a
periodic grating and nonitoring the radiation diffracted fromthe periodic
grating at two angles of incidence and diffraction. 25 hest Mde for
Carrying Qut the Invention The nethod and apparatus of the present

i nvention dramatically inproves the performance and efficiency for

met r ol ogy  of lapsrrforimatiorndnd Qe 138 M on GR¥BInta¥i o and YR ﬂa&ggm@ﬁf repeating,
regul arly-spaced.s rl.esi(ugf structures, by reducl ng t he conput ati on tine
required for™ ra&fﬁ% Qrmain PRROWA caledalionsi ng and caching intra- 9 W)
01/ 55669 PCTI USOB6&REI %S the dhsdnt D%ﬁdﬁ%&r%ﬂoﬂ@cﬂb%ﬂpﬂﬁ%s 1RANeRLOR

i nformation, and %@I ng. Lhe cached intra-layer an nci dent-radiation
k.
. cd

i nf or mat i on P8P Tagffondaig dom one-dimesionally and tiwe-dimessiomally Det ai | ed
Descri pti%n ﬂmgf,mmm&@tm@aﬁr@ﬁ%qg@gsﬁ&laﬁe&a@gqui sition of
| nd” two- di nen

diffraction datafromone-di nensionally an lonally 5 repeating,
regul arl y- spaced SSW%§P§‘PP@FW?W§%IPH@ deparibescthe matheradtio]y. Section 2 of
the present fomhslim st HOWA chlpilitRRns HEHE HHLAS ﬁbﬂ‘%@}l i mal i smfor
RCWA cal cul ations faqr th'e@gilpft{g:i ractj on of = po rzlmz%e %@%‘:tggﬁﬁ&} adi ati on
from a peri odTe2BFeficimpePeimitons plithesvariphles used in dheipeosent specification e pr esent

speci fi cat i qowided, andiis18REFouiafls 'ﬁwﬁi&@xgp%ﬂrs%m gpre;g,@gg ons of
\V] , -

Maxwel | e%%at iloqras are . presented 10 and s ucin pendent

el ect r omtignPf &lysdepradusing srlpeadent plestiomagnstic-fipld harmenic smplithdes,diherctis on  nor nal

to the gratithgdirebtundtnadl td'We fddfingC 'FoMmi] ﬂﬂ%fekt?o‘niai ld lanoni ¢ anpl i tudes
roduces

in each | ayer as ex]go,n ntial expansi ons n el gene % on for a
. wave- vect or wg?“fi‘?? £458 lAyen A exponsntishexpansions prodpess ap sigenvatatios fonnd
i nci dent - r acvaré-veor nRAEEdEBEt onlFof it Q&,@{#ﬁan?e?eqs g}l%{ag Lesf. .t he
exponential har rggni @ﬁ%ﬁ@'ﬁ' tude 1 expgnsi s are B?énc |£(}r¥§dl% Bt he
ei genval ues PARE €Yy R @dsEpqneas oftheesperential harmetic kmphitndeAppl i cat i on of
i nter- | aier e@mﬁd&rmmﬂhsdmi@ﬁWE?e@Mﬁs%gﬁe%%&% system matrix
equation, and_the Eoi,utj on_of the boundary-matched systemmatri x
matrices. Application of inter-layer boundary conditions produces a boundary-matched
system matrix equation, and the solution of the boundary-matched system matrix
equation provides the remaining coefficients of the harmonic amplitude expansions.
Section 3 of the present Detailed Description describes mathematical formalisms
20 for RCWA calculations of the diffracted reflectivity of TM-polarized incident radiation

which parallels the exposition of Section 1.

Section 4 of the present Detailed Description presents a preferred method for the
solution of the boundary-matched system matrix equation,
Section 5 of the present Detailed Description describes the method and apparatus
25  ofthe present invention. Briefly, the pre-calculation/caching portion of the method of the
present invention involves:

e selection of an intra-layer parameter region, an intra-layer parameter sampling, an
incident-radiation parameter region, and an incident-radiation parameter
sampling;

30 * generation of wave-vector matrices for intra-layer parameters spanning the intra-
layer parameter region, as determined by the intra-layer parameter sampling, and

10



equation provides the remaining coefficients of the harnonic anplitude
expansi ons. Section 3 of the present Detail ed Description describes

mat hemat i MO 01/8766Mal i sns 20 for RCWA cal cul ations of th@CHUSIYE6ed
reflectivity of TM polarized incident radjation which parallels the
exposition of Section 1. Section 4 of the present Detail ed Description
presents a preferred nmethod for the solution of the boundary-matched
systemmatri x equation. Section 5 of the present Detail ed Description
descri bes the naéidetiradintionpypanaérs spaniibg the irncllentpadigtivntpatateniepion, asBri ef | y,

t he pre-cal cul ation/caching portian. of the nmethod of the present invention
i nvol ves: sel eCtTON y%%cﬁgptgﬁ%p&p%mﬁn%egi on, an intra-1layer

par anmet er sanpl dofiion &7 thel eipehvbetots dnd eigarivialuss ¢falicawdve FEctoraattises irthel an

i nci dent radiatjon.paraneter sanpling; 30 generation of wave-vector
matrices for inin?’ei'-:‘g &fo8i9B 8ot ers spanning the i'ntra- |ayer paraneter
regi on, sas dat e¢oniReel thy/eifdnQedidit ird-cigaitiluelaf BEWiwivesFrRbiriog. and 10 WO
01/55669 PCT/ US01/ 02536 .1 ncid n} radi atj on _pa#?net ers_spanni ng the

i nci dent - r i °H§’Pé’i§€‘?é’reth°§§ i pregeat inyention for theaseof thegachedci dent
radiation pad R4 toealdwlhte B difia@tbdrefiSfivitPprodulted bybd SeRioNB Gha@the and

ei genval ues of the wave-vector matrices in the investigative region; and 5
, cachi ng &rcludrethestepsiofiect ors and ei genval ues of the wave vector matrices.
Briefly, the Dogiir@atin o pROHILGH ritfoe bt PUrpdR Blatihd e lajddof OF the use of
the cached conputations to calculate the diffracted reflectivity produced
by a pdPiodic grestangulrslabiz| udes the steps of discretization of the profile
of a ridge of.tRﬁaepﬁrﬂoﬁma&mﬁfe'emmbeeﬂo&dnaxlgénwésfo;@em%mw ar sl abs;
retrieval fromcache of the eigenvectors and el genvalues for the
wave-vect or  nampix comespadingielrash layer aftherprofilgier of the profile;

rofuce & bound PR RSl A SRRl T UIE PRy Cach Taver 10
produce a boundary-matched system matrix equation; and
15 ¢ solution of the boundary-matched system mairix equation to provide the
diffracted reflectivity. :
Section 6 of the present Detailed Description describes the matching

methodology used in comparing a measured diffraction spectrum to entries in a library of

profile-spectra pairs, in order to determine the profile corresponding to the measured
20  diffraction spectrum. '

1. Acquisition of Diffraction Data
As shown in FIG. 10, the incident beam (1010) is generated by an excitation head

(1020) of an ellipsometer (1030). The incident beam (1010} consists of radiation having
25 two polarizations to allow measurement of both intensity and phase of the diffracted

electromagnetic radiation (1011) monitored by an optical detector (1070). An optical

fiber (1025) transports white light from a source (not shown) to the excitation head

(1020). The white light could either be polarized light or unpolarized light. The incident

beam (1010) is directed onto a sample (1045) mounted on a workpiece (1040) such that
30  the angle of incidence 6 measured from the normal 7 of the sample (1045) is between 20

and 90 degrees, more preferrably between 30 and 80 degrees, still more preferrably

11



15 .solutikon of the boundary-matched system matrix equation to provide the
dlffracted reflect|V|ty Section 6 of the present Detail ed Description
descri bes t &0 AHIS6H; ng nethodol ogy used in conparing a rPEISEMAESI6
diffraction spectrumto entries in a library of profile-spectra pairs, in
order to determine the profile corresponding to the neasured 20 diffraction
spectrum 1. Acquisition ofDiffraction Data As shown in FIG 10, the

i nci dent beam (1010) is generated by an excitation head (1020) of an

el | i psomet erbetwasdy m%@mw;%o@mfm@hlﬁﬂ@emdﬂ&mﬁ&d@eeg T BisopN havi ng

25 two pol ar I sur.e nt of bot ensity and phase of

the diff racttl&taliézlﬁ’h#ééé:%ﬁrrl %@%?gﬂgt%?%n% AHTETRHS berppq qug PPB rEge V’eéﬁeﬂopt i cal

det ect or (10f¢m')dt05memﬁvbembstsénsiueéfoéﬂ£%ﬁrolb & fatefilé §pichlgnt from a

source (not exci tatl he 1020). The white l'ight could

ei t her be poﬁ%é@f °r6’F°°ﬁ"ﬁ’§§1 E@%‘W‘?lgﬁliemﬁlﬁ@fﬁnﬁ‘é?%ﬁﬂs negrdhen (1010)

i s direct®d mmwke%%cmmmwﬁ%gg&e&@g@ such that 30
.omthe normal n' of the npl e (1045)

th le of
O at aen” ) Bgiete” Sfven She Taaton FiRD) 5 el aiih Bremeesaelodbs GRMB. dogr oos,
still nore mﬁmmmuycoﬁﬁswﬂoﬁﬁﬁﬁ@@%oﬁﬁﬂu%sﬁyv%%ﬁ&e Rﬁb §e 40 and 75

degr ees, stiII gre rably between 50 and 70 r ees. reason t he
range from 59 ‘(fé%ﬁ@%’e’la °HP§F%‘?¢%@PVP1§P%E’€§H]§ %ﬁ@l"é‘ﬂeslvﬁllt hat range
have been flmmaﬂwrﬁcbem‘meaabllleﬁ? dg@d r&o%@sylété ééxﬂ aés%he&ﬂ@re?&&fc@' OQK/bOf

o of er o y ot GREBLGEe fofer ik op s S cbanbet Han sicbpecaion ever angfé
t he angl e sMhomblanemnlogystuuibndﬁaBMManﬁlb&ﬁﬁmﬁalﬁaﬁ bt CHRHefRABY Bim! S

degr ees. e(? épﬁaﬂl ég%‘g IS |nC|dent at the Brewster's angle t he
diffracted GUdl &pesie atanangle 6 syhich isequsl iejthe apsle ofiincidenteon. The
wor kpi ece (@Hﬁbnﬂﬁ%pﬁﬁ,mﬁh@&%d&ﬂnﬂ'# 12t Bk Blak o BBt (oaliPr g2t © O Lhe

devel oper modul e (these nodules wll henc ‘ectively

as the pr ocelé’éswa@@m&m hegifBacted radiativn 10 f)ie rebGived byehedetech®80) ) on t he
waf er trgck,(16m) which & m%%egﬁﬁ@a%o%o ‘;L&,,?{,é Ra’ising il gﬂéﬁtat'on or
po

nmet r ol ogy st ation in nechan feflected

beam (1011)Psctomeler (1959) wemkmwdéiben@m) Iattheameahuyﬂe aPpardiisqb03oyoequal to
the angl e ofpIGNGisERASometer, the diffracted radiation (1015) is sent directly to the

spectrometer (1090) via the optical fiber (1026). The spectrometer {1090) then sends the
signal to either a charge coupled device (not shown) ora photomultiplier (not shown)

20 . which converts the optical signal to an electrical signal which enters a signal processor,
such as the analysis processor of the present invention depicted in FIG. 8 and described in
detail below. In the case that the apparatus (103 0) of FIG. 10 is an ellipsometer, angles
Aand ¥ are determined from the numerical signal processing system of FIG. 8. As
discussed above, the magnitude of the diffracted radiation (1071) provides ¥, and the

25  relative phase of the two polarizations provides A. In the case that the apparatus (1030)
of FIG. 10 is a reflectometer, the relative intensity is measured.

According to another preferred embodiment of the i)resent invention for a diffraction

data acquisition system, the broadband ellipsometry or reflectometry apparatus (1030) of

FIG. 10 is modified to include focusing optics to reduce the spot size to less than the size

30 ofthetestarea. Typically, such focusing optics produce illumination regions of 50 pm x
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0, but on the opposite side of the normal ri . In the case that the
apparatus (1030) of FIG 10 is a spectroneter, then the diffracted

radi ati on WQOWEH6% s received by the detector 15 (1070) RATERM4RPArates the
spectra into two pol arizations before passing the signal to a spectroneter
(1090) via an optical fiber (1027). In the case that the apparatus (1030)
of FIG 10 is a reflectoneter, the diffracted radiation (1015) is sent
directly to the spectroneter (1090) via the optical fiber (1026). The

spect r onet 66 juh 1G3Mhld@ia vERASpaAE recsgrivhl mddRletd b thd spéiaK e teepup! ed

devi ce (not shomn) or a photorultiplier (not shown) 20 which converts the
optical si8®& to an electrical signal which enters a signal processor,

such as the aABdoYcﬁix é}ﬁ@&ﬁﬁﬂveﬁiioﬂ Hﬁi@daﬁ&ﬁd&adcﬁﬁ@iﬂbﬂ@@teﬂ ifigk in FIG 8

and descri be tail | In t e that t s, (1030) of
FIG 10- |s Péﬁ de E?r?@f‘&"? méﬁaﬁ"ed%‘tsg?‘ﬁ‘m&&gfﬁ t he
nunericgl sysenad1030° aﬂﬁew&y@&ﬁﬁo@heaﬁé@oz(&)adH1m§wmmaﬁme the

e S S o T AR 2 11

appar at us Gﬂtgﬁﬁhtldhfheﬁs@llzbﬁbdn&(ﬂzo Iwﬁﬁmemémb&m(lum@wuw)enm ty is

measured. According to anot erred, enbodi f t.he present

i nvent i on fR§fdedve polarizations °$H’§t°<[f"%’ﬁi’§¥"§ﬁctwa¥ﬁt° °?hh‘Ete‘bﬁ‘t8&EF’oand

el I'i psonet buasemessefek@ﬁisomthaﬁageaimdnh@aﬂmm apﬂii'a@.ls iBoysfredi fied to
I ncl ude focusing optics to reduce th spot,, slze to Iess than he size 30 of
the tedf ar@aai’n"l’?‘ﬁi)@%ﬂfﬂp 25)trosports bre 'Eﬂﬂ"&&% i on regions

of 50 p. M he thd eXfafich( h%a&f‘(@ﬁzoﬁ’ﬁﬁﬂkﬁ@%)oﬁx%cmﬁgm%haﬁﬁm%mbi difects@ied utilize

a pattern recognltlon nodul e to center the spot in the test area.

Accor di ng tEediad pdistion alternataly;toithriwo qpiif fier brapcher{10252)and (40258) t i on syst em
my uti IIZ@mMM@W&;@ﬁmw@m)hﬁ@dmme &diivelp. famels.  For

i nstance, as shown_in FIG 11, .the system(103 Jmay utilize two

exmtatlonPFFéeJHée’E‘!!ma’}ts‘ﬁﬁmG}ﬁ’mﬁ 1?%“@@! "Hﬂ'sa“("l?%)‘ and
(1070b)15 T\bﬁemm RASthat6tatiet Of thaMitthitglwide groducesier ated by

(1 1100) 1 Ao grféfmo%@?g%a%é%ﬁﬁﬁ{» sw%é#@eafv@e@%%#e%&gl?% ow

L or db?tl 826 )rploemm ibhﬁ@ﬁrefeﬁhdmbcgﬁlﬁ:i&iébﬂﬁeﬁé%mtﬁﬁenﬁbﬁ,hetdi@?dﬂtbﬁbﬁnﬁaﬁxci tation
ea rat 0 an tica I per
transports dﬂf"ggﬁ gq’ﬂeéiﬁ 8&% }eg(gé'}nelger(cﬁ Ito a‘%’f?@\ﬂﬂapi”@x'm(ate?

50 and 70 degrees. Other angles of mcldence are also contemplated as useful, depending

20  on the workpiece, and angles between zero and 90 degrees are possible. Since
' ellipsometric measurements are made for two angles of incidence 8; and 6,, the angles 0;

and 0, are chosen to be disparate enough that redundancy of information is not an issue,
while both 8, and 0, are chosen to be close enough to Brewster's angle that the incident
beam is sensitive to the grating features. The diffracted beams (1015a) and (1015b) leave

25  the workpiece at angles 6, and 6, which are equal to the angles of incidence 6; and 6,,
but to the opposite side of the normal 7. The diffracted beams (10152) and (1015b) are
received by detectors (1070a) and (1070b). In the case that the appératus (1030) of FIG.
11 is a spectrometer, the diffracted radiation (1015a) and (1015b) is received by detectors
(10702) and (1070b) which each separates the diffracted radiation (1015a) and (1015b)

30 into two polarizations before passing the signal to a spectrometer (1090) via an optical
fiber (1027). In the case that the apparatus (1030) of FIG. 10 is a reflectometer, then the
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the.two excitation heads (1 120a) and (1120b). A sw tching nechani sm (1099)
directs the broadband radiation alternately to the two optic fiber
branches (10¥Galssédd (1025b) which lead to the two exci tratriosm/d2emds
(1020a) and (1020b), respectively. In the preferred enbodi ment, the

swi tching nmechani sm (1099) is a wheel wth an opening in 15 one semcircle,
so that rotation of the switching wheel (1099) by 180 degrees produces a
switching of the optic fiber branch (1025a) or (1025b) to which the

radiation i Sdlﬁabﬁd‘iﬁiitlonﬁomﬁiheﬂ@nE@lyWﬁe et dbieie? @@WQ@ (f;lse Eﬁ 40) so

present inve Ny t he inc are_ directed
that the ang@bﬁﬁ ﬁsﬁsﬁt{?&‘?{%ﬁgéo) é"ﬂ’an%Q S‘&‘i‘”é“’aﬁ‘ﬁbﬁéﬁhﬁﬁ% qupled deyica fupt 70
degrees. O mpwnhglaphotoﬁxult@@dr AROSEwWAY whicd dAvestS HeSPitla 3{1 g%&{’j

egr ees are

dependi n 2 , and angl es betmeen zero an
pog si bl eg g%ngfvglﬁ:{:]} %’éﬂo%ggq prﬁtggsga,smfbg apalysisprosessoinf thegeesent gl es of
i nci dences Ohneendozo&plctehen BIGY 8 @fd &:dcribad Vel dOril 8416w, Cﬁ%sétﬂatlﬁﬁlagb%&g]aoj_ and

enough t hat cy.of information is not an issue
02 are choseé%%g%lléé @nﬁe%ﬁ@némaéa@ughmdfﬁm@mdzme nci dent

beamis Sensde%drﬂiﬁe&Qﬂ%n%@lywﬁ%ﬁagﬁﬁ#%sﬁﬁ%%g ted b (1015a) and

(1015b) | eave 25 the V\Drlr;_‘gGece a al to the
angl es of i rAPPHERTEIID of) lesabﬂecmmhhemhﬁmmwﬁﬂﬁeaﬁfred.@ normal h.

The di ffractgg e 124 r i\ved detectors (1070a)
and (1070b). In the glgse mﬁ@lﬂe appgéj(a?ﬁg)ea(n%@gﬁs) %"@W? is a

spect r omtt erP P’Hbmﬂﬁl’lpﬁ@ﬁ? e eqtoriéteytor dlipsof@tipmpasamenientd Sidahile exaitatigcei ved by
detectors 00) andetetf), te he di ffracted

radi ati on (10152) gmd ege% Zgl)@l%)%%}f&?\%o %%Feggru?e% 8?1%"%@*8 e passing the
signal to a Bgideassdfe tbellbngedme&fnnwecmdlmea&m@mtfoib}ﬂﬁgleofn the case
that the apRpgs 10.is a reflect t then the 13 WO
01155669 PCTI u%%){ibs"(fg%g@‘%‘g{"fe': s&“gr‘%‘iﬁfsaf{’?g’ﬁ“ﬁ ge tﬁ@@%?@?@%ﬁtly to

t he spect r orfipassuses ORFIGS.i0xr éhtoqmdueaadn afdalo@incidénkd Bzﬁich sthiIPenSHGH I OMTEL er
(1090) spndsydeti@stted Pdbrickighs€! t her a charge coupl ed device (not shown) or a
phot ormul ti plier (not own) whi ch converts the optical signal to an

el ectrical signal mhlch enters a S|gnal processor such as the anal ysis

processor ofy Rhg o .8 and described in
detail bel ow. 2on F1G 11 is an

the hunori ox amﬁﬁ?@fécé&%ﬂ%&%%@@@“?ﬁc B hac the
00) whxch is depicted mcludes three ridges (121) which are shown as having a :
20  triangular cross-section. Tt should be noted that the method of the present invention is
applicable to cases where the ridges have shapes which are considerably more complex,
and even to cases where the categories of “tl tidges” and “troughs” may be ill-defined.
According to the lexography of the present specification, the term “ridge” will be used
for one period of a periodic structure on a substrate. Each ﬁdge (121) of FIG. 1 is
25  considered to extend infinitely in the +y and -y directions, and an infinite, regularly-
spaced series of such ridges (121) are considered to extend in the +x and — directions.
The ridges (121) are atop a deposited film (110), and the film (110) is atop a substrate
(105) which is considered to extend semi-infinitely in the +z direction. The normal
vector 7 to the grating is in the — direction.
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apparatus (1030') of FIG 11 is a reflectoneter, the relative intensity ds
nmeasured. It should be understood that nultiple detectors (1070a) and
(1070b) arwonuviseedecessary to 10 performnul tipl e-angl e PETUER03F6try or

el i psometry neasurenents since the excitation head (1020) and detector
(1070) may performa first neasurenent for an angle of incidence of 01,
and then be noved to performa second neasurenent for an angle of
~incidence of 02. Furthernore, a focusing | enses may be included in the
optical path of tFs. 1amwthsmaMésd§tcmtedlﬁmQrmatﬂendaﬁcalaMm@fan area of

I nci dence ch snal, n h tp 15 neet area.restrictions. 2. Rigorous
Coupl ed- V\a%’ﬁﬂgﬂ F%gch&‘gﬁmﬁﬁqgﬁeﬁtéﬂwfl ledn E[Em"ﬁﬁﬁﬁr ation A section of a,
periodic grati 100 sho in.FIG 1 he..sect. of the rating
0500y “whi o .sr%s&r bl R hERovRite ot (300 RIS ot tR o oo
having a 20 trM%ﬂ(@!l)%&ﬁSn&&ﬁtVe@lﬂrnbfthSE@tﬁgj(llm rm&p@bnhﬂg\vecfohe et hod
of the present jnvention is_applicable tqQ cases, where the ridges have

shapes whi ch ar@_@&ﬁ@ﬂ’&é?‘&ﬁ‘i Baeting s Rlane of incidence}0)-o cases where the
categories ofy " is@%%mﬂhﬂmgié&%ﬁﬁéideﬁ?&ec%mh#eﬁéjﬁﬁiaﬁﬁp(ml)AFeCQﬁéj' ng to the

| exography of the present specification, erm"ridge’ ‘Wil be used for

one period of aﬂngbrhewmthSMMﬁdJe@w@%ﬁB@t%%W}E%andgealeqm) of FIG
1is 25 consi d%@f‘afh? aﬁd%@ﬁﬂné@ﬁéﬁeﬁ@éd@)n@o@@asél‘fﬁ%ﬁaﬁmginrtﬁ&t'Ons and an

infinite, regularly- space series of such 121) arfe considered to
extend in the wammaaamlwaﬂumesentm@ﬁca qzm!l}alanéemﬂ@wa deposi t ed
film(%40) anqm&hp film(110) is atop a substrate (105) which is
considered to exténd sem -infinitely in the +z direction. The nornal

vector n to th s

peT] USo1/ 02536 ¥ B o g efek Bt sk EBcd hollbh Mobofiline

mat henat i cal an'aﬂly'mns(l@l‘)aadﬂﬁphnmmn@r(éﬂ@w,é)emmthnglmcﬁﬁé pr esent
invention. In par O Ls he an n,t ector (130)
of the incident"s Eé%lar“gﬁﬁw(’@ Pﬁfﬂe 8ﬂ w@%eg}ﬁﬁ) ‘ﬁg‘;ﬁ%‘r‘)ﬁaﬁix\?ect or n of
the grating (10ﬂ21den¥|3ﬁcthﬁé§ﬁétﬁ9adYﬁﬁﬁ@r31) @p&l&%ﬁs@ﬁgt i di@levector n”

define the plane of incidence (140). I'S the azinmuthal” angle of the

i nci dens el ect rﬂﬂmgmdrllslspaﬂenatcunfno(tﬂéﬂéneolfme;dendef@m) aighembgietieen t he
di rection of per|0d|C|t1¥ of the grati ng which in FIG1 is al on%w
field vector H lies in the plane of incidence (140), and this is referred to as the TE

polarization. When ¢=0 and the incident electromagnetic radiation (131) is
polarized so that y=0, the magnetic-field vector H is perpendicular to the plane of

incidence (140) and the electric-field vector Z lies in the plane of incidence (140),
20 and this is referred to as the TM polarization. Any planar polarization is a
combination of in-phase TE and TM polarizations. The method of the present
invention described below.can be applied to any polarization which isa
superposition of TE and T™ polariiations by computing the diffraction of the TR
and TM components separately and summing them. Furthermore, although the
25 ‘off-axis’ ¢0 case is more complex because it cannot be separated into TE and

TM components, the present invention is applicable to off-axis incidence
radiation as well.

e A isthe wavelength of the incident electromagnetic radiation (131).
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the x axis, and the plane of incidence (140). (For ease of presentation, in
the nmathematical analysis of the present specification the azinmuthal angle
4 is set towQ®/sBéP0.) yr is the angle between the el ecPCFES#5d vector t
of the incident electromagnetic radiation (131) and the plane of incidence
(140), i.e., between the electric field vector E and its projection .91 on
the plane of incidence (140). Wen 4r--0O and the incident electronmagnetic

radiation (131) is polarized so that p=/2, the electric 15 field vector E

i s perpendicul ar t GIGhEeshatve 8 roRsebtidBAIGRREST thd Ades ARY) dfak xR i C- field
vector Hlies jn the plane of incidence (140), and this.is referred to as
f

the TE pol JReriodip grgting (AQ which wilkpeidsheled peing b sameireferepenmmsmalsias the adi at i on
(131) is pokatirig2E¥IGQ,)} NRbtraimPthe VRLRRESSEAGviiihe] Bati@thion dé'sfl'ﬁpgi_o?i ol

perpendi cul ar, to the plane of ~incidence (140) and the el ectri

vector E |ie¥theflimensions ofithe diffractinnismting 8 0P)asogrding ty thepresentisventions & erred to
as the Tl\g)oij@moﬁﬁ};i on. Any planar polarization is a conbination of in
phase TE and TM pol ari zati ons. The nmethod of the present invention
descri bed bel ow can be applied to any polarization which is a

super posi ti on ef Lifthananbevbfthé Aydrginto wiich thy sysempsdiviaen. Tagersld idd Bgti on of
Al though t he 25 SRR b sehEmRiE Hyol Yarel Dot resbotes o (10p annot be
separated i nto TEuchasvacihivh onaiy) ohich typically s R refuetive mdax Rpéfivatly.iayagp! i cabl e
o dent el ect o AEFES: g OB, ek Bigpionty alifen o SudEBu TRCr) LSO | 02536
FIG 2 shbws a crsasisomiectr applivhtions.cly the dasdofithetbganplécd ating 1000 FRX QP! ar y
urer al 5 a5t he Sy GO0} falatlever e i phofR 1% G5 e BepBothccoc at e
with a mat hemat i dayer (#25Q; thptidgen (120) beingen thie fiestthrangls sevénth hgersl{1R51pCct i on
Phe nusber of ¢ nanpushefs s Aeia i RiiB) plafET G EvertiAsheri ity er o 0 and ©
are considered substrate §O8) beingtheniirtielayayEX5P). (Foyhs mthbmatital analygi®spheri c”
layer ( 1?51) ’ described below, the thin-film (110) is consideted as a periodic portion of the

ridge (121) with a width d equal to the pitch D.) The portion of ridge (121) within

" each intermediate layer (125.1) through (125.(L-1)) is approximated by a thin
planar slab (126) having 2 rectangular cross-section. (Generically or collectively,
the layers are assigned reference numeral (125), and, depending on context,
20 “layers (125)” may be considered to include the atmospheric layer (101) and/or

the substrate (105).) In general, any geometry of ridges (121) with a cross-section

which does not consist solely of vertical and horizontal sections can be better

approximated using a large number of layers (125).

* Disthe periodicity length or pifch, i.e., the length between equivalent points on
25 pairs of adjacent ridges (121).

® djisthe width of the rectangular ridge slab (126.]) in the /th layer (125.]).

» fis the thickness of the rectangular ridge slab (126.)) in the %h layer (125.]) for
1<I<(L-1). The thicknesses # of the layers (125) are chosen such that every
vertical line segment within a layer (125) passes through only a single material.
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such as vacuumor air, which typically has a refractive index no of unity.
Layer L is a "substrate" layer (105), which is typically silicon or

ger mani um'W@ 0¥gs66%em conduct or applications. |In the case Per/UShn2836enpl ary
grating 100 of FIG 2, the grating (100) has ten layers with the

at nospheric layer (101) being the zeroeth -layer (125.0), the ridges (121)
being in-the first through seventh layers (125.1) through (125.7), the
“thin film(110) being the eighth layer (125.8), and the substrate (105)

Be: ng t?ﬁ nit R't FFo}lcrmsan I ce|, IfZADFID, 2 tHefruterialid ; ndmﬁbﬂfﬂmb,f(ﬂds.ﬁ%ﬂﬂ?&%) &5f dte?]cri bed
el ow, e thin:film i s._copsidered.as a periodic portion o e
ri dge (121) Wtﬁemﬁ%ﬁwﬁﬁm%ﬁ@%@sa W@W}méﬂﬂsﬂ’ﬂ@ﬁ%f ri dge
(121) wi t[lig bemmzmee_ pma'l j ta cembiny/Ry eri(é@éﬁ)la)ndqrusssy,gmatg,a@mls_ls)m is
~ appr oxi mat e i avi n rectangul ar,

clrogss- secti on. y((l%e e?‘iquﬁ @Eﬁ)’ @égwfﬁtquﬁﬁﬁ?Mr §I°’g(P‘é’1"a%si gned
ref erense nunerwsuld dctbp accaitsble GPRBERL Ber® (125 SN hfd(125.400r ThydH]155 4 125) " may

be considered to,inclyde the . at nospheric layer (101) and/'or thé substrate
(105).) In genear“gdb%;iﬁ‘bﬁmff“}“

of ridges (121) with a cross-section

whi ch does nqQt consi salely.of .vertical. and horizont al ctions can be
better apprgxiﬂ'gﬁgedaé%ﬁoﬁée%%oﬁherﬂﬂ%@rm&ew ’(“ggfﬁﬁag?lz@?% t he
periodicity | ernb¢lthlyerfl2s5dn, i. e., the |l ength between equival ent points on
25 pairs of adjacent ridges (121). di is the width of the rectangular ridge

slab (126.17 in theeferminingyle diffmotionigenerateq byi grating100)iafonderspat t he
rect angp! ageribal M v s chadtions is nikd! &S s Jgﬂx&ﬁﬁé%ﬁl im}ﬁce;s?fow 1<l <(L-1). The

t hi cknesses t] of the layers (125) are osen suc every verti cal

li ne segnefiegmamofFIG.3, the pexmittivitiey afghfosesh layerd arptiemnhinedorsbquifed material . 16

e s 1o s R S0 Rung AN o ot e o BHGT * P e
ma';rte)ri al Is peial appaber 60/ 1735539, fledVanuapy526; 2000 éxitied Proghthai_vLebsMadm,e;pt gbl eto

[ : .125. .0),
ayer o (1K peséot yattios U plobfinapeft sop YRGS st imp PR A Gl ¢ O
woul d Adt e 2c200P eatitled RrofilerBrsiness Madek by the pRSer jnventoks,(kbfifof4hjchor | ayer s

(125.6) apd n(cla&a%ra@d hieﬂh&ﬁeﬁl'éﬂ@),eanh & ¥ftd-dimensional Fourier transformation of
the permittivity g(x) of each layer / is performed (312) along the direction of periodicity,
% , of the periodic grating (100) to provide the harmonic components of the permittivity
&, Where i is the order of the harmonic component. (In FIGS. 3, 4, 5 and 6, process steps
20  are shown enclosed within ovals or rectangles with rounded corners, and the results of
calculations are shown enclosed within rectangles with sharp corners. When appropriate
in FIG. 3, equation numbers are used in lieu of; or in addition to, reference numerals.) In

particular, the real-space permittivity a(x) of the #h layer is related to the permittivity

barmonics g, of the /th layer by
<0 .2 -
25 g =Ye, exp(jf’“x). (1.1.1)
== :
Therefore, via the inverse transform,
d d,
&o=n>-Lini(--L _
=1 S+m -1, (L12)

and for i not equal to zero,
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nj i.s the.index of refraction of the material in the rectangul ar ridge slab
(126) of the Ith layer (125.4). . In determning the diffraction generated
by grating (WOOYss6& Fourier space 10 version of Maxwel | 'rETAg0RA2EBNS | S
used. As shown in. the calculation process flow diagramof FIG 3, the
permttivities al (x) for each layer | are determ ned or acquired (310)
(for instance, according to the nethod described in provisional patent
application serial nunber 60/178,540, filed January 26, 2000, entitled
Profiler Business Mdel, by the present inventors, and provisional patent
application serial nunber 60/209, 424, fsiﬂ(z%)w June 2, 2000, entitled Prof
| er Business Mbdel, by the pr@{a,endn r—mﬁl 8Ph of which q1.2.3)
i ncorporated herein by reference), and a %he- di mensi onal Fouri er
transformation of the permttivity ej(x) of each layer 1 is perforned
(312) al ong where i 106 indenoreéfiaRBsn T dicGhd ting (100)
to provide thﬁ tF]Iarm)nlg conponent s of t%ghg)glrem Peslt(\llﬁnﬁl)ﬂﬁwe?ﬂlth%vﬁ@& is the
order of the® °7@Y%'(mlbsmﬂlﬂne&summméﬁlqﬂx@mﬁ'&tsteps 20
are showns en@ﬁm&ﬁeﬂuﬁﬁv&nﬁymuh gﬁ@Qm%tﬁeﬁﬂ%%gp%{]er and the
e tan

results of | cul atabons are shown encl os es W th sharp

corners. V\he‘H SHpnapilY % isettempiedp @psitipn theyrAppivtat therebmerof aridga@21) i n | i eu of
or in additifénte f Rt s@t@P&m gaLyspace
permtt|V|ty%If %g:%l?thelth ayec?ﬁ?is?){rﬁecrﬁgt %Egsh% %Mﬂﬁftlw

har noni cs a ipgle atenogphenioapaterial gre found nlpiég any )line {n’thelx- 1)

Ther ef or e, Vd@cﬁ&iﬁm%ﬁ%@pérrmm&cm?gkséﬂal@mbgr4’74% @fﬁfﬂﬁgéég D),

(1.1.2) (gnd for i naot eq(iual to zero
PCT/ US0 1125480, entitled Qptl P§°ﬁ.@lne¥¥ﬁ>r(snb-McromB§noélcheﬂt)mewﬁh’Eﬁr&c(rMo&e 3) where

2 - Ih: |t Egelxlﬁﬂﬁﬁalﬁﬁ a'L@frJr,adSrtth@&amQhvgﬁ&s,%ﬁégeﬂlmdeﬁu}n%y b ﬂ&ie {1el) in layer
' gratings having more than one ridge material along a line in the x-direction.
According to the mathematical formulation of the present invention, it is

convenijent to define the (20+1) x (20+1) Toeplitz-form, permittivity harmonics matrix E;

15 as
€10 &4 Sz "t 84, ]
S & & v e
Bi=leg, &, 410 * Egen i 114
G120 E1200 Epzeny v Epp |

As will be seen below, to perform a TE-polarization calculation where oth-order

harmonic components of the elecfric field E and magnetic field & are used, it is
20 necessary to use harmonics of the permittivity &, up to order 2o0.

For the TE polarization, in the atmospheric layer the electric field & is
formulated (324) as

E, , = exp(—jk,n, (sin 8 + cos &) +) Rexp(—jk,x~k, 7)),  (1.2.])
i
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of .refraction no of the atnospheric |ayer (101) is typically near unity,.
and P is the x-offset 5 of the center of the central rectangular ridge slab
(126.1) (iweo/sséke ridge (121) nearest x=0, where geneP&TFOHIRSI6S
attenpted to position the x=0 point at the center of a ridge (121)) from
the origin. The present specification explicitly addresses periodic
gratings where a single ridge material and a single atnospheric materi al
are found along any line in the X, direction. However, as per disclosure

goc ]th_rant S%&L?Eheﬁétms Rt/lhé’rlZﬂQE%e riﬁﬁtl(-jhﬁﬁh éé@é/ofkﬁuati&@(ﬁﬁﬁ_?_shmﬂﬁédtﬁiﬁ%a@t :vgal ol
rofilometry for Sub-M.eron Peri.odi c Featyres w.t re r Myre terials
ina Layer?’aﬁﬁt%%“giea?fé“ql%@rﬁ’m%?m&%ﬁé% e W@Pﬂqﬂﬁ" B3P applied to
gratings h@m.rAggs HBUnE of rfeked Pfink weetd afiBR 8 1hd naglifBdofdhd AHGnipBndnb 6f
x-direction. According to the mathematical formulation of the present

i nvent i on, Hepefiested wayg, and thewaveyreetass ik and (fa kg g gfveRbY 20+1) Toeplitz-form
permttivity harnonics matrix E, 4p as gj 18 . 1 Epp ... 8420 Et = El1.2
Eli Er,0 ... ~i,-(20 2) (1.'1.4)’%%3:2@9(3@1 o-1) E4(20-2) ...A8R)0 As will
be seen below, to performa TE pol ari zati on cal cul ati on where ot h-order

har moni ¢ conponents of the elegtric fi. d magnetic fiel are used,
it is 20 necessary to use har%b'ﬁikgg"sﬁb?'ﬁgggrm ttivity Er, ,(?&E)to or der
20. For the TE polarization, in the atnospheric |layer the electric field E
is fornul &d (324) as Eo>r = exp(-jkano(sin 9x+cosea) +A

exp(-j (kx, x-ko,z)) , (1.2.1) 18 b(?i_/_ggg?(g)z 2T/ USOl / 02536 where the term
on the left of the right-hand,gide 'p Fat ?o L1.2.1) is an @reym ng pl ane

wave at an angle of incidence O, o et had B )X NE 1 | ght of the right-hand
o 0 o Ui Ficnied S LRS E hR I BB ST
ko and 101 theQsipresiion, BiprdadeRe(#o Ry — En(kQ;) > 0= ThisfinkGre& B £72 Had a Bosiive
real part, so that energy is conserved. It is easily confirmed that in the atmospheric layer
(101), the reflected wave vector (&, &) has a inagnimde equal to that of the incoming
wave vector kgnp. The magnetic field A in the atmo;pheric layer (101) is generated from
the electric field E by Maxwell’s equation (1.3.1) provided below.
15 The x-components k,; of the outgoing wave vectors satisfy the Floquet condition
{(which is also called Bloch’s Theorem, see Solid State Physics, N.W. Ashcroft and ND
Mermin, Saunders College, Philadelphia, 1976, pages 133-134) in each of the layers
(125) containing the periodic ridges (121), and therefore, due to the boundary conditions,
" in the atmospheric layer (101) and the substrate layer (105) as well. That is, for a system
20  having an n-dimensional periodicity given by

f@®=fF +Z"1:m,e?,) . (1.2.5)

where d, are the basis vectors of the periodic system, and m; takes on positive and

negative integer values, the Floquet condition requires that the wave vectors & satisfy

E=k,+27),mb,, (1.2.6)

i=t

25  where 5,are the reciprocal lattice vectors given by
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k.F.= ko(no sin(g) - i(~)) , (1.2.3) and ko(n~ _(k,1"ko)z)t/x ka~ _ jko(n
_(k~ Iko)a)L2 (i.2.4) where the value of ha is chosen from equation
(1.2.4), . 80 0WS565 t he top or the bottomof 10 the expreFdisomzsiso provi de
Re(ko,.d) I m(kox) > 0. This insures that ka ,, has a positive real part,
so t hat energy I's conserved. It is easily confirned that in the atnospheric
| ayer (101), the reflected wave vector (lei, kod) has a nagnitude equal to
that of the incomng wave vector kono. The magnetic field Ain. the

at nospheric |ayer (101) is generaggd the electric field Maxwel | ' s
equation (1.3.1) provided bel ow ?@‘% e X~ conponents kw of théfgé?going

wave vect or s gsiitheStave vétor GF DRLE %a&g%g%%ﬁcr%%é %e%&e&g Ie Bl och's

Theorem see Solid State Physic Saunder s
Col | ege, Phi thadsst phthelaya®(185) @W@&I&&%&&@(lmo@@g P%;dtzhzﬁnd (125)
containing the periodic ridges (121), and therefore, due to t oundary
condi ti ons 5‘%‘31\"' Yeriprogal dastios ryeqtorch IlsayéD theeby pmwndlngﬁ'&rdaﬁlﬁkl:ﬁﬁbﬁqha@mﬁr (105)

as well. 33 for a system 20 having an n-di nensi onal periodicity given
by f(~= f(p+rrt r (1.2.5) =t where d', are the basis vectors of the
periodi ¢ system I hﬂno’teémﬂl@fonp‘degmenabwefmﬁg&lebu‘ieﬁblﬂtiﬁﬁer val ues, the
Fl oquet con%b q J e vect or atlsf K =k'o

+2g5m bb, % 1%) £I%gia%l\)inere ES{oR 40 1°8 ““"g IP QVaYeR it adte vect or s

given by 1 emnm ﬁge@gurht:tfﬁismbﬂ&ﬁaepac(efora;uﬁhmkmr,&ﬁwfoﬂﬁmaﬁoﬂect or of a

free-space onecker, .del fungtlon In the case
of thepl a e?igb(tli%%&séﬁ c?%’zdﬁp%a%dtog%l(%?qélﬁ °ﬁ5‘i'? % - t‘lﬂ’%?ﬁﬁhz whi ch
have t hell sitheneoming endrovtgaing rafiationkave saveveciorsio magritnd nk) Sty apoVi di ng
the relati Orlﬁiﬂegvﬁé eﬁ%ﬁ)&l 8'the electric field in the substrate layer (105) is produced (324)

a priori. In the substrate layer (105), the electric field % is formulated (324)asa
transmitted wave which is a sum of plane waves where the x-components k,; of the wave
veotors (%, ko) satisfy the Floquet condition, i.e.,

I~1
15 E, =ZJ} exp(—j(k % +ky (2= Y 40 1238
: [ )
where

E nﬂ_k 1k 25172
,,Lf{ o (1~ (B /o)) 129)

— jky ("g — (k1 ky )2)1,2

where the value of &y, is chosen from equation (1 2.9), i.e., from the top or the bottom of
the expression, to provide Re(k;,.;) — Im(%;,) > 0, insuring that energy is conserved.

20 The plane wave expansions for the electric and magnetic fields in the intermediate
layers (125.1) through (125.(Z-1)) ate also produced (334) g priori based on the Floquet

condition. The electric field E, in the #th Iayer is formulated (334) as a plane wave

expansion along the direction of periodicity, £, i.e

hd 4

E, =8,z exp(—jk,%) , (1.2.10)
{
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5(21.2.3). It may be noted that the fornul ation given above for the
electric field in the atnospheric layer (101), although it is an expansion
in terns GWOPI/3HME waves, is not determ ned via a Fouri @TUBHMAZP6r m of a
real -space fornul ation. Rather, the fornmulation 1is produced (324) a prior
based on the Floquet condition and the requirenments that both 10 the

i ncom ng and out goi ng radi ati on have wave vectors of magnitude noko.
Simlarly, the plane wave expansion for the electric field in the
substrate whyers, (&3 the s-dEpefdbitastiricReld harmomt bMplitude for the Bh Byddahd at e | ayer
(105), the electric field Eis fornulated (324) as a transmtted wave

whi ch i s . ateulhainitn®) SiMigsthvBRgRiE H84°F,C TR N8 Myer ikforﬁma{eh@ss\gve vectors
(k, & kO) satisfy the Floquet condition, a’ e., 15 ~t L,y =. ,

exp(-j (k. r zskplagk(wavBeipahsiondlengshe dikeotion of péodicitk o zi)ei,r s kL. zr = (1.2.9)
Jko(ni _ (kxl /k)2)i1l2 where the value of k1l is chosen from equation
(12.9), i.e.,"fromthe tqop or the bottomof the expression, to provide
Re(kz) - Inm(ki,r) > 0, iduride—oHaD EpéDewlfebnser ved(LZM)The pl ane wave
expansions for the electric and“magretic fields in the internediate |ayers
(125.1) through (125.(L-1)) are also produced (334) a prior! based on the
Fl oquet 5 cavhelietl, Qi) if e zelopentienit rafhetit Bell harmonic\dpliluti for e dh ldysr dn@r nul at ed
(334) as a plane wave expansion along the direction ofperiodicity, z,

i .e., Eir jsithhamamios(- 1kk, x) , (1.2.10) 20 WO 01/55669 PCT/ USOL/ 02536
where Si,,, (z) is the z-dependent electric field harnonic anplitude for
the Ith |ayer andActdiding tdMaewelDs eduatidnis/thé alettic ahd'MagRES GbldE withiglad HH, i n
the Ith | ayer ise%&kgglated (334) as a plane wave ekpansion along the

direction PHAEFT ty, z, i.e., H,. = _j()si2U, (z)eXp(-jkxrx) ,
(1.2.11) '
7, =1vxE,, 3.
! (a’ﬂo) X Loy _ (13.1)
10 and’
B =(—L yvx7, . .
' (waos,(x)) X L1y (132)
Applying (342) the first Maxwell’s equation (1.3.1) to equations (1.2.10) énd (1.2.1D)
provides a first relationship between the electric and magnetic field harmonic amplitudes
St and U; of the /th layer:
os, ,(z
15 ‘;’z( ) =k U, (1.3.3)

Similarly, applying (341) the second Maxwell’s equation (1.3.2) to equations (1.2.10) and
(1.2.11), and taking advantage of the relationship

27h
k, + ’5" = kx(i-h) (1.34)

which follows from equation (1.2.3), provides a second relationship between the electric
20 and magnetic field harmonic amplitudes Sy and Uj for the /th layer:
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PO 5 where U,, (z) is the z-dependent magnetic field harnonic anplitude for
the Ith layer and the ith harnonic. According to Maxwell's equations, the
electric andVodé®i c fields within a |layer are rel at ed Poyrusbi/nzssa) VXE i
(1.3.1) 10 and E, =( -j )WxH . (1.3.2) weoei(x) Applying (342) the first
Maxwel | 's equation (1.3.1) to equations (1.2.10) and (1.2.11) provides a
first relationship between the electric and nagnetic field harnonic
anplitudes Sr and Ul of the Ith layer: 15 asl (z) = kU U, xf, (1.3.3)
Simlarly, applying (341) thgysec Maxwel | s equation (1.3.2) to
equations (1.2.10) and (12.-1?‘—"—,= S akknd gdysini.age of the (es.syionship
24 kx, + D (1.3.4) which foll ows™4o0om equation (1.2.3), provides a second
rel ati onship between the electric 20 and magnetic field harnonic anplitudes

Si and U f oWhildwuition (1.3.9)nly codplesMRrdnORfit R R ldahs Order30uatRlyS, _ K, 2

S~~,t - ka eti,~nt St.rr (,1.3.5 o P.Wile equation (1.3 3) only couples
har moni ¢ anp i3t52|8%’§§°5]f1ar{nﬂé‘°?3?|1§2‘4??g'_éﬂdp{"%ﬁ&%’ﬁ@ﬁmwﬂféﬁ}: I equatiop| eg har ﬁoni c
anpl i tudes il 3@NpekkittiRy HEREONIEA, FEH bleRL9S $20 Ar@regﬁm% &:%Plggélrﬁmﬁ ’

permttivity harnonjcs, st fromorder -20 to +20 are requi to couple

har noni 055 ﬁ?&ﬁf"g’gﬁié‘l rofordergpetyeenyp@ad to.het ween -0 and +o. Conbi ni ng

equations (1.3.3) and (1,3.5) and truncating the calculation to order o in

t he harnoni c anpl i tGetdindgedquationsd.3(33 df) (1.3.53 anlandeatinglte califlftio ot i al matri x
order o in the harmonic amplitude S provides (345) a second-order differential matrix

equatjon having the form of a wave equation, 7.c.,

Ry

[ az.i”]=[A,][Sz.,] : 134)
10z’ = kpz, the wave-vector matrix [4]] is defined as

l4]=[x.F-[&] . (1.3.7)

where [X,] is a diagonal matrix with the (i) element being equal to (%, /K), the
permittivity harmonics matrix [Ej} is defined above in equation (1.1.4), and [ S}, ] and
[6%S;,/82’%] are column vectors with indices i running from —o to +o, i.e.,

S’J,(-O)

15 [:St,y]= Sl;y,o s (1.3.8)

L Sizo |

By writing (350) the homogeneous solution of equation (1.3.6) as an
expansion in pairs of exponentials, i.e.,
2041

S, Ly (z) = ; wl,f,m [cll,m exp(-kOQI,mz) + czl,m eXp(ko QI,m (z - tl ))] s (1 '3'9)

its functional form is maintained upon second-order differentiation by z’, thereby taking
20  the form of an eigenequation. Solution (347) of the eigenequation
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equation having the formof a wave equation, %., z [Y]=[Al} Es,,s~ ,
(1.3.6) 10 z' = koz, the wave-vector matrix [A, ] is defined as [A]= [er
_[E] , (WOSV$p6? where [K,] is a diagonal matrix with PREUS253 | enent
bei ng equal to (kd/ ko), the permttivity harnonics matrix [B,] is defined
above in equation (1.1.4), and [ St,,, ] and [Sf,,/8z'Z ] are columm
vectors with indices i running from-o to +0, i. e., 15[S, .y ]=S,,r a,
(1.3.8) ~I,yo By witing (350) the honogeneous solution of equation (1.3.6)
as an expansion in pairs of exp?pmngglg[?k. , 20+1 St~ W@k, 10) [Cr,,x (
kOgl, nz) +c2,,, exp(kOgt,a, (z-tr ’) JX4 its functional formls
mai nt ai ned upon second- or der dlfferentlatlon by z', thereby taking 20 the

form of an ﬁ@&@%ﬁnﬂgﬁp@@l“eﬁlm e‘lﬁﬁ@“ﬂi"»gkﬁﬂ@@hﬁﬂmﬁfﬂ@ VO
01/ 55669 P 48
di agonal e%{énva ue maf{fi [BQYMZ ¢ e&Ar]”W[om{f#éég}‘g %%I é" i&% 012 ?he

wave- vect ofth mtrsrafhe nth pigernectonof [4il.gb disgonabrootreigerivalug wn]mdQJ] definls Wi, |
wh di I
oS T R B s R Gl e 0,°2°00

root - ei genva uematr ned al"entries ql1,1 which
are the posigtiveles galTheootstants cb bnd d2ars; geipet,amddgeaidnedf the ei genval ues c4 |.
The constants cl and c2 are, as yet, undeterm ned. By applying equation

1.3.3) t t 09, paua o
(exp( kaé, : ?03?222|t gpe@{léﬁg%u?{f&ng%’ﬁ%wgf %%fl?lsjfmk{d’that( z)_2:v [ c

2041

U,.(@)= Zv,,,,.,[ el , €xp(~ko g, ,2) + €2, XDz —1))]  (13.11)

where viim = gimWiim. The matrix [F]], to be used below, is composed of entries vy;,,.

10 The constants cl and ¢2 in the homogeneous solutions of equations (1.3.9)
and (1.3.11) are determined by applying (355) the requirement that the tangential electric
and magnetic fields be continuous at the boundary between each pair of adjacent layers
(125.5)/(125.(1+1)). At the boundary between the atmospheric layer (101) and the first
layer (125.1), continuity of the electric field £, and the magnetic field H, requires

S I W, WX, el
15 i0 R= 1 1<*1 1 4.
[jno cos(o)a,.o]*[—m] [Vl VX, | e2, (14D

where Y} is a diagonal matrix with entries (%y/ k9), X;is a diagonal layer-translation
matrix with elements exp(-%o g 27), R is a vector consisting of entries from R, to R+o
and cI;and ¢2; are vectors consisting of entries from ¢, and ¢1;,2,41, and ¢2;p and
€21,20+1, respectively. The top half of matrix equation (1.4.1) provides matching of the
20  electric field E, across the boundary of the atmospheric layer (125.0) and the first layer
(125.1), the bottom half of matrix equation (1.4.1) provides matching of the magnetic
field H, across the layer boundary (125.0)/(125.1), the vector on the far left is the
contribution from the incoming. radiation (131) in the atmospheric layer (101), the second
vector on the left is the contribution from the reflected radiation (132) in the atmospheric
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wher.e vztin = glmM ., , m The matrix [VI], to be used below, is conposed of
entries vLI, m 10 The constants cl and c2 in the honbgeneous sol utions of
equat i ons ( WOMESe9and (1.3.11) are deterni ned by applyi RETBEBRSIGhe
requi renent that the tangential electric and nmagnetic fields be continuous
at the boundary between each pair of adjacent l|ayers (125.1)/(125.(1+1)).
At the boundary between the atnospheric layer (101) and the first |ayer
(125.1), continuity of the electric field Ey and the nagnetic field Hx
requires ar olﬂyewommﬂﬂlb]poﬂiohoﬁﬂ)eﬁgﬁﬁeﬁréb@nt@ﬂﬁﬁgm%d}f i o6& 1mvey - VA €2,
1.4.1 V\A‘IEI’E(I\ﬁg'l?'S a diagonal matrix with entries (ko, 21/ ko), ?g is a
di agonal layer-tfanslation matrix with elenents exp(-ko gqt.. t,), Ris a
vector consisting of &n}ari gs fromR to Rro and cll1 and c21 are vectors
consi sting of entri8kthp epracy betyeqn adjacent intermadiatelayere(125.D amh(125.¢:21)), 20+1,
respecti vel y confiityt ithe vidcfric i 3 .1) provi des mat chi ng of
it hiolel T afid o IR B Erhvethuited

the 20 electric field Ey across’the at nospheric |ayer
(125.0) and the first y (125-1) ,,-the bott hal f of matrix equation
(1.4.1) psovi des match %%—i tp%e gnet|®  Widelfell I actoss the, | gyer
boundary (125.0) 1(125. ;. Xihe—Veckay, lor # he-may| deft is the d@ft¥ibution
fromthe incomng radiation (131) in the atnospheric |ayer (101), the

second vect [s.the.contribution fromthe reflected radiation
(132) in the&g%rgr{lglgp g“?‘!*gz"i"?&%%EE@%%@M%WW&O&%@%M), and
the portion 8ed EpandtheghagnetiopfickhEpiespetively} abstholf-1/18436k Uhindaly, t € first layer
(125.1). At the boundary between adjacent internediate layérs (125.1) and

125. (1+1)), ti i teFd i th tic field H
oqui 100 B w3 fd boulary e @i 4 L5 B UM el eSS © 11
SV tc2l 1- Yd0hsentipuityof the elepteic figld Epsnd theomagnetiofield Haeqhiret he vect or equat i on

provide matching of the electric field Ey and the magnetic field H

respectiyely, across the 11/KWJ_1a5;qu ngu[g ry. A t he boundary between the
- - . 1T, 4.
(L-1)th ?(‘gyer 125.(L-1) and ,hb_elxitljbgt L_? g?’l’%y&yz] (14.3)
where, as above, the top and bottom halves of the vector equation provides matching of
the electric field £, and the magnetic field tespectively. In contrast with equation

(1.4.1), there is only a single term on the right since there is no incident radiation in the

substrate (105).

15 Matrix equation (1.4.1), matrix equation (1 #4.3), and the (Z-1) mairix
equations (1.4.2) can be combined (360) to provide a boun&ary—matched system matrix
equation

[ -I W, WX, 0 0 - T2 [ &
Y, vV, -¥X 0 0 . cl JO,um, €0s(6)
O WX -m W, mx, 0 0o || o
0 -VX, ¥, ¥, -7X, 0 0 -] : :
00 . . B ’
0 0 cl;r-:
WXy Wy, I €2, :
L VX, Via b e 4T | i 0




(105), continuity of the electric field T, and the magnetic field.I;
requires 10 w , X I-i Wi TCr | Il (1.4.3) tz.-IXi-i 1jYIIT where, as
above, thewﬁéﬁ55&f?d bot t om hal ves of the vector equatlonPST@Sﬂd@iﬁfnatchl ng
of the electric field By and the magnetic field H respectively. In
contrast with equation (1.4.1), there is only a single termon the right
since there is no incident radiation in the substrate (105). 15 Matrix
equation (1.4.1), matrix equation (1.4.3), and the (L. 1) matrix equations
(1.4.2) can be conbined (360) to provide a boundary-matched gyaugm nmatrix

equation -1 W WKI 00 ... RSro jYo V VXOO...aIIf6Ionocos(O) 0
- WKL -7 vwnmlxxo&d&y-matcuaa& s&npmaﬁﬂ; Konc} 44%%?8b9s&ved 63&}
Y7 - | £ o 01/ 55669

ciL, "1 ... 12%% &eqlﬁ YL- AXL
PCT/ USOL/ o&%’%‘e feflectyity 1%1?&5 y(ﬁ&qrméy@%pmﬁWm equat i on
(1.4.4) rrastp;b@cﬁ sk (BESAb1S BuplinRiiafih 6Hi8e %i‘?&ﬂoﬁ‘scéd#lehngg gach

har noni (Alter nat ively, the partl sol ut appr 0ac descri bed
|n"StaIe SBW&’{ ot Gratiags:Epianesd rapsisianes Nigtvie Apprancp2iBs Bs f or
Sur f ace- RelGizh aﬁhB'ECFdiﬂlﬁetQ%bi S&Smﬁ&l%ﬂ‘i@%ﬁ ?68%%} %ca%%&r | X

Appr oach", . Grann_ and , vol

12, 1077- 10%’he‘£ﬁ’;?ﬂf§’9@ tbeaﬁle@éf&aﬁmeﬂwwmhem@d@aumuamé’)d| ffracted
r ef | ectivity Ror the diffracted transmttance T.) 3. Ri gorous

Coupl ed- Wave Analysis for the TM Pol ari zati on 10 The nethod (400) of

calculation for the diffracted reflectivity of TM pol ari zed
. Rigorous Coupled-Wave Analysis for the TM Polarization

10 The method (400) of calculation for the diffracted reflectivity of TM-polarized
incident electromagnetic radiation (131) shown in FIG. 4 parallels that (300) described
above and shown in FIG. 3 for the diffracted reflectivity of TE-polarized incident
electromagnetic radiation (131). The variables deséribing the geometry of the grating
(100) and the geometry of the incident radiation (131) are as shown in FIGS. 1 and 2.

15 However, for TM-polarized incident radiation (131) the electric field vector & is in the

plane of incidence (140), and the magnetic field vector Fis pérj:endicular to the plane of
incidence (140). (The similarity in the TE- and TM-polarization RCWA calculations and
the application of the present invention motivates the use of the term ‘electromagnetic
field’ in the present specification to refer generically to either or both the electric field

20  and/or the magnetic field of the electromagnetic radiation.)

As above, once the permittivity £(x) is determined or acquired (41 0),.the '
permittivity harmonics &, are determined (412) using Fourier transforms according to
equations (1.1.2) and (1.1.3), and the permittivity harmonics matrix £ is assembled as
per equation (1.1.4). In the case of TM-polarized incident radiation (131), it has been

25  found that the accuracy of the calculation may be improved by formulating the
calculations using inverse-permittivity harmonics 7;,, since this will involve the inversion
of matrices which are less singular. In particular, the one-dimensional Fourier expansion

(412) for the inverse of the permittivity g(x) of the /th layer is given by
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i nci.dent el ectromagnetic radiation (131) shown in FIG 4 parallels that
(300) described above and shown in FIG 3 for the diffracted reflectivity
of TE- pol ar WAaH/55¢@i dent el ectronagnetic radi ation (131pcT/Ukse/mssi abl es
descri bing the geonetry of the grating (100) and the geonetry of the
incident radiation (131) are as shown in FIGS. 1 and 2. 15 However, for TM
pol ari zed incident radiation (131) the electric field vectorEis in the

pl ane of incidence (140), and the magnetic field vector Al is perpendicul ar
to the plane of incidence (140). (ihe Simbggity in the TB- and T™M

pol ari zati on RCWA cal cul ati ons;§§d= W&%ﬁil‘iﬁt’é)t-i on of the pré&bit

i nvention notivates the use of ‘tHe ¥& m el eCtromagnetic field in the
present specfi iLon to refer.generically tQ either or both the electric
field 20 angyhg#egﬁglaﬁgﬁﬂmeﬁwgfﬁns&m&%ég%ﬁ romagnetic radiation.) As
above, once the permttivity 8, (x) lié, deterpgi ned or acquired (410), the
permttivity harnonics sxi are®gdétegiimegdlt4D2) using Fourier @.r2nsf orns
according to equations (1.1.2) ant —?1.'@. 3),” and the permttivity harnonics
mat ri x El5 i andfe @bt Rbalaszerg)er equation (1.1.4). In the case of TM

pol ari zed incident radiation (131), it has been 25 found that the accuracy
of the calculation nmay be inproved by gﬂw ating the cal cul ati ons using
inverse-permttivity harnonigs ¢ _X_;_E:) nc qj‘?i S| | i nvol ve tr}e ! nversi on
of matrices which are |ess sifgulsdr ,2fn garticul ar’, the one- df4fsi onal
Fourier expansion (412) for the inverse of the-permttivity 4(x) of the
ith layer i swhgte\Bis the¥-offoet WEINO dénep [ ...~ ~i,n e~7
x) (2.1.1 er\eﬁ‘ﬁore, yi,a the i nvgg@;g%érﬁ%ﬂgfggﬁg?g@n@%??é)o%g%'vi des Rt,0
= n D+ (i-°fpvese-pegyitivity hammonics matsix fois definedrs t o zero, D 1 1 shn(2 h dt )
nt.h = (7i- no) De f,a,~tn (2.1.3) r fih where (3 is the x-offset of the
center of the rectangular ridge slab (126.4) fromthe origin. The
inverse-permttivity harmofjgs ngtrixg>, is.definey as ~t.6 x' 1.4 fit, 2
Wit,-20 ’ ' ’ e

71 Zrg Tt " Byep
10 B=|\my  wy o v Bpgen (s @.14)

[ Z130 Frpen Frpez 0 &

o

where 20 is the maximum harmonic order of the inverse permittivity m;; used in the
calculation, As with the case of the TE polarization (300), for electromagnetic fields &

and H calculated to order o it is necessaty to use harmonic components of the
15  permittivity £, and inverse permittivity 75 to order 20.

In the atmospheric layer the magnetio field & is formulated (424) a priori as
a plane wave incoming at an angle of incidence 8, and a reflected wave which is a sum of

plane waves having wave vectors (ky, %) satisfing the Floquet condition, equation
(1.2.6). In particular,

-

20 H,,, = exp(—jkyn, (sin @ + cost) + Y R, exp(~ Jlegx—ky,2), Q2.1)
!

where the term on the left of the right-hand side of the equation is the incoming plane
wave, and R; is the magnitude of the ith component of the reflected wave. The wave
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~y't | g10 ~~I ?tj. 1) 10 Pt = yrt,2 y't>t ytt,o ... not.-C20-z} (2.1.4).
Xt,20 W, (20-2) * ~t,0 where 20 is the maxi num harnonic order of the

i nverse pewW@iotf36¢d ty ict,h used in the calculation. AsPRM{UIWRE6case of
the TE pol arization (300), for electromagnetic fields .E and # cal cul ated
to order o it is necessary to use harnonic conponents of the 15
permttivity & h and inverse permttivity ?Cl,rh to order 20. In the

at nospheric |ayer the magnetic field Ais fornulated (424) a prior! as a
pl ane wave vecier® kg dad (faf kayara gigbebydquativns A2De(12,.3)2aad (B2 Apdboes; twithevave whi ch

is a sumof plane wgves having wave vectors (kxt, k~. ) satisfing the
Fl oquet cofeengtis fielded ithe ﬂﬁ“’sl(hﬂl?l.aﬂafflqlhlsﬁﬂﬁé‘ﬂﬁ%@eﬂb%ﬁelﬂ&?ﬂj kono(sin

he right - Nl s Baisior A b sty crosy i R B0 A5 00 20, 2 1

t he magni t fictmubtedi(424) ag dtransmitied eave wiich ik e swe bf plateovhveswiere thhwawave 26 WO

01/55662 PCI/USC /D2 or.S, and_ (k. )y @€ given by equations
(1.2, 2),% (%JI"Z".’%&” ’gﬂggﬁifyé‘%}?°‘é{%to°§§d&§’ne il e 9 YT e e e e
atmospheric layer (101) ig gegerated fromthe dHectric field Ehy Muxwell's
equation (1.3.2). In the dubSukdt¥PC4 e?‘*(‘d.dﬁ)‘%ﬁg)snagneti c fRH ft is
fornmul ated (424) as a transnitted wave which i $a sum of pl ane waves where
the wave ‘whemrdigisslefiked in edvation (1. 290t AgditybadsédontheBlogiet canditioh,ither, equati on
(1.2.6), i.e., HJ=LT, expgh-\](klg, x+kL4 (z-Et,))) , (2.2.2) 14 where kk is
defi ned i n magngicifigh Hy, n the Ith layesisfounmlated (43#) andrlame vaye expeassion alongn, t he
magnetic field ii,, dn.the Ifh layer is fornmulated (434) as a pl ane wave
expansi on AfesHretanef PeFodieaty:; tof-enf periodicity, .z, i.e., 10 HI" U,,, (2)
exp(-Jk x) , (22.3) where U,,,, (z) is the z-dependent nagnetic field

har noniyg anplitude for the Ith jfaye Ne)ekdte g b, harmoni c. Spmigyarly, the
electric field 2 in the Ith Iaye‘f’ iZ@ﬁ'?ﬂu{{ﬂgt{ag j(1434) as a p andg wave
expansion along the direction of periodicity, i.e.,

where U, ,(z) is the z-dependent magnetic field harmonic amplitude for the /th layer and

the ith harmonic. Similarly, the electric field E, - in the /th layer is formulated (434) as a

plane wave expansion along the direction of periddicity, ie.,
= .. H ,
B =i ESiaDexp-ihs) 22.4)
0 H

15 where S, ,(2) is the z-dependent electric field harmonic amplitude for the /th layer and
the jth harmonic. |
Substituting equations (2.2.3) and (2.2.4) into Maxwell’s equation (1.3.2)

provides (441) a first relationship between the electric and magnetic field harmonic
amplitudes S; and U for the Ith layer:

olU,,]
&z

20

= [, 1(S, .1 (23.1)
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~0 IL1s Elm=.1(~ ) FSI,,(z)e~(-.lk~rx) (22.4) o r 15 where S,,,, (z) is
the z-dependent electric field harnonic anplitude for the Ith |ayer and
the ith har YWhMES6@ubst it uti ng equations (2.2.3) and (2. PcapsowmesseVaxwel | ' s
equation (1.3.2) provides (441) a first relationship between the electric
and magnetic field harnonic anplitudes S, and U, for the Ith layer: 20 8
[U ] ~ =1E ][-Sex,]. (2.3.1) 27 is W 01/55669 PCT/ USOL/ 02536
Simlarly, substituting (2.2.3) and (2.2.4) into Maxwell's equation (1.3.1)

provi des (44Sinilardy, sbe@tiithg @AY bl 13, RevnneRN netic
field harnonic o gr%r gndr( %prﬁ‘nor then s{eﬁ&u’%ﬁ@@f)b&%@@@g
([KKI[P] [ K. 1“["?“??"1?@3911 betyvesn the gectrig Wﬁ@eﬂfaﬁ%%memc amplitudas Siardyonal
matri x w th yjiferthé &l laye! enent be| ng equal to (k,/ko). In contrast with
equations (1.3.3) and (1.3.5) fromthe TE-pol arization cal cul ati on, non-

di agonal matrices in both eq ion (2.3.1) and equation (2.3.2) couple
harnoni ¢ anplitudes SI and (EenP, ders. Conbi equat I ons
(2.3.1) and (23.2) provides aBSecond or'(rF{; fer’gntlal 10 vvgj\z/e equati on

Ja = tBiJtK ][P [a2u]lty J[Kx]-[1})} LU,,Y] , (2.3.3) where [UY] and
[a2Ur, y/ 7z Whereaeaboud, ;Kma\dﬁgmmxmammmctfi;eﬁmemmnga;uan@m,,f .tm +o, and

the permtti |ne 1.1.7 and
z' —kgz The %hmga\éte‘t}gﬁe %0% m?ﬂldﬁeg)f%fndtg%ﬁg'ﬁ’? t‘?"sg%f i n)ed as 15
[A]=[E] (d(ﬂgo{lﬂitqa(rlécs] m[bbt}x)equatlﬁn 2.349) and equation (2.3.2) couple harmomc

amplitudes Sy and U; between harmonic orders.

Combining equations (2.3.1) and (2.3.2) provides a second-order differential
10 wave equation

a2
[ P J fE1(xamAR -1, ] (2323)

where [Uy,] and [6°U;,/0z 2] ate column vectors with indices running from —o to +o, and
the permittivity harmonics [E]] is defined above in equation (1.1.7), and z’=k;z. The
wave-vector matrix f4;] for equation (2.3.3) is defined as

15 [4)= [E]1 (X, ABIK.1-L1]) . (234)

If an infinite number of harmonics could be used, then the inverse of the permittivity
harmonics matrix [E;] would be equgl to the inverse-permittivity harmonics matrix [P}],
and vice versa, i.e,, [E™ =[P}, and [P =[E]. However, the equality does not hold
when a finite number o of harmonics is used, and for finite o the singularity of the

20 matrices [E” and [P}], and the singularity of the matrices [Pj}"! and [E}], will generally
differ. In fact, it has been found that the accuracy of RCWA caleulations will vary
depending on whether the wave-vector matrix [4]] is defined as in equation (2.3.4), or

[41= (BT (K&K, 1-11) 2.3.5)

or
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If an infinite nunber of harnonics could be used, then the inverse.of the
permttivity harnonics matrix [Er] would be equal to the inverse
permttiviw)onsesoni cs matrix [Pr], and vice versa, iePCTOS)V2536 = [Pi],
~and [P~-1= [Et]- However, the equality does not hold when a finite nunber
o of harnonics is used, and for finite o the singularity of the 20 matrices
[E,]-1 and [Pr], and the singularity of the matrices [Pr]4 and [E, ], w |
generally differ. In fact, it has been found that the accuracy of RCWA
calculations will vary depgnd frei_itrfle wave-vect or ix [A] is
defined as in equation (2. gﬁ,ﬂ) r%]r(ﬂf]/l\'%]}[bteLr[]t " tKx) [E]- [Ig?%?l]) :
(2.3.5) or 28 WD 01/55669 PCT/US01/02.536 [Al= [Et] (IKX]J[EL]'[Kx]-[I]).
(2.3.6) '| #t showdd plgo be wgensiood ihatalthough theroaspwhere hough t he case where [At] =
[P]" (KYI[P] [K]-[1]) (2.3.6") does not typically provide convergence
which is as good as the fOﬁ‘Ag].& @g]'b@&' 1081 BRIaLIPn 5 (2.3.5) ands(e?) 3.6), the

present invention may al so be app led to the fornulation of equation

(2.3.6'"). Re 0 three f tio ons (2.3.4),

(53.8) or Aok HoEtyERa oVt Gy Reeabe bt 55 g e Rrpapoms SE bt o1 1t on

of equatsi 01§2.8.3) &d%2.3:6) thejpessktm inventidnynasraisd iba gppliédtd)thd formilatioa@eneous sol uti on
for the magguau C{j@* d harnonic 10 anplitude Ul as an expansi on in pairs of
exponenti al g o+l 1. (237) U, (2) ut,,,nJ[cit,

exp(-koq,, .z)+c2, )11 since its _functional form is

mai nt ai ned upon s&e exp(r"g@’F‘l HPW‘%%@@WW%?‘I“?“@&&E4)9%§)|°5n (2.3.3)

becones an (g AR EdgERRA n [A11WI =
[zt] 1IW1 ((2 g?g? 15 Ag@?&??&tm légﬁa’g&%ﬁ{t}g@?or mat S%‘;BP\QN] formed from

the ei genv d&k g@ﬁ@tbmoge@emol fOFtbe[ﬂRB]leﬂcﬁﬁhlhaﬂ%ﬂnﬁgonal
ei genvaﬂoueﬁi:ﬁﬂéddsueiﬁﬁmimbﬂﬁnmmeal ues "rr,l of the

wave-vector matrix [ Al]. A diagonal root-eigenval ue matrlx [Q] is fornmed

of 2041

U, (@)= Zw,,,,. le1,, exp(kogy,2) + 02, exPlhog,n(z=1))] . 3.7

since its functional form is maintained upon second-order differentiation by z’, and
equation (2.3.3) becomes an eigenequation. Solution (447) of the eigenequation

47 ]=1=117], | 23.8)

15 prdvides (448) an eigenvector matrix [#7] formed from the eigenvectors wy; of the wave-
vector matrix [4), and a diagonal eigenvalue matrix [r;] formed from the eigenvalues 7;;

of the wave-vector matrix [4;]. A diagonal root-eigenvalue matrix [Q] is formed of .
diagonal entries g;; which are the positive real portion of the square roots of the

eigenvalues 7;;. The constants c1 and ¢2 of equation (2.3.7) are, as yet, undetermined.
20 By applying equation (1.3.3) to equation (2.3.5) it is found that

2041

S[,xi (2= Zvl,i,m [. CII.m exp(_koql,mz) + czl,m exP(koqu (z- L ))] 23.9)

m=l

where the vectors v;; form a matrix [V7] defined as
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di agonal entries q,t which are the positive real portion of the square

roots of the eigenvalues z1 j. The constants cl and c2 of equation (2.3.7)
are, as yet Wafd¥s@r mi ned. 20 By appl yi ng equation (1.3. PCTIUsSormEmt i on
(2.3.5) it is found that 20+1 St,., (z) ='v,,,,;,,[ cit.. exp(-kOq,,,.2)

+c2t. A exp(k q,,,n (z -tt))] (2.3.9) M-I where the vectors yr, forma
matrix [VI] defined as 29 WO 01/55669 PCT/USO /112.536 [Y] ={E4 [W [Q
When [A] is defined as in equation (2.3.4), (2.3.10) [V =[P] [W [Q

when " (2.3.5), [7= mfﬂ:[)T’J[QIT~Vﬂleﬁﬂ]1s]deﬁﬂgdaEgeq}m{§ RE34p 2.9 daig 1) The
y

formul ation of equations (2.3.5) and (2.3.11) |caly has |
convergence 5 L (s iLal anne and G rris,
| mpr oved Converg?ﬂ;nce W?@e %@’8’& ed Wave Met hod MO?F%?'M PoI ar @gﬁ)on

Opt. Soc. Am A 4 96; .and Li and C a "Conver ence oi‘
the coupl ed- wavé Viefbaogﬁ”@ - T c lanel lar di Q?%ct i on gr &3 1‘23
Opt. Soc. Am A, 1184-1189, June 1993) relative to the fornulation of

egluat i ons ( 27kp fegmulaign pPequatipny (M@M@llmpadmmﬁe&con&géme d 10

or ous raction:

Socg Am , ; {5% %%lﬁ%%mfﬁ?@%gg%g II'I%%;I g’tvéan v%rlgﬂﬁ?lﬂfté"z in the
hoaneneOl(JZ 5%)@41){9@&78\3{6% l\éq’thqé(fqramanlanatnorf{,ﬂppt_ SmﬂA(rQAS'{C@}?S&,r m&ath{n ned Py |
a in i & en electric ,and tangentia
rrggngtlg fields be C fn%oggs acp@% ‘%@E}ndar ‘%3{0\%&‘@ gagl&%a’ﬁ%{q of 1%

adj acent | ay@f&yctéonwtmgs’(n@m Sac A A, W\mmm;éunmv%)raitﬁetd’theach I ayer
ron-Concct | el By LS B B,

mat eri al 40 a‘r‘i’dgqrm Cappled-Wave Smalysis of Rlanari@iriting Diffrattioa”, meﬁswatmnvant ion to

periodic gragj g\ﬂssw ﬁcl ude conductive materials is considered to be
within the scbpe of the priésent invention. At the boundary between the

magnet i c 1 ieid y a8 e P bt hapepsom obfomcsmatos 23D

and (2.3.9) are determined by applying (455) the requirement that the tangential electric
and tangential magnetic fields be continuous at the boundary between each pair of

15 adjacent layers (125.0)/(125.(/+1)), when the materials in each layer non-conductive.
(The calculation of the present specification is straightforwardly modified to
circumstances involving conductive materials, and the application of the method of the
Present invention to periodic gratings which include conductive materials is considered to
be within the scope of the present invention. At the boundary between the atmospheric

20 layer (101) and the first layer (125.1), continuity of the magnetic field #, and the electric
field E, requires

[ " ]+[ I R=W; WX, | e 2 4
joos@8,ln| |-z |V, ~WiX,|e2, @4.1)

where Zy is a diagonal matrix with entries (%y./ 75 ), X;is a diagonal matrix with
elements exp(-kp gy 1), the top half of the vector ‘equation provides matching of the

25  magnetic field H, across the layer boundary, the bottom half of the vector equation
provides matching of the electric field E, across the layer boundary, the vector on the far
left is the contribution from the incoming radiation (131) in the atmospheric layer (101),
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SSo+ 11 R | WX cl11 (2.4.1) j cos(0)6,0 /no - jZo V, -V1 Xl c21 where
Zo is a diagonal matrix with entries (koE,/no ko), X 1is a diagonal matrix
with el e¥@0¥sse69p(-ko g,,,,, t0), the top half of the PERUM/RHGati on
provi des matching of the 25 nmagnetic field H across the | ayer boundary,
the bottom hal f of the vector equation provides matching of the electric
field R across the | ayer boundary, the vector on the far left is the
contribution fromthe incomng radiation (131) In the atnospheric |ayer

(101),  30m¥6cadd wekPbn MeTdniShs cotfiRfion HbA (ReMEIEbd L REARN (32) folike | ft s the
contribution fromthe refl eqc@ed r.adi aél on (132) in the _atnospheric |ayer
(101), and@Rephsrs eysAl0ds, apdiibe portian on bpFight arpresentybe fields HzandfaiiieE x in the

first |ayefirsfihgp(25.1)At the boundary between adjacent internediate |ayers
(125.1) and (125.(1+1)), 5 continuity of the electric field Ey and the

magnetic field H LT W %?Sh% ' . I 2.4.2)
W-1X11 -Y1l c2t _1A{)@Q?W§‘¥§, er %ﬁ%ﬁ%ﬁ%{%?ﬂ%é&%iﬁy’the vect or
equat i of pcaxingtyofitheteldotricdiekif £, adthe magmetic KeldfH; edqdiresy and the el ectric field
Z. respectively, across the |layer boundary. At the boundary between the

(L-1)th layer (125. (kwl ang t bt a I i 10 (105), continuity of
the electric field E[m'%%'d Pﬁé %@[ﬂg’ fré ’ﬂ%ﬁ]gequi res wi(2X2 | W-i
clL-1 (2.4.3) Vi-IX WHXI—YL_“IVI 4 I viedellc%d above, the top and bottom
hal ves of the vector equation provides matching of the magnetic field Hy

«(ﬁtgd4t E)e elt ﬁﬁér&ﬁﬁ.t&ﬂﬁd@oﬁéﬁnhﬁl@e{%l&??&&&&&rl&qﬁﬂnﬁ@%ﬁﬁht _itcmﬁgtkfttwuatizoz 3 si

4. 1), ere i y a single m on the Ti in equation (2.4. si nce
there is nB‘aﬁt‘Pﬁﬁlﬁ%ﬁ?datpﬁﬂlF‘g’f‘?@ﬂg%ﬁW“ &epssithe layesBoundds 1 | x equati on
(2.4.1), matrix equation (2.4.3), and the (L-1) matrix equations (2.4.2)
can be conbi ned (Abtyboundyy betwgen the Golithdayey (128 (lcAPdnd thesebsiratalayerx  equat i on

10  (105), continuity of the electric field E, and the magnetic field H, requires

WiaXpa Wia :II:CIH ] [ I ]T
=l - Ir, (2.4.3)
[VHX_ 1 —Vialle2;, iz, o L
where, as above, the top and bottom halves of the vector equaﬁon prb_vides matching of
the magnetic field H, and the electric field E;, respectively. In contrast with equation

(2.4.1), there is only a single term on the right in equation (2.4.3) since there is no
15  incident radiation in the substrate (105). ' '

Matrix equation (2.4.1), matrix equation (2.4.3), and the (Z-1) matrix
equations (2.4.2) can be combined (460) to provide a boundary-matched system matrix

equation
-1 w WwWx, o 0 TRI[ & ]
jZ, v, =-¥VX 0 0o .- ' cl, JOcos(@)/n,
0 -wx, -W, W, WX, 0 0 -} 2, 0
0 -"Xx, B 9 -V,X, 0 0 - P |_ :
00 . . . : ’
00 ) T ety
WXy Wiy I |e2,, :
| VX T JZ, L7 B 0 N

31



-1 WMWWX100... RsojZoVl - VX0O0O... C11 jSIo cos(O | no 0O -WX1
-W W2 VX2 00 ¢c21 00 -ViX1VV-2X200.. 00-" 00C0C L-I -W
-IXL-1 -W.1WORsS669 V- | XL-1 VL-1 JZL T 0 31 WO 01/ P66a801/02536

PCT/ US01/ 02536 (2.4.4) and the boundary-matched system matri x equati on
(2.4.4) may be solved (465) to provide the reflectivity R for each
harnonic order i. (Alternatively, the partial-solution approach described
in "Stable Inplenmentation of the Ri gorous Coupl ed-Wave Analysis for 5
Surface-Relief Dielectric Gatings: Enhanced Transmittance Mag i
Approach”, E. B. Gann and DD A, Pommet, J. Opt. Soc. Am A, vol. 12,

1077-1086, aﬁ@;ﬂ- ?I?E ' lculate either t diffracted
reflectivi tgﬁ%ﬂ%%%ﬁaﬁe | rggﬁ%’t‘%ﬁ%é‘ﬁ‘f?@éﬁgé rfgxﬁe sﬁneéwgbﬁ%’% t he

Di ffracted Rbere8edtivify R for pechhiaenonictardet /. ((Altemativelyf the partidlaotitiarapproadhc hed
system matri e . 4. 4) i S ugre, nop Hernetian
conpl ex mat r‘?&i&m | chgﬁgleg%@l?nééﬁﬂoggﬂ,h é%iﬁg{ou%?oqp{eg-ﬁ%ﬁm?{ir e zero), and

i s of cor’st a¥nefags-RUIKE Ristestric Geatings: Effianeed, Trarsmittance Matix Approdch5 BBt ri ces  of
uni form si Ze@fgﬁf& i r ef.erred | t. .of the esent

i nvention, an asﬁﬁl'%' %&k%%%?chdph‘@Vg%”ﬁg’gpﬁ'@%s%’%ﬁggﬁag ®matrix

equat i ons, tdppliadde ealoulateseiherdhedifastedyfledivitl B ortha diffted Rnaditaeamy essed
sparse row data structure (BSR) nethod (see S. Carney, M Heroux, G Li,

R Pozo, K Remington and K. Wi, "A Revised Proposal for a Sparse BLAS
Tool kit," http://ww netlib ora 1996). In particular, for a matrix

conposed of @A g, o fRefl sub-matrices, the BSR nethod uses
five descriptors; 'S sion of the array of sub-matrices; 20
0 is thedinmension,of the sub-matrices; VAL is a vector of the non zero
sub- mat relloces starti E;m%r?f‘#’r‘?ée BeewRdary-matched gystem matrix equations (1.4.4)

and (2.4.4) is a square non-Hermetian complex matrix which is sparse (i.e., most of its

entries ate zero), and is of constant block construction (i.e,, it is an array of sub-matrices
of uniform size). According to the preferred embodiment of the present invention, and as
is well-known in the art of the solution of matrix equations, the matrix is stored using the

15 constant block compressed sparse row data structure {BSR) method (see S. Carney, M.
Heroux, G. Li, R. Pozo, K. Remington and K. Wu, “A Revised Proposal for a Sparse
BLAS Toolkit,” hitp//www.netlib.org, 1996). In particular, for a matrix composed of a
square array of équare sub-matrices, the BSR method uses five desctiptors:

* B _LDA is the dimension of the array of sub-matrices;
20 * Ois the dimension of the sub-matrices;

* VAL is a vector of the non-zero sub-matrices starting from the leftmost non-zero
matrix in the top row (assuming that there is a non-zero matrix in the top ToW),
and continuing on from left to right, and top to bottom, to the rightmost non-zero
matrix in the bottom row (aésuming that there is a non-zero matrix in the bottom

25 row).

» COL_IND is a vector of the column indices of the sub-matrices in the VAL
vector; and
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matrix in the top row (assumng that there is a non-zero matrix in the t.op
row), and continuing on fromleft to right, and top to bottom to the

ri ght nost WOM/366 nmatrix in the bottomrow (assum ng PRAUSHHREE is a
non-zero matrix in the bottom 25 row). COL INDis a vector of the col umm
I ndi ces of the sub-matrices in the VAL vector; and 32 WO 01/ 55669

PCT/ US01/ 02536 ROWPTR is a vector of pointers to those sub-nmatrices in
VAL which are the first non-zero sub-matrices in each row. For exanple, for
the | eft-hanc nroOw mﬁsmtbmnﬁ&st@ﬂﬁsesﬁ-mﬁ%damvmmmamm 2L, 0 has a

val ue of 20+1 é@e entri e% I VAL a -1, W, WX, JYO V1, -VIX1, -WX,
-W, W, Ofrz5&p Sukyin smea ‘the entriesof COL JND are (1, 2, 3,
1, 2 3, 2 3 4, 5, 2, 3, 4, ..), and the entries of RQNPTRare(l

4, 7, 11, Forexamplocfor ¢ teft-hand mmxmf eqlbhmddl%ﬁstﬂ)_dmmaaﬂut ofi2LpOesent
invention n r tr|x
equat i ons, hﬁ;hdvagxggg?%ﬂ‘é@gean%osp%g%g? 7 Wfflt#é’%’e'w rf%ﬂ ﬁ% i*es of
equat i oAs (X4, -E)Xialed V4 2. J.tmenameom@b_m@ ﬂdﬂa&t%gé, B2, 804, 6i%8, 40 equati ons
(1.4.4) an n Elimnat ion (BGE) )
al gorit hm(3 Tﬁ %%%%F?pmﬂ s der Véd oM t he standard Gaussi an
El i m nation al gor th see, fo £ X ri cal Reci pes WH. Press,
B.P. Flannery, %ﬁtﬂ@?@feéﬁ?ﬁ%"nw Veptiony ARS8 Uni ver sity
Pr elss, Carrbarend:gmih&B@anmhesB&naﬂbthami&@am,&ms@mmanﬁf alesehesaratr:j ces for
scal ars n_net t he and 15
matrix of Qﬁﬁ'ﬁﬁjqﬂgﬁn‘%?a 1egy0 89“ 15)451“9[}2 ﬂﬁﬂﬁ“é‘ ﬂYﬁ‘E}a Wsﬂf”g’éuct of a
| ower t10i arqusticns (1.48) ancb<(2[414]) usxﬂgﬂenbckqﬂmyusﬁammingndnaﬁ BGE)algorithn]., to
provi de an L d.th the two
triangul ar @y??‘?ﬁgg"f‘g’ﬂi P °%d%h%}ssfm??gnahfné& r@?ése% Ped to
obt ai n t he esahplé, MmeflcalR}amRes[WH]Prass,[Bl.PldnﬁerBr, $A ] Teulsslskyeand . Tper equati ons
(1.4.4) an ffr r.ef Jvity R 5.
Cachi ng of q’ls&?r}?{l?’ ambf’ygel—(l%}l%%w ﬁd&mﬁii%n?ék ?néﬁig é‘?ﬁ*ﬁ’@’a above,
t he cal cul af subrmatfices tier scaldrs.r Accbrding tmmelmnssﬂalﬁlmﬁﬁhmnhethOQMIeﬁ-hand
15  matrix of equation (1.4.4) or (2.4.4) is decomposed into the product of a lower triangular
matrix [L], and an upper triangular matrix [U], to provide an equation of the form
[Z1[U}[x]=[?], (311)
and then the two triangnlar systems [ U] [x]=[y]and [L] [y ]= [b]aresolvedto
obtain the solution [x1=[ UT? [ L] [ &), where, as per equations (1.4.4) and (2.4.4),
20 [x]includes the diffracted reflectivity R.

5. Caching of Permittivity Harmonics and Eigensolutions

As presented above, the calculation of the diffraction of incident TE-polarized
25  or TM-polarized incident radiation (131) from a periodic grating involves the generation
of a boundary-matched system mairix equation (1.4.4) or (2.4.4), respectively, and its
solution. In understanding the advantages of the present invention it is important to
appreciate that the most computationally expensive portion of the processes of FIGS. 3
_ and 4 is the solution (347) and (447) for the eigenvectors wy;and eigenvalues ty,} of wave-
30 vector matrix [4]] of equation (1.3.7), (2.3.4), (2.3.5) or (2.3.6). The accuracy of the
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25 ar TM pol ari zed incident radiation (131) froma periodic grating

I nvol ves the generation of a boundary-nmatched system matri x equation
(1.4.4) or WOM/48569 respectively, and its solution. |In wodasetmssdi ng t he
advant ages of the present invention it - is inportant to appreciate that the
nost conputationally expensive portion of the processes of FIGS. 3 and 4
Is the solution (347) and (447) for the eigenvectors wl, 1 and ei genval ues
c4f of wave 30 vector matrix [At] of equation (1.3.7), (2.3.4), (2.3.5) or

(2.3.0) . Thettir @', MPAH 600 LG 192538 2l cul at | on

of the eigenvectors wu = and el genvalu he nunber of
orders o ut iereeutilized. tmﬂmromdmaieumeasedshe mmaaﬁmhmdﬁiﬂ conput ation

time for s iCind xgenent i al | When
per f or ned |(r)140§t I%@%@%ﬁ%&%&%\%@ﬁi%? Wﬂf HP%LE eﬁly \f,‘rvb'ﬁ’r"ﬁl orders, the
cal cul ati on mpy %Ylgmlﬂwﬁﬁammcer@smhabﬂm&nomaftha&genﬂw&s than 85% of
the totals C%H%%ﬂgséahﬁem-g%gtﬁ]&‘%zsgo oretfse&t%gl nvention is

i npl emented on a conputer sys I npl est form consists
of information inpyt/ou 1/ O eqw mant (805) which is interfaced to
a conputer (810) wHi 8H“°f3’ﬂ€f’{fg mmﬂ%@@?ﬂﬁgamnuterem (815) and

a menory (820)0) whik in #<iwplet m%bnsﬁs&(b?lnféﬁnhﬂxoﬁlﬂﬁ%%ﬁtxﬂmﬁnw ot a d| spl ay

keyboard (8 nou 4) for the |nput of inform
(801) and p(r%%’f@? h(’%ﬂ‘%f %‘%&"%WW 9%‘°ﬁ‘ﬁ?’6¢eﬁﬁfmmmwgml ations of
this sinple (&meﬁrandammem(eﬁgorhﬁv@equg,@ﬁtﬁos)%m ShRAN LM t he scope of
t he presgnt 4 (k ncl U?ﬂ g e mul t pI el /O devi ces,
nul tiple proc ssors%h?drﬁ‘?lusﬁ Qaﬁrﬁ’fi Wg’z qumatign, gqdg display G4} andr s connect ed
by | nt Er net prmnkesg@)sfprmbmpmbﬁnmmmeméﬁwmmkeﬂmﬁm &) hlp%ié‘a }g
net wor ks, a ncor por 15 nmenor and |
equi prent (%&?‘E&"ﬁ%g%‘?% R‘g*aﬁf sé(:"Pe %fh"m%@m%wmhod of t he
present i nvesmmmﬂmulﬁﬂe Honlevle& miil€iple Paoodebors WELIS Y ShAYBorkiRRE ik

erl a? nupber 60/ 178, 540, f| I e anuary 26,

2000, ent | 1 IBAP P ppE e i IpBed Hlps mulipl somevi eatared byloashars 5. and

provi si oial npoeksf degjosy the RichHbrateaTHA(s1 0y s 16 eh@(g une 2, 20
2000, entitl.ed P.rglfller B m%ess I\/btgdels) g@p)’rzesenté(}mré nt 05; both of

which are iMRBFPEPEMEETH PW%%@MM@%@epm%mmm@yMpm hod and
appar at us Ofto irlyef e ¢Fubsis destyiBEH h ProvisRALI phBft Spfiication serial number

60/178,540, filed January 26, 2000, entitled Profiler Business Model, by the present
inventors, and provisional patent application serial mumbet 60/209,424, filed June 2,

20 2000, entitled Profiler Business Model, by the present inventors, both of which are
incorporated herein by reference.

Q)

According to the method and apparatus of the present invention, portions of
the analysis of FIG. 3 are pre-computed and cached, thereby reducing the computation
time requited to calculate the diffracted reflectivity produced by a periodic gtating,

25  Briefly, the pre-computation and caching portion of the present invention consists oft

* pre-computation and caching (i.e., storage in a look-up table) of the permittivity
&u(x), the harmonic components g, ; of the permittivity g,(x) and the permittivity
harmonics matrix [£,], and/or the inverse-permittivity harmonics 7o and the
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the analysis of FIG 3 are pre-conputed and cached, thereby reducing the
~conputation tinme required to calculate the diffracted reflectivity
produced DyOA&1/fe6% odic grating. 25 Briefly, the pre-conpGRASIMNMSHENd cachi ng
portion ofthe present invention consists o pre-conputation and caching
(i.e., storage in a | ook-up table) of the permttivity s(x), the harnonic
conponents a, j of the permttivity & x) and the permttivity harnonics
matrix [.EuJ, and/or the inverse permttivity harnmonics it and the 34 WO
01/55669 PCT/ Usmérsézp%?ﬂéitﬁﬁmmcpmt[h;a\fbrtasmkaﬁmgqegis&{ﬂ}eéf!iayér.[ Pl for a
sanpling region {} of layef- property values; Ppre-conputation and caching
of the wave- veckepertygelups; [Ap,.] for the sanpling region {} of

| ayer - property val ues and a sanpling region {x} of incident 5 radiation

val ues; I and -Prpaemuimhmﬁdgsﬂhhw?-\@&tomaﬁﬁ]g&& fok the\sipling and

ei genval ues of the ve-vector majrix [Ap,,J to forman eigenvector matrix
[ WV X}, a rootteﬁ‘P’@émﬁ?ﬁ -%W@%mdﬂsmmrég%{fﬁ&gw rix [Yp,J,
respectgvel y, fRdiafonWREegandanpling region {, x}formed fromthe

conbi nation of the |ayer-property sanpling region 10 {} and the incident

radi ation sanplj | - 1wl Lef: use. of. ter.sanplin
agion (. xyor 5P don B sad Sl b dechveckdifnt o bl ot BT R O BT O
r oot - ei genval uewamgtvectoematfifd,«] to farndanmigeavestor matrixi[@% 5], & Joot-digertvalue al cul at e
the diffraction_spectrumfroma periodi rating .consists of the steps of:
construction ofmﬁﬁf‘ié&'hl _63?‘?’8??“?‘%‘ @’ﬁ)[ﬁﬁﬁ?”?sf?%‘.gﬁly’tgﬁla?“ﬁ?ismpgof cached

15 ei genvector ﬁ%ﬁkﬁ,ﬂ@fdﬁ%dﬁbm&&%mﬁhﬂﬁﬂ\@tﬂé%y@%@&%%aﬁ@n@m@&ﬂ product

matrices EVp. rl fromthe master sanpling region {, x} corresponding to the
| ayers 125 of {nteangdthetincident-radigtion ssmplingzegien 8% at i on; and sol ution of the -
matrix equation (1.4.4) or (2.4.4) to determne the diffracted
reflectivi Beiefly, thetise Bﬂlﬁbmhﬁérm&ﬁﬁlﬁlg@égd&f{d, k}ofprelddhpliRl Rktfcagledt he present

e

invention is illustrated by consideration of the exenplary ridge profiles
(701) and eEsTecterBeiFicesiHarlowet-eigenvalpmatrices (@5, apd product ptrices Bagect i vel .

The prof il g éalddiste tAE difftdSrion’ PelthmPiRdth QHEABISHathY chidisls FHRMRpS AL 1) (712).,

e construction of matrix equation (1.4.4) or (2.4.4) by retrieval of cached
15 eigenvector matrices [}, <], root-eigenvalue matrices [Q, «], and product matrices

[Vp«] from the master sampling region {p, x}corresponding to the layers 125 of
the grating (100) under consideration; and

e solution of the matrix equaﬁon (1.4.4) or (2.4.4) to determine the diffracted
reflectivity R; for each harmonic order i.

20 The method of the present invention is illustrated by consideration of the
exemplary ridge profiles (701) and (751) shown in cross-section in FIGS. 7A and 7B,
respectively. The profile (701) of FIG.7A is approximated by four slabs (711), (712),
(713) and (714) of rectangular cross-section. Similarly, the profile (751) of FIG. 7B is
approximated by three slabs (761), (762), and (763) of rectangular cross-section. The

25  two exemplary ridge profiles (701) énd (751) are each part of an exemplary periodic
grating (other ridges not shown) which have the same grating period D, angle & of
incidence of the radiation (131), and radiation wavelength A. Furthermore, slabs (713)
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(713) and.(714) of rectangular cross-section. Simlarly, the profile (751)
of FIG 7B is approximated by three slabs (761), (762), and (763) of

rect angul ar W@ oBS6@ect i on. The 25 two exenplary ridge pr @orfwengsil) and
(751) are each part of an exenplary periodic grating (other ridges not
shown) which have the sanme grating period D, angle B of incidence of the
radi ation (131), and radi ation wavelength 1. Furthernore, slabs (713) 35
iii. WD 01/55669 PCT/USOL/ 02536 and (761) have the same ridge slab wi dth

xof et |3 man) R tond B1EARD Wil o el e PARRL T liiget 00 1O

of the at rmspherl ¢ material between B i 30d t he

sa][r;a tSl [nsl ainfex of 5%%011("3 ofithe m@mwbetgmltmmemmgenma ;%Ms;jtﬂ d, x
-of f se and s ave
the sanme ri dtgéel% g 5@ 1{9&‘ f)ﬁgﬁhﬁé Zﬁw%@es%e&%ﬁggéwﬁq épgééﬁ: on n.
Howev;e[] it @Hmﬂeﬁoﬁembm, Tﬂdzgiab?@ab&nd {T63)havedle s&nza;l’ag% ﬁgb%%ﬁ vg t?$62)
sane thi ckne 0.sl abs or sl abs an

have the %an@?ﬁ? (%:lk 18§e§:e§ Q@WﬂQW%ﬁ'ngng%Sn?ﬁ@a‘t#ﬂéﬁUsﬁﬂéﬂness t is
not a ar an@63rdow Meﬁdmetﬂﬁacm n

al t hOUQE thl@@ﬁgsmgoes descri bﬁ%&?ﬁ?jﬁgﬂ?ym é%gfefa%!g?m?%houl d al so
be noted th ave ﬁﬁ ghicknessen s Bﬁsmmtmowr%t tiswpttah ri dges

nmount ed dir dnjéte veHidhhe ve&tbr ited on a
substrat e, fgﬁsaﬁ?? can ‘gsé@’consﬁédéﬁdgd %sgaegéaaéﬂ“ g%hh’g%neng %g\ll dth d

equal to the rﬁ’é‘?ﬂeﬁi’ phyuld alspbewo %‘Hilﬁlﬂleawsaﬁnfmmmwieffract ed
reflectlmmmpreﬁmtecgwmina@sﬁ@ onRsBbstrhtB:; ggg)magtgﬁ eﬁlggnvector
e

matri ces [W e, root - ei genval ue mat r | ces npound

ei gensyst em J& ?q:‘g%aﬂf‘ @%6%&9@&%@“4@%@%@%‘4%@&@) (712),
(713), and (eqdal}othépiechrmji ng to the present invention it is noted that the
ei genvector matrices [W, the root-eigenvalue matrices [Q, and the

came as the o gonverposaning ERCUI eaetlant BPBe ERHen NN AE | cob [,
and the co nﬁﬂ%& camRpsedsafpradiles (ZR1), iﬂtc@gemct[ommlcns [W],alh&o:(t%igaj)vah(g 11) and
S abs (721 Q“fg‘f@“ﬁ@ Vg;‘i“‘??%‘% R bl Y s Byt 85l o1 or e,
caching and® o 3)h@d47]dén$sostmmﬁbpfmmffmn it@noteal‘ﬂﬁkt[ VI for
sl abs (713) thelefgedvector matrices [7], the root-eigenvalue matrices [0}, and the compound
eigensystem matrices [¥] for slabs (761), (762) and (763) are the same as the eigenvector
matrices [7], the root-ei‘ge{xvalue matrices [Q], and the compound eigensystem matrices
20 [¥] for slabs (713), (711) and (714), respectively, since the wave-vector matrices [A] are
the same for slabs (711) and (762), (713) and (761), and (714) and (763). Therefore,
caching and retrieval of the eigensystem matrices [71, [Q], and [¥] for slabs (713), (711)
and (714) would prevent the need for recalculation of eigensystem matrices 71, [Q], and
[V] for slabs (761), (762) and (763), and reduce the computation time. More broadly, the
25  pre-calenlation and caching of eigensystem matrices [#], [O], and [V} for usefal ranges
and samplings of intra-layer parameters and incident-radiation parameters can reduce the
computation time necessary to perform RCWA calculations.

As can be seen from equations (1.1.2), (1.1.3), (2.1.2) and (2.1.3), the
permittivity harmonies g; and the inverse permittivity harmonics 7;;ate only dependent
30 on the intra-layer parameters: the index of refraction of the ridges #,, the index of
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and (714) woul d prevent the need for recalcul ation of eigensystem matrices
[W, [Q, and [V] for slabs (761), (762) and (763), and reduce the

conput at i MOM/5669 More broadly, the 25 pre-cal cul ati on REHUSHIASAg of

ei gensystemmatrices [91, [Q, and [VJ for useful ranges and sanplings of
intra-layer paraneters and incident radiation parameters can reduce the
conputation tine necessary to perform RCWM cal cul ations. As can be seen
fromequations (‘'1.1.2), (1.1.3), (2.12) and (2.1.3), the permttivity

har noni cs  gefilatiibntolf theiafiidpliedic RfiteinllAy) thié fiteh D) HieRidpe slab widihed, e te glependent 30
-on the intra-layer paraneters: the index of refraction, of the ridges n,.,

the index 6fse88. ferhypndn thsdlopebert 9SHIG-Goin-98e exepplay embodinggnt, thesyHePos pher i ¢
material negoof brendYrbdeht iﬁ)fenii!';:tfbérghg%h fleAbteihitkitidn do057HEME B?ﬁéh ofthset P. As

0 T,
shown in the ; | owchart of , 1n one exenplary enbo ment, the system
(600) of t MenepPesde tota Pon tt B Fewiodbodod Bnsb rpgreneanisdrr, $605) of t he

2Gorn B0 Popad fag 8 sl lavelbioRity phidglAlY o Ringex b Hectionihoriahg ¢ M AN
Itﬁye_r-gr ope:;,thy’iqfdaxwm&m i foﬁtﬁeamlﬁipheidhnﬁqialmi’ihﬁ@#&xﬁmthuﬂga‘thfslabi_wfdtlrl]i ggetsh n, ,
e i ndex re i on at nos. c erj.al_no e pitch D, e
1 Gge ot ab AhTRERED: Bhellzs P AeBiipitbh b ot i Rmel R 600 (05) o
'élhe_ rraxi( g\cj)ghfstaﬂihmnh"mcigsdwa;l&dﬁoﬁhhmdefiw (ms]tothei@tjf(gsn.’:iyawt I\ A ogln_ an 1/0
evi ce 0_t. . . | . n ie .peri.odic
orat i ngs b SaliBE Setedic et PileRhy omipoidlo HRER iR ' T o oy
m., tg 1![0r, ma_ngssdnmy\to rt,,p,,,,n@,z,,.to,no,mld D,,,,,,ttij;.];,rdg,,-,,taﬂg,,pt | aﬂdﬁ,,ﬁ,lmﬁmﬁaidd_ 1:nb, to 13max
are deternine sed 0 edge and. expectat i.ons s egardin e ,
fabri oot ofegitae b ol ini e ah BB RioT RERRE v el R i B, |,
gga_sijr elrrentfﬂ)ribaiomprdhﬁs_stph@mpl:efsj amdiomeggﬁs?reméntﬁ thiéh) of ehie pedibdié graktimpt r uct ur gs.
imlarly, n ng calg ed diffracti specira to measur e
diffracti oﬂ%ﬁ%gﬁ{?ﬁ#'&%ﬂ%sf §F#%"?#F8%W§P@ﬂ§tegﬁ‘%ﬂ?§°‘b@F & grating
tS Bat 855 cr ;&Hgﬁﬁhdtdi%a@ﬁ&péﬁdmﬁb ﬂeftérm_iﬂeitlwdéﬁaﬁm uirthepéitiadﬂclgﬁﬁﬁmgﬁ S SHL Eno,
) ,..an an .Jgum har npni ¢, order o, .are ghosen ed, on the
resol ut$on © memﬁél%qnm%%r%%Pﬁ%?@%”’%%gﬁ@f“P@ia‘Eﬂ and J3 are

to be det emixi@fin hati6nit 8368F o, RfeRB6ieh Faspbotl fedslutionad G@fkch feTiyar-t 0 Nr max,
nondn to no,,=, Dmn to

Dm ., dnp, to dnax, ,and_3nfn to Pmax, and
i ncr enent s PEYRetty passpctersn, o) 2 Pasa bs@ermeﬂe _Tﬁgfﬂywr%%m| |
| ayer - prop s AT ﬂg,,,,%ﬁ,,,,g{d:ﬂ,,,,i,,mm tYBL.E, BReCdL, e Mm B,,t‘,,‘;?,‘ akching grid
{}consists of | ayer-grogerty polnts wth -
increments 8#;,, 8ny, 8D, and 84, and 8f define a five-dimensional layer-property caching -
20 grid {u}. More specifically, the caching grid {p}consists of layer-property points with
the 7, coordinates being {#mu Pruint Ny, Nrmint200y, . ..o Brma-207r, By pas-Oty, My max}, the
ng coordinates being {720,z 70,mii+0m0, Ny, ,,,;,,+28n_o_ ov o3 MO max-20Mg, RO max-ON0, Po e}, the
D cOOl'dinateS beil’lg {Dmin, Dmi”"'s.D’ Dmm+28D’ ooy Dmax"ZSD, D;WBD, Dm}, the d
coordinates being {dn dmnt0d, dawn+208, ..., Amox-2 08, Amax-Od, A}, 80d the B
25 coordinates being {Bauin Bruint B, Bruint2B, ..s Pracx-2P, Brar-9B, Bmax}. In other words,
the layer-property caching grid {p} is defined as a union of five-dimensional coordinates
as follows:

{u} =t],l;31m (e +100,, B + jOy, Doy + 60D, dy, +10d, By, +mP) , (4.1.1)

where i, j, k, I and m are integers with value ranges of
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the-nrcootdinates being {n,;nrn, nrmn+6n,, nrmn+28nr, ..., n,;nma-2Snr,

n,, max' énr, n, }, the no coordinates being {nom,, no, mn+Sno, no

m , +28no. . . WOHSN$6Y, - 28no, no ma-Sno na"nx}, the D coor dicwasesn2sssi ng
{D,ntmDnj.+SD, Dm ,+28D, ..., Dmx28D, D,..-SD, D.}, the d coordinates
being {dn,tn dm,6+Sd dm , +2& .:., dma2& dmr-dd, dnt}, and the 13 25
coordi nates being {(3ntro f+nmn+6P, 3,,,t,+2613, ..., f3max-2.13 -bp. N.).

In other words, the layer-property caching grid {} is defined as a union
of five-dinensional coordinates gasdml| - nrnk+i Snr, n { Sno,

D.,i, +kSD, d +zSd,, 13n,;0 +n88) , (4@’1"‘."‘%’“‘%@&%%, i, K, 10@%3" are

I ntegers with value ranges of 37 WO 1) 1/55669 PCT/ QSOL/ 02536 0:5 i:5
(71r.,uex - nr ) | Snr , (4.1 2aP<0s64l5—tna)dnnono , (4, 124.12b)0: 5
k5(D.,-D, )IOD, O<l:!'9 (d, -d )I&l, (4.12.2d) 5 and 0:5 nb(i,",-f3 I5ia
(4.1.2.e) It should be noted that varjahl.e 1 in equation 4.1.1) and
(4.1.2d) is not to be confused ?M%A{]‘E%Tgvs(&?]unber i used (?ﬂ'(zﬁ)any of the
equati ons above. Furthernore, it nay be noted that the |ayer subscript, I,
i's not used in describing the | ageldgped].y)/aD, paraneters n,(4.'1‘Qg) D, d,
and R used in the layer-property caching grid {p} because each particular
point !tjsimngihe |ayer-property caching grid {} nay correspond to none,
one, nore than one, or even all of the layers of a particular periodic
grating (100). It should also be understood that the |ayer property
paraneter region need not be a h§Fet=sfetahagl)édBand the | ayerdpleperty
paraneter region need not be sanpled using a grid. For 15 instance, the

sanpl i ng of Itﬁaulﬂayﬂﬁted)mapm{\kariaﬁl@fiﬁeiﬁiaﬁénsr(cﬁgil%d(?ﬁz‘gqsd‘gﬁ'{of&r med using a
In ensity of the |ayer

stochastic s | i.n thod. Furiherpore, the sanmp
property pf%ﬁdﬁmﬁwﬁﬁmﬁ@&ﬂi 1564 inppany, of the pawatiqng pbave.sPurtheriors, e sanpl i ng
density (i . emay tieheted thatehié lajeg sut&riph, Ulis ﬁm),seq%ydég&;%@qﬁgg %;o boundari es
of the lgyer -éé{noper ty gﬁr arrﬁt er region if layers (12 fb? egcr I bed by | ayer
propertics HEEMCERE-Eedh dan Bysedinthe layer-groneny gaching grid {p} because each

particular point y; in the layer-property caching grid { 1} may correspond to none, one,

more than one, or even all of the layers of a particular petiodic grating (100). Xt should

also be understood that the layer-property parameter region need not be a hyper-

rectangle, and the layer-property parameter region need not be sampled using a grid. For
15  instance, the sampling of the Iayer-property patameter region may be performed using a

stochastic sampling method. Furthetmore, the sampling density of the layer-property

parameter region need not be uniform. For instance, the sampling density (i.e., the

sampling resolution) may decrease near the boundaries of the layer-property parameter

region if layers (125) described by layer properties near the boundaries are less likely to
20 occur.

As shown in FIG. 5, for each point p; in the layer-property caching grid {u}
the “required” permittivity harmonics e_, are calculated 410 by CPU (815) and cached
(415) in memory (820), and the “required” permittivity harmonics matrices [E|are
compiled from the cached required permittivity harmonics E and cached (415%) in

25 memory (820). For RCWA analyses of TE-polarized incident radiation (131), or RCWA
analyses of TM-polarized incident radiation (131) according to the formulation of
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20 occur. As-shown in FIG 5, for each point pi in the |layer property
caching grid {p) the "required" permttivity harnonics e, are cal cul ated
410 by CPWO81/8%6%nd cached (415) in nmenory (820), andPCRASIYZEG| r ed”
permttivity harnonics nmatrices JE] are conpiled fromthe cached required
permttivity harnonics e, and cached (415') in 25 nenory (820). For RCWA
anal yses of TE-pol arized incident radiation (131), or RCWA anal yses of T™M
pol ari zed incident radiation (131) according to the fornulation of 38 WO
01/ 55669 P kil $ Q. 8a9R irbPrermRvid Mt onics ﬁk‘i‘mf i red
permttivi fqil;'{ahar mnﬁgéﬁs(,zggr!gqeﬁéeﬁger%ﬁ tt i‘(/n?t y (ﬁlétcrgr’r;f[)%i}ecﬁslé a] cal Cul ated
(410) accohsiwidgics § calqulated E16) dcdordingjo egyiations (111.B)and A3 4 thieareiqiireg d
permttivity harnonics matrix]l is the permttivity harnonics matrix [E]
fornmed as pemmittivigiharnenicymatix |4 is thy permiiyity hampomiowixiFhfoppedasper TV

Cauat | ons FURBELL Gyl o Re pSaE thbiaBed s il 4gh) ©;

requi red pecaotding tu iteyfoinmlation ofejuations (2:3.)laed (2:3. hi)tor equiatins 23 Momilcs of

cal cul ated (41Q) _ accordjng to equations-(1.1.2) and (1.1.3) and the

i nver se- perér?“i&%‘?fegﬁ“ FROYHYCR "2 0aCE 6 g’Fé’EF i "“X&‘WB}"T’IS to equations
(2.1.2) an@d@lﬁ%téldﬁgﬂ)amgf‘o Jqﬁ%}‘f@]q%’?‘%@d‘t%%ﬁ‘%m sggﬂ ¢S .qptrices Jare

the permttivi r‘moni CS° matr I X 0 r"ﬁ1“fxtivity

har noni cs aarnmaicp gycalevjotad (410) dctording Jo egmationsh@.1.2)\eed el.Peandithe requiidey

harmoni cs matrix [P] formed fr the inverse-permttivity harnmonics 9r as
per equat i @srmittiyity) harmonipsmatrices trjareithe permigtivity hatyonics matrix)[¥] formed 5) ang
(2.3.6)1q t e-Vect.or ki i S. d ent. on the required

per m £V {h%%v%%/%'ﬁ :"é“yr%f%néég)s%aﬁk’gi]ne&%ﬁr)?g‘tﬂfm%n‘fm&pf?"&%ty matrix [KX,
i n addi ti ohainfonies matix(Pplndal fiondthe ifgRé-pariniieky barpodics Bisetequition. , t he

at m)s-pheri? i?dex of refraction no and pitch D), is dependent on incident
radi ati on % \ )ameters, i.e., the angle. of incidence 0 and the wavel ength k
of the incident radiation (131). Therefore, as shown in the flowchart of
FIG 5, accor di ngAs@enssationddel-Ne@B-9(2.3:5h and 23 the warparetpronattix anges 0;

to O, ,. Rt i NG| t ( d 8 det.erpined (617
for the tndAlieRerndchfontoe g pelA I Pathotics Aess IF] Sl BRERIRD" S/ o' °1 7
devi ce 1580 e inatrix &1 GnWddifidibib beih Gependeh st Thyer-pbpaity sutansebérzogthgr i d {x} is

defined as a
I atmospheric index of refraction #y and pitch D), is dependent on incident-radiation

(D=

-

parametets, i.e., the angle of incidence 6 and the wavelength A of the incident radiation
(131). Therefore, as shown in the flowchart of FIG. 5, according to one embodiment of
the present invention, ranges Omin t0 Omax a0d Amin t0 Amay, and increments 50 and S\, are
20 determined (617) for the incidence angle 6 and wavelength A, and forwarded from an I/O
device (805) to the CPU (815). The incident-radiation caching grid {x} is defined asa

union of two-dimensional coordinates as follows:

3= U (B +186, Ay, +05%) (4.13)

where 7 and o are integers with value ranges of

25 0Sn< (B, —8,)/ 50 , (4.1.42)

0<0% (A = Auua)/ 61 (4.1.4b)
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uni on of two-dinensional coordinates as follows: {rr}=1J (9 +n59,.%
+08.t) (4.1.3) where n and o are integers with value ranges of 25 0 5 n:5
(9m - 9a,; WOodIsBe9, (4.1.4a) 0 SO0 5 (A . - Aa,;,,) | D&TUSHN864b) 39
WD 01155664 PCT/ US01/ 02536 (The variable o in equations (4.1.3) and
(4.1.4b) is not to be confused with the maxi num harnonic order o used in
many of the equations above.) Furthernore, the master caching grid {,
ic)is defined as a union of coordinates as follows: (la,1CQ=f~ Aln(t2r, m 'n

}h , rto, m+1 (Phebxaiisbleds il | fi] 5.where i, j,
lct, in, énd 0, SOE%I sf g;a%:g& ﬂfé’:&?dwfg’zi?“)gi‘g@ﬁﬁd@ﬁﬁm%“m(4 12d),
(4.1. 4a) an C egialipnsraens ermotepth® masterredehiig t 0, % .
are determ n@ﬁdﬁ@k_}'kde%a‘i@a&ﬁom%r&ﬂ&%%a Sﬁp_ect ati ons regar?jl ngg t he ’

apparatus (not shown) for generation cident radiation (131) and
the apparatu ot wn or neg rerrent of the 10 diffracted radiation
(132). Sinml Z’r‘?‘g i.lgh g'ﬂﬁ%:'rbjg'l’rﬁﬂ %@' Dhn & %903 A g &} 5 St 170 Bl (1A, + i ed on
the resol §tion to which the |ayer-property paraneters n,., no, D, d, and (3
are to be determ ned, and/or the resolution to which the inci dent

di at t t he
ncrements’ oo kriek By %%%éﬁﬁ?e%%&ngﬁ*F%a?‘@%’géf%&iﬁﬁims per the
gt hOdt di scl B@!@e(d 1i4p). t%lcplﬂmﬂlemﬁaﬂmap@mmda%glﬁ Wa{:%teﬁﬁsﬁlb&{ f o

neration o ic G 3 raction Spectra, file
Sept enber 15, gio%&%%feﬁ% &WE%LL éﬁh“r‘?‘\‘r‘c@ tﬁb‘?"ﬁﬂg‘&gﬁ@r@m by
{2}‘ erence. F@ﬂhfemclﬂenpmdmmnﬁﬁ)mﬂias ;ﬂiéatusqﬁﬁ b {\lleéent;&'met ?i gat7;| X

is c accordi n equat1 on
(2.3.4), (2. %‘?%a?gdgagfg%%aé%) gm%& cremzsa 36 WSEHBdB@mgaedr(GHQd that if
any of the |Wﬁ0ﬁmﬂmmﬁ%€fa§a%&ﬁ%ﬂ&ﬁ vﬁg{ﬂ mdglﬁf?& rPfeany of
no

t he incident-radj eél on par aneters
accuracy, t @F%‘@Oﬂﬂaﬁhdrthcmem-m@mapnﬁm&&kﬂe@dh@i: t he

RN Tﬁ‘%ﬁ?’f".’*’ﬁﬂ F?*i‘é‘hﬁ%ﬁ%@ﬁ%ﬂ@??% 8B 588 Sped M e O

i nci dent - r acieRrPiEd Ydenthe method digilased indlexprovditioabpatenbypRéatibeginang! €, and
15 Generation of a Library of Periodic Grating Diffraction Specira, filed September 15, 2000
by the same inventors, and incorporated herein by reference. Por each point in the master
caching grid {u, «}, the matrix [A]is calculated (620) by the CPU (815) according to
equation (1.3.7), (2.3.4), 2.3.5) or (2.3.6) and cached (425).

It should be noted that if any of the layer-property parameters n,, ng, D, d, and
20 B, orany of the incident-radiation parameters 0 and A, are known to sufficient accuracy,
then a single value, rather than a tange of values, of the variable may be used, and the
dimensionality of the master caching grid {p, «} is effectively reduced. It should also be
understood that incident-radiation parameter region need not be a hyper-rectangle, and
the incident-radiation parameter region need not be sampled using a grid. For instance,
25  the sampling of the incident-radiation parameter region may be performed using a
stochastic sampling method. Furthermore, the sampling density of the incident-radiation
parameter region need not be uniform. For instance, the sampling density may decrease

near the boundaries of the the incident-radiation parameter region if radiation-incidence
circumstances near the boundaries are less likely to occur.
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the incident-radiati on paranmeter regi on need not be sanpled using a grid.
For instance, 25 the sanpling of the incident-radiation paraneter region
may be perw@PMHEEuUsi ng a. stochastic sanpling nethod. FRETMEMBFE, the
sanpling density of the incident radiation paraneter region need not be
‘uni form For instance, -the sanpling density nmay decrease near the
boundaries of the the incident radiation paraneter region if

radi ati on-i nci dence circunstances near the boundaries are less likely to

occur. 40 WO 01/ SEREAhERHVel iR BRBRGA] iSoflg Befei@nterVRtriRilykr phraiitefd X [Al i s
only depen?ent gn infra_l ayer parajpet rg Index of refraction of the ridges
n, .. indexBdexQ Yeﬁaweﬁtbﬁﬂdgfﬁ&é?%gﬁ n gthe atmospheric matgrisl gl D, ri dge

slab width - {47 @ ; L Ad.d: angl e of

i nci dence Bﬁcgf]%’trﬂéé ?ﬁ%?@heln‘?%g%#g? %@2&&%%&{%@@:& : ié) f(t he i nci dent
radi ati on {neRiegce 6 of thetindideht redistiant(33 1) wevelengiie k vethe icidenttradiatioh (319nd t he

r oot - ei gen L X. are-al I ependent on e | ayer-property
par anetgrs%%%ﬁvgﬁt)@e&é%gﬁwﬂ?%m%g%ﬁeyn &%Pva?‘feﬁq%ﬁ@ﬁm ameters 0 and
X. Accor di nnjy tepehdeat qir thé Ryerquoperty patametas nph,l,,iu;né, apd Pt Ehe ihdideatt | Ion, | t hed

ei genvect or trix nd,. its - ropt eigenval ye X are-cal cul ate
(6?17) by t@%ﬁ%‘@ﬂia@%@ﬁ%ﬂ@%m\fﬁwﬁ ?/‘['{“S‘*ZG&%B’?"’S%Ch point in
the mast e{inil@nﬂbﬁ,&hé éi@engédtet natrb (] aFmﬁsﬁaﬂt-ﬁgﬁnaﬂﬁ&ﬂaﬁiﬁf@aé@&I&B?dei ggn\éeCE ﬁr
matrices nd, t r - eige e nmatri can he performed by the
CPU (815) @“.@gyd'aeg?%{rﬁ@%“d%%gz@gw&ﬁ@a @?@Jﬁ?@‘%m,m@a&!ﬁ% si ngul ar
val ue decomﬁ'gtg'ﬁ@mp,(@ee‘h&hmlaﬁbnmWofﬂNHi@hv&@knﬁeﬁéﬂﬂqand%&ooﬂr ess, B.P.

£036) . The SFEvAINE HeHors 1)t ResRormet oy She (819 SpRGASBIaEhl cul at e (457) by
tpPi gg#p&?&@ and.cache ry eﬁ%mﬂ&s mat?al \ﬁiﬂ&:@ﬁ% Qot - ej ggrS]SaloLet e
matrices [%"ﬁ’:’“’éﬁff’fﬁ?’%&g wﬁigﬁ% g}iaémf"%‘péx']ef a’PﬁiaV'I'oV%n&pr esent

enbodi ment Cainbiidye Univeaity PrBs, 19863 D dtix it Gwhefo [MSP7IQD], lif@es aChed

ei gensystem c%ge &hW \Qj g%\] a% V,{lp.@]ln[yti i s]by a determ nation
(505) ﬁ? t °‘g§?%ﬁi’?’ 5P 8L F?F&e‘g 3PdR P‘E’é&(’&i dge profile. In
particular, the intra-layer paranmeters (i. e., index of refraction of the
ri dges n, the i nd&hewéthoddfuseofitheprotompedandoawhedsigenvertor enatrigks no, t he

pitch D 15! 86%idhaHuethélhilbs iy, 3 M8a bGuck mlb8TH, FhodoRlingi e} ' @VET. and

present embodiment of the invention is shown in FIG. 6. Use of the cached eigensystem
matrices [Wp], [Oxd, and [V] begins by a determination (505) of the parameters

20  describing a discretized ridge profile. In particular, the intra-layer parameters (f.e., index
of refraction of the ridges »,, the index of refraction of the atmospheric material 7y, the
pitch D, the ridge slab width d, and the x-offset B) for e;ach layer, and the incident-
radiation parameters (i.e., the angle of incidence 0 and the wavelength A of the incident
radiation) are determined (505) and forwarded via an I/O device (805) to the CPU (815).

25  The determination (505) of the discretized ridge profile may be a step in another process,
such as a process for determining the ridge profile corresponding to a measured
diffraction spectrum produced by a periodic grating.

Once the intra-layer and incident-radiation parameters are determined (505),
the cached eigensystem matrices [y}, [Onx], and [V}.«] for those intra-layer and
30 incident-radiation parameters are refrieved (510) from memory (820) for use by the CPU
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radi.ati on _paraneters (i.e., the angle of incidence 0 and the wavel ength )
of the incident radiation) are determ ned (505) and forwarded via an 1/0O
devi ce (805Weel/as6@ CPU (815). 25 The determ nation (505)pcefustingsse

di scretized ridge profile may be a step i'n another process, such as a
process for determning the ridge profile corresponding to a neasured
diffraction spectrum produced by a periodic grating. Once the intra-| ayer
and incident radiation paraneters are determ ned (505), the cached

ei gensyst em (Ba5yih 6HBtrkclY (SIB)%émeﬁﬂﬂa&ﬁ/ﬁg;s{%%?}i?g@%ﬁ%@%@I ayer and 30

I ncident radiation paraneters are retrieve °’(820) for use

by the CPU #40TtA¢ES 64S) thamolyer(5Pe) 25dundastSitclien systensmstrie byuagor 515) t he
hen a0l ves. (oa0) P e R B o Z 8P K 1 4. 4) o
(2.4.4) for Yaelepgth pofintepest, yndforvidsdlzecisultatormvitputaledies (805)a6ha@ e +0 and
each wavel eg fﬂﬁ' 1 ad forwards the results to an output
devi ce (805) %@r@z’% e @@?éﬁ‘%@gwon, printer (803), or the like. 6.
Lib Matchin g/em The flqct ed phase and magnitude signals obtai ned,
in the case © lodo rel ative reflectance, in the case of
reflectometry, f i tractio netrol ogy setup are then
conpared to the IFIPE}reglr Y Eq 8‘%‘1)4l C?{ngégtgcgecsggn&fs] B@W‘P@i &éﬁ"e&’é‘t fsllipgometry, 10
cached-coupl@dfﬂﬁ%rﬁlﬂqm,ﬁnﬂncaﬂaefnﬂéadiﬁd&g,ﬁadngmebiohmxﬁmgn can be used for
this purpo Q%S I t,.squares_approach (linear regression)
to a neural SIﬁet %ﬁ Eeﬁ%asegﬁg%ll%%E%%?Hégy&g%ﬁég@g@%gﬁﬂwwthme si gnal
wi th t hel®r ofrhed-couplasigive algorithml Theemtching algaith@B & dan bOusdd Ry ki pal
conmponent b ' hene. Expl a jons of .each of these nethods
i s expl ai ne d1a; Qsﬂﬁ%ﬁo&%@gﬁgﬁﬂeﬁ%ﬁé%”é%ﬁ@@ tegwrat setwokh as 15
Chapter 14 ebprbastritial assdciafis datusésiol the gigaal With he/DRiHIY Bikods Ri ce,
Duxbury Pr est@]atic%?ﬂ g]d%e.r 4 of " g{egl Net wor ks “f or Pat.%heﬁr)%on%g%%gnition"
by Christopher Bi Shop: 6??’]5?181"(%"\& fagtesponsscheme; Replapationg pf eaglvdf cabi l ity
20 A f1 owchahase mothodstieexpiainpl it renmeus eelRnOExt BYGE bf ¥ topiliGud fSENt
wvgﬂt 1)8{3' 'Ca@”@%ﬂ%ﬁ"@g‘fﬁ%ﬁ&&ﬂ@gﬁd AgMﬁ%Sl'gglo%%]c%le%Lgpggw red 905

and Chapter 4 of "Neural Networks for Pattern Recognition” by Christopher Bishop,

Oxford University Press.

Industrial Applicability

20 A flowchart for the complete sequence of events for the present invention is
shown in FIG. 9. First, difftaction signals are acquired 905 by an optical setup, using
either a reflectometry or an ellipsometry configuration, as described below and depicted
in FIGS. 10 and 11. Then, numerical aperture of the focusing optics in the optical path of
the reflectometry or ellipsometry configuration are characterized 910, in order to

25 determine the range of incidence angles that need to be taken into account in the
calculation of the simulated diffraction spectra, Next, a sub-libraty of profile shapes is
constructed 915 based on a range and a sampling of intra-layer parameters characterizing
the profiles. Infra-layer dependent portions of the rigorous coupled-wave calculation are
then pre-computed 920 for the selected tange and sampling of intra-layer parameters, and

30  cached 925 in a memory. Then, using the pre-computed and cached intra-layer
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either a reflectonetry or an ellipsonetry configuration, as described bel ow
and depicted in FIGS. 10 and 11. Then, nunerical aperture of the focusing
optics inwhelsessi cal path of the reflectonetry or el | PEEERE{02536
configuration are characterized 910, in order to 25 determ ne the range of

I nci-dence angl es that need to be taken into account in the calculation of
the sinmulated diffraction spectra. Next, a sub-library of profile shapes is
constructed 915 based on a range and a sanpling of intra-layer paraneters

char act er i depeadent poetiqus of the ﬁgomﬁmhpled-wyercamelpm dififracrion épecttaredf t he

ri gorous coypl.ed. wave ¢ Icgﬁ re o ted 920 f t he
Celected r SHEUES A5 o iRl B8 offarl 15 Brolht s 5RERRS 10 Bt o 025 1 1
a nenory. I\klelibrarysfmgﬂlehis thmneindm@dmtsmmahuisuhdnbhgcbﬂspématd myddea 42 WO

01/ 55669 P /US 536 de e ortio .Lhe rigor | ed- wave
cal cul atio Pf° E‘Pﬁﬁ%r gmewgﬁf%"& ﬁmglb %ﬁ#"ﬂ?ﬁf ile in

t he subsli bhystcy,lprbﬁleisroodqmedmmmld&dspmnrythehbm@emtou&rtoﬁe&rmﬁuﬂxel i brary of
profiles i hen, i pdex 935 with, the.sub-1ibrar S a to provide a
library of %Bs&-&aflp%fr@gcg@?egg PSRy ﬁrﬁgflwg W@ﬁéﬁﬁ‘@&"%ﬁ“p $tion spectrum
obt ai ned f calealatedsppdiyusi is e calculhied estinmtecof thephpgsicaPgkdfileo t he spectra in the
library, in order to determne the best matched cal cul ated spectrum The

profile corresponding to the best matched cal cul ated spectrumis the
cal cul ated estimte of the physical profile. It should be noted that

Ell tGgough tge in;/ﬁ[ttshaﬂdhmotéa&mtaﬁﬁfxtghihb@ﬂreﬁmnmwmaesm%eaﬁhﬂaﬁﬁbm astper
: an e Q al t er nat vi e as an appar at us
For instand® @*@pﬁ”ﬁéﬁ# W)ﬁf ﬁ%‘?"é‘m ‘%{g{g’F Ease t he
met hod f Imﬁme,&ﬁeﬁbﬁuoﬁma@m:ﬁmb@tﬁdﬁmwqntsh&md@esﬂkhﬂ%moan of an
appar at us %: re 'i}f n ste 605  of, "Determ nati Qqn of ran es and
i ncrement s Wch"é{;’é (g %F tpd 19 thadesqiption of.4n %P’} ans for
det er ni nat lmmpﬁosmmmthbﬂme@wﬁﬁcmeﬂu dfftaytBproplgyRaridbies det er mi nati on
ranges %Béinlncre ts,of er#'& property vari ahl es deflnl ngﬂ array {},
and means éPﬁlB’ﬁa‘lﬁ erHOR Wﬁ*‘?’&m&aﬂ’é‘?‘“‘b‘“ h&ithy ep| acenent
in st en561?m£ns"tﬁaiemmdfmés dnB GricEbaidhts bRHEyeipréparty *dABRs ddfilingnCr enent s

defining array {x}" with_ " ans for%‘glelterm atlon of incident radiation
ranges and ‘P%Q}em%a“ﬂ@}’ nic gplen s nibfit i n steps 610,

620, 647, 3éflachiaent®f ste}m‘lemmraﬁmen oflﬂmaeht-rahiaﬁéhsraﬁge& anBinGrbrhéifd Ng. .. " and
the replacenent in steps 61 615
defining array {x}” with “Means for determination of incident-radiation ranges and

increments defining array {x}”; the replacement in steps 610, 620, 647, and 657 of -
20  “Calculate ...” with “Means for Calculating ...”; and the replacement in steps 615, 615°,
625, 648 and 658 of “Cache ...” with “Cache of ...”.

In the same fashion, the method flowchart of FIG. 6 would be adapted to the
description of an apparatus by: replacement of “Determination ...” in step 505 with
“Means for determination .. .”; replacement of “Retrieval ...” in step 510 with “Means

25 forretrieval ...”; replacement of “Construction P step 515 with “Means for
construction ...”; and replacement of “Solution ...” in step 520 with “Means for solution

”
.. .

It should also be understood that the present invention is also applicable to off-

axis or conical incident radiation 131 (i.e., the case where ¢#0 and the plane of incidence
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625, 648 and 658 of "Cache..." with "Cache of ...". In the sane fashion,
the nmethod flowhart of FIG 6 would be adapted to the description of an
appar at us byWop¥stcenent of "Deternination ..." in stepPo®mswikkss " Means
for determnation..."; replacenment of "Retrieval .. " instep 510 with
"Means 25 for retrieval ..."; replacenent of "Construction ..." in step 515
with "Means for construction..."; and replacenent of "Solution..." instep
520 with "Means for solution It should also be understood that the present

i nvention i si40isfotaligled Gahle drectidh bt fXbECR $CHME Rhtide) Cf radiation 131
(i.e., the case_where 4#0 and the pligeﬁe 0 fﬁ%ﬁ%&%ﬂg& &%‘81155669

PCTI US01/ 025%8051H9p3s progrdlypaptedorths ofhexisnasesince,on cafbepemiindi city, z, of
the grating) *Rigd6usTRAYRA- VRN ARAI 4T Plafars ﬁigg%l%ffa&?ﬁaég’ﬂ'é.ﬁ o

of f-axi s cas,ﬁ i nce,. as_can be seen In "R gorous upl ed- %ﬂal ysi s of
Pl anar - Grat i dzlﬁaﬁ’deaétQRErﬁm4W.s‘@~7wé18h&ﬂ@m&98lmeﬁffeﬁaﬁﬂeqmlﬁon&. pt . Soo.
Am , vol . 571for §ib bre8icBaagrdetic ¥i ' ' gatigns s for the

el ectromagnetic fiel dsagli‘}n eglgﬁ %@%@ﬁﬁ%ﬂ\y&hﬁr@%@ﬁ%gﬁ O8HT TosTSIeHE : h

coef fi ci ent sanddpiprs thatags anly dependamteon inttaylaysepacantbtant and incidefit-radibtimier par anet er s
and i nci dent parashitedd, | ARwitRRE RS Eh L he case on-axi s i nci dence,
intra-|ayer Tal cul ations argﬁgéﬁ%ﬁﬁ%ﬁ‘{%&ﬁg a&“@é‘ﬁﬂgti?ps?rﬁp@bnputi ng the

di ffracted reloulatedpnd eaphedy M@Ppﬁrgtb@ﬁﬁ}aqpéxeﬂa@isityﬂaﬁh@&idﬂﬁ@aﬂng]E i OE
lts f ' bidn ' f t 10
bor 1 0d o gt ot eq asldih MR EL vl Bt SER Sl Bate e LN 1o

periodic . grating, and incident rad I'on para g to the
radi ati of? | BFEPHE Aeting, andibcidaut-radiation ngreaetersrorrespondingt to thevestiatber use i n

ol 0gous. | o g ey Ml i GRRRE srswUFRSH by Lo R Bt e v ¢
al t hough t he"VHFiR Sl SIpRfion in aynataeranplogans todbat desotiteed abovet er ms of its
0 TTraction of 1 ac mroapotbe &Ml W URRLR S pftowf BrGltof hestoony oo
applied to é%ffﬂé?‘fl I fegrag P%‘F?_ applicetionde thomigomes couplbewavesnatimdios caliuletigd i nt o
2erS) 0 et B8 il M e T O
cal culatio nsd’gfﬁﬁp"ﬂéalﬁfl@"émtt@ﬂm isiiwided duto Fayers, iand where inferhéttate di f f ract i on
¢al cul o on AR A9 Al PO BT, 1Y 1 (12 20,
i nt egr al intermediate, intra-layer calculations may be pre~computed and cached. For instance, the
diffraction calculation may be an approximate method, and/or it may use any of the
20  formulations mentioned in the Background of the Invention section, such as integral
fdnnulations, or any other formulations, such as those mentioned in standard texts such
as Solid State Physics, N.W. Ashcroft and N.D. Mermin, Saunders College, Philadelphia,
1976, pages 133-134, or Optical Properties of Thin Solid Films, O.S. Heavens, Dover
Publications, Inc., New York, 1991, or Ellipsometry and Polarized Light, RM.A. Azzam
25  and N.M. Bashara, North-Holland Personal Library, Amsterdam, 1987. Furthermore, the
present invention may be applied to diffraction calculations be;sed on decompositions or
analyses other than Fourier analysis, such as a decomposition into Bessel functions,
Legendre polynomials, wavelets, etc. More generally, the method of the present
invention may be applied to any diffraction calculation whete the system is divided into
30  sections, and where intermediate calculation results are only dependent on intra-section

variables. Again, the intermediate, intra-section calculations may be pre-computed and
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formul ati ons, or any other fornulations, such as those nentioned in :
standard texts such as Solid State Physics, N.W Ashcroft and ND. Mermn,
Saunders CUOPEEEE Phil adel phia, 1976, pages 133-134, oPCOEBIIMRF6Pr operti es
of Thin Solid Filnms, O S. Heavens, Dover Publications, Inc., New York,
1991, or Bllipsonetry and Pol arized Light, RMA Azzam 25 and N M

Bashara, North Holl and Personal Library, Ansterdam 1987. Furthernore, the
present invention nay be applied to diffraction cal cul ati ons based on
deconposi t carhal. @or instandey foe s tvat-dimensidaally pecindic siructune liheseationsmay becs a

Vor o gener et i of AR on b6 i e en RO hnRed BNl D00 St 0"y

diffracti oinvexﬂ:ionuiagtﬂ:eapplieﬂa&rmyb&imﬂaﬁpn%meiﬂm sgtﬁtmhahaﬂw&eﬂtlmoa&tmt i ons, and

where inter ate ca r K t on | HiLd a- section

vari abl es. a'%‘gf?eﬁe e‘ﬁa#f%aﬁ %@H& etolp;Y t[']:tdlg%t e?qng Fﬁay be

pr e- conput &mmemmmmmnmmsmmmmdmw nst ance, for

a two-di nensional | eriodic structure, the sections nay be a regular
%t%!ﬁgﬁ

array of blocks o mgS?ﬂanQ%?@PQféﬁMOﬂl}mnts%thﬂﬁmmMmhe present
i nvent | on. KR 4o e r Bl ot dnd R 8y oo irida @ Vi ded
d when

into sections, er nedi ate cal cul at on results are only

dependent &nexhenstize grefeﬂm@tﬁhe ipyentiomtodhe pr@ls&gfm disglased; anddtsheuld be e,
i ntra-sect bﬁ&a@@da%ﬁ%h?&%% B Vriahiongd sxﬁi'a%ﬁgﬁbﬁﬂeabo Jhe foregoing

descriptions o nents of the present Tnvention have been

presentldd feschipg r’ﬁwmbod;ments Walgtchmll o deseribertio ordeptobest expltinthear e not

tended t f
i sc osed. Peniflof 8¢ arentfn & ol opldfion, W RBlchPbhabiB ol GRS 1 OF M
vari ations ﬂmaettpb@tuiﬂizemmmwwémmemmnm%mw&momnbod| ment s
h | f th
invention & gulgﬁ%bp J}u%% cai’ﬁtegemaﬁt eréiﬁ‘g/ enargpfgd’{gtcﬂnp S sk d

i nvention an |ts prac lon, to ers skilled
in the ar tcomsc;ietﬁéwﬂlmmscgneq HiresoRsrinventiona K instaticentbe caldobtiomefithe wi t h

var i ous;5Tog, @ﬁac&e&uomae@ﬁ@ab&%a&qu&l&m gb{a‘d&h&{ve‘:h% grenpl at ed..

Many ot er variations are also to be considered wthin t scope of the

present i nwereensictiveamaierialy; of/beth; andrihe applicetionsefitenmethod of @W%es ent

speci ficat 'Mnﬁ&xt@ﬁéﬁddf@@itﬁg& Whith MmEMASIoRMETe Inkudiyis Bshsiienrd wid Ve :
materials, or_  non-conductive materials, or, both, and_ the application of

t he met hod Within thescgpe.efihg presepfimyention, meﬁtbﬁﬂg%%org%%?gxamp% i ncl ude
conduct i Ve vwawk-96dtck Infatib[4] R ThidQ4tedlarld@adked, intermediate results, suchasthe - -

20  permittivity, inverse permittivity, permittivity harmonics, inverse-permittivity harmonicé, B

UDU

permittivity harmonics matrix, the inverse-permittivity harmonics matrix, and/or the
wave-vector matrix [4] need not be stored; the compound matrix [V], which is equal to
the product of the eigenvector matrix and the root-eigenvalue matrix, may be calculated
when it is needed, rather than cached; the eigenvectors and eigenvalues of the matrix [4]
25 may be calculated using another technique; a range of an inira-layer parameter or an
incident-radiation parameter may consist of only a single value; the grid of regularly-
spaced layer-property values and/or incident-radiation values for which the matrices,
eigenvalues and eigenvectors are cached may be replaced with a grid of irregularly-
spaced layer-property values and/or incident-radiation values, or a random selection of
30 layer-property values and/or incident-radiation values; the boundary-matched system.
equation may be solved for the diffracted reflectivity and/or the diffracted transmittance
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within the scope of the present invention; once the eigenvectors and

ei genval ues of a wave-vector matrix [A] are cal cul ated and cached,

i ntermedi at WQMEsM6#s, such as the 20 permttivity, inverperpsnmsséi vity,
permittivity harnonics, invérse-pernittivity harnonics, permittivity
harnmoni cs matrix, the inverse-permttivity harnonics nmatrix, and/or the
wave vector matrix [A] need not be stared; the conpound matrix [Y], which
is equal to the product of the eigenvector matri x and the root-eigenval ue
matri x, may d when it is needed, rather than cached; the

ei genvect or W ngflﬂeﬁtise"ll ues of the matrix [A] 25 may be cal cul ated using
anot her technique; a range of an intra-layer paraneter or an incident

radi ation par areA eieth6® for ea0ShS on@hta®H tndofSh Qﬁhsﬁig??gig%ﬁé@gfrgﬁe%nOf

regul arly- spaced | ayer-property val ues and/ or val ues

for which t hlcHtrhagneRsadiatih GORAVHcHSHE gf%gq{aaﬁgé(&a?éc%nsofg% hed may be

replaced with a grid of irregularly- Spaced |ayer-property values and/ or

i nci dent  r adinglydigiavolvihedivisidh oPsald P SeRShth %e:@fwiﬁ%lir?ﬁﬁfaaraf operty
-mat che

val ues and/or incident radiation values: the bodndary system

T Tracted 1 anem teaned o or, AR SRl AR B R, ¢ 1 i e

is: 1. A netsisat 8slow 5 sérdg; G, d ] |LM¥Sk S diffraction
of incident electr omagngti cmr adi %ﬁ%rﬁ%&ﬂg&%?gfﬁg%ﬁ%ﬁ %'%I"ﬁavi ng a

per  odi o gr ar e ienieiltlayS4 bétme O B BN Sl 1Sle'd B8Rm0 [ o
space above ofaith i et ety WY Sl CIAGN ROD 2
peri 061 ¢ o aiiaol ot D) s el B SLAPRR T L2 | 2V
G scr oL 10 stlohamblioiclk it ARAREG AROHLS pBILDS, | W LD each

as a 10 suidaxbrell'd eqiationd pERQMAR Hid-18/eLitkiR Sdfhticl iﬁ@é\chiof&iﬁ;lteﬂx?gd}a?edi city,

application of Maxwell's equations providing an intra [ayer nmatrix equation

in each of Ssyerd cqniting AOdRE 6 2 Wa9d Péctor BfAHRIaNT %s%a?&&gy&{lpﬂde@oﬂﬁg g vector
matrix and first harnonic anplitudes of one of saird el'ectronmagnetic fields
to a secondsgidelbétdinagifetic HEldd 148 s@bndthl Sdrvattve bR EAPRChaRRTNd drpHBRes
of said one of said electromagnetic fields with respect to a direction perpendicular to a
15  plane of said periodic grating, said wave-vector matrix being depen&ent on intra-layer
parameters and incident-radiation parameters, a homogeneous solution of said intra-layer
matrix equation being an expansion of said first harmonic amplitudes of said one of said .

electromagnetic fields into first exponential fimctions dependent on eigenvectors and

eigenvalues of said wave-vector matrix, comprising the steps of:

20 determination of a layer-property parameter region and a layer-property
parameter-region sampling; \
i
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of. said.one of said electromagnetic fields with respect to a direction
perpendi cular to a 15 plane of said periodic grating, said wave-vector
mat ri x bei W@ 0#¥8ehdent on intra-layer paraneters and i rROETHRS§/0253di at i on
paranmeters, a honbgeneous solution of said intra-layer matrix equation
bei ng an expansion of said first harnonic anplitudes of said one of said
el ectromagnetic fields into first exponential functions dependent on

ei genvectors and eigenval ues of said wave-vector matrix, conprising the

Ist eps of: aa?giﬁwwaﬁtyt Simedfix s’fbldti%}iwchrﬁdilﬁﬁethb!fnd%?%i?t“ﬁgugh%’%m;n? a 4l
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utSI ng ﬁny ﬁffay?ﬁﬁﬂéhﬁﬁ’tb@fmﬂﬁmt s§qh¢metgméﬁ§éwsa” : fm'ﬁwaenﬁmmanges and .
roughs” o e eri odi ragin y be. ill-define a_one mensi onal | y

peri odi c sfPRied %E gﬂ“l“%fg’ °ﬁé’?‘€ﬂi‘é°%?‘@”?ﬁ‘¥r?n‘9ﬁflﬁﬁ?r@ als; the

net hod of GiaRuRé Rednjer may amudem fé&m&w nifkpibls £ the infettbd JF the Peséh@ Vi Ng

t wo- di rren5| onatll?& erla{)eéléiﬁé# ; ?;Bgctonal I v eri ngﬁﬁﬁﬁ ucture in a

| ayer ' &aghe &P esent

inventlon paunmompﬂkmgedmawoﬁmbpéﬁoﬂaimwmy&m@n@dsmmropaﬁ»'retion of TE

Sount o0 o 1A O Bl hosienE g the tedis R eiiod o8 Mepri TveRSon e ot - L he

Imat Eod of hmmwmaﬁk velaﬂdl%iédaﬁliﬂid@yhlbma?]ks?efbfﬁﬁbf tilé ibthad bf tieprésead ysi s of

I t hogr.aphi,c nmasks t ho t rese t I nventi on may

be. appHbq HGRRdY HeaRriindik i ol b apuiie A Pﬁ B8 of the

pr e_sgnt | N\peosdnit i ﬁﬁeﬂﬁblhnil@béﬁﬂﬂie&fbmﬁlmmhﬁdcﬂﬁi@dﬁgsmgffﬁlbﬂﬁﬂMd%ﬁl ng

I NCl dent soun or el ectr C. waves t he.net t.he present

i nvention r‘FEW‘H@’gS Waéfﬂs’ttgag‘?g?i?ﬁﬁ‘eﬁm*%tﬂmﬂ’emf QlEtﬁPP F;)sﬁsta‘Brl cation

processes; réahfimetrad ﬁﬂtwampmé@e@merg&tiﬂggma%a&hd%yrﬁling?slaéﬁlglg t he

grating may g cury surface, such as a spherical surface 15

be | odl ¢
or a cyli n(?FF‘E‘%HEf ‘F?‘&E%gmii JhbeRFie °%§@"§3§F§Hﬂ%‘iﬁﬁ\‘§h aphericplsHisSur i er
expansiigns owuylﬁ;dh@ls in {which casé a@dnsafnsbmermﬁﬁﬁﬁ& Fammhmmm be

g i ngs, 1B et Ol RTooN S ONRLSAY A e Sl g ol saalog ¢

computing, volume holographic gratings, holographic neural networks, holographic data

.C

storage, holographic lithography, Zernike’s phase contrast method of observation of
phase changes, the Schlieren method of observation of phase changes, the central dark-

20  background method of observation, spatial light modulators, acousto-optic cells, etc. In
summary, it is intended that the scope of the present invention be defined by the claims
appended hereto and their equivalents.
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stor-age, hol ographic |ithography, Zernike's phase contrast nethod of
observation of phase changes, the Schlieren nethod of observation of phase
changes, thévaetssse dark 20 background net hod of observaptpgsorppasi al
| i ght nodul ators, acousto-optic cells, etc. In sumary, it is intended
that the scope of the present invention be defined by the clains appended
hereto and their equivalents. 46 Vii: WO 01155669 PCT/ US01/ 02536
determ nati on of a maxi num harnoni ¢ order for said harnonic conponents of
sai d el ectromagnet i c détirlinhion 6 Baridich ARmRbicREMof §81 BEHBAIL bdnohdhe?ar Moni cs
for each layer-property value in said |ayer-property paranetéer region
det ermi ned byf il dechravi@hefy RRFty paraneter 5 region sanpling;
determ nation of an incldent-radiation paraneter region and an incident-
radi ati on paraneter-region sanpling, calculation of said wave-vector matri x
based on said requi r edcpletionof tequirddyperchicttvity harfdnitOfor &h thy@aibpehi ¥l P Operty
value in said | ayer-property paraneter region 10 determ ned by said
| ayer - pr oper insaiddayarpopertypanineter fgioh dbtagninsdby 41t 19aCopelty balember.r 2di ati on
value in said incident-radiati on paraneter region determ ned by said
i nci dent 5r avtgmnisonplipngr anet er - r egi on sanpling; cal cul ati on of eigenvectors
and ei genval ues of each of said wave-vector matrices for said each | ayer
property value in said |layer-property parameter region 15 determ ned by
sai d | ayer-property [deeanipatiop of agneidentradistiomppreaweter kegionsiad an ineidénti nci dent
radi ation valye in said incident radiation paranmeter region determ ned by
sai d i nci denfadistionpazamets-regiansampling: r egi on sanpl i ng; caching of said
ei genvectors and said ei genval ues of said each of said wave-vector
matrices in a nmenory; .20 use of sajd eigenvectors and said eigerrval ues
for said analysis of ngﬁgm‘h‘?fg‘flgﬁ@ﬁ‘WB?‘ag&MﬁﬁP%Wﬂ“‘éqdé’emﬂ@ﬂﬁfgneti c
radi ati on fr}?ﬂngg‘i:&mperdi oq_i c grating. .48 1 1!11ff111111 111 11111111111

said each layer-property value in said layer-property parameter region

10 determined by said layer-property parameter-region sampling and for each incident-
radigtion value in said incident-radiation patameter region determined by said incident-

radiation parameter-region sampling;

calculation of eigenvectors and eigenvalues of each of said wave-vector
matrices for said each layer-property value in said layer-property parameter region
15 determined by said layer-property parameter-region sampling and for said each incident-
radiation value in said incident-radiation parameter region determined by said incident-

radiation parameter-region sampling;

caching of said eigenvectors and said eigenvalues of said each of said

wave-vector matrices in 2 memory; and

20 use of said eigenvectors and said eigenvalues for said analysis of said

diffraction of said incident electromagnetic radiation from said petiodic grating,

A
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Thi s Sheet Has Been Replaced 1111111111 WO 01/55669 PCT/ US01/02536 2. -The
nmet hod of claim1 further conprising the step of caching in, said nenory,
sai d wave-weeavssedat ri ces for said each | ayer-property VEFUS01035364) d

| ayer-property paraneter region determ ned by said |ayer-property
paranmeter-regi on sanpling and for said each incident radiation value in
said incident: radiation paraneter region determned 5 by said incident
radi ati on paraneter-region sanpling. 3. The nethod of claim2 further

conpri si ng the Fheaietlidd of alaii  @arther, compiisingbastegy of cactingin/ saidunien®gly,per m ttivity
har moni cs for said each |ayer-property value in said | ayer- property

par anmet er rsailvaive-fetammiceslfop yaid euchl ldyeryeopefty oalas in\saif dyaiprogeity’ €9i on
sanpling. 4. The nmethod of claim| further conprising the step of

cal cul at i ngpaBanieked Egivin deferngined!y saidugeLpropdty pafamere-fegivh sﬁaﬁmﬂlgaﬁgﬁmval ues and

a correspondi ng one of said eigenvectors for said eac ayer property

val ue in sadafl dacthificidene-SidRiibly vaday i 6Bd Rieidetdadiatiof] hrah B egtod Yot iinéd
| ayer - property paraneter-region sanpling and for said each

i nci dents r agi saidiifiderBiatiBtion pardhitteil rdgithl stk@plingl adi ati on paraneter regi on
determ ned by said incident radiation paraneter- region sanpling. 15 5. The
met hod of claim4 further conprising the step of caching in said nenory,

sai d product 3.oThexaéthodsd glaine 2 fusther emptisingithe step offaching id, ssidgeemany,ues and sai d
correspondi ng one of said eigenvectors for said each | ayer-property val ue
in said | aysardpquingdpermitiivityhesnanicsforghid wachidayer-piopesty viaine dmsaifl layeger - property
paraneter-region sanpling and for said each incident-radiation value in
sai d i nci depropertyiparamitorregion determined b gidlayeiarenerty parameter-regipaisanpling.nci dent
radi ati on paraneter-region sanpling. 6. The nmethod of claim1l wherein

econd. har monfic TRRTMATE SN i et DR e e pf S Raa o 11111111111
11110149 (CL 0 Sr e MRS S e pBA S b dbd ookt fod 11111 11
said each layer-property value in said layer-property parameter region determined by said
layer-property parameter-region sampling and for said each incident-radiation value in
said incident-radiation parameter region determined by said incident-radiation parameter-

region sampling.

15 5. The method of claim 4 further comprising the step of caching in said memory, said
product of said square root of said each of said eigenvalues and said corresponding one of
said eigenvectors for said each layer-property value in said layer-property parameter
region determined by said layer-property parameter-region sampling and for said each
incident-radiation value in said incident-radiation parameter region determined by said

20  incident-radiation parameter-region sampling.

6. The method of claim 1 wherein another of said electromagnetic fields is

expressible as an expansion of second harmonic amplitudes into second exponential

, W
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J"oro b i LB . WD 01/55669 PCT/USO1/02.536 functions dependent on said

el genvectors and said ei genval ues of said wave-vector matrix, application
of boundary WOAWsEons of said el ectronagnetic fields at PorUsSoERsss

bet ween said | ayers provides a boundary-nmatched system matri x equati on, and
solution of said boundary-matched system matri x equati on provi des said
diffraction of said 5 incident electromagnetic radiation fromsaid periodic
grating, and wherein said use of said eigenvectors and sai d ei genval ues
for said anal $metionsdependent onlsdid eigeivbators @fd saidielbenvalied SHREH vRVERfPTBINEL i C

radi ation fromsaid periodic grating conprises the step ofs discretization

of a cross-seuatinapplicationrof igmdaf coamlitibnpefishia dicttroiiaghdtio GelditDomndagdsacked set
of rectangles on said substrate; 10 retrieval, fromsaid nmenory, for each

of said rect diress ,said:lamwrdvidaimmwmtm@wm&wé@m%%m@n sai d
wave-vector matri x based on said intra-layer paranmeter values of said each

of said rect sfgHiéboundarynintchedystom smirik dgtidion pRVidEAdidkfaation BRRTEt er val ues
. . e

of said incident electromagnetic radiation; construction of sal

boundar y- réat dhtidenbsiectremmagmetic tadiatuh frin il pésbdi@eraigdand ' MEeLPrs and
sai d ei genval ues of said wave-vector matrices retrieve romsard nmenory

for said eactuidiigsmiectonsand fttdigeavaliees Sor Sk hifalye opé_amﬁﬁ-.gc&%ggﬂ y- mat ched
sal In

systemmatri x equation to provide said diffraction o ci dent

el ect r omagnetihcidentalicabdmagnetid radisoni fnRid pefbdi i e t hod of
claiml1 wherein said infra-layer paraneters f%étﬁ%r?e %r{s %tggggqé?;ers 20
include an index of refraction of a material of said periodic features in
said one of said | ayeHseretizationgfesrossisestion patidgeof @id eibdlc praiidg iado ol ayer, a
| engt h of perio y of said periodic features, a wdth of said periodic

iGgit
features in S%f gé?ﬁéfﬁﬁa‘%‘?senlsdim@&tﬂnd an of fset distance 50
ITTTurRITTAWtJttll * CL s This Sheet Has Been Repl aced |

TLILILT 1pIIIATIILT ot Bl Rentors), fot eseh of asid ractangles, of seid

eigenvectors and said eigenvalues of said wave-vector matrix based on said intra-layer
parameter values of said each of said rectangles, and based on said incident-radiation

parameter values of said incident eleciromagnetic radiation;

construction of said boundary-matched system matrix equation using said
15  eigenvectors and said eigenvalues of said wave-vector matrices retrieved from said

memory for said each of said rectangles; and

solution of said boundary-matched system matrix equation to provide said

diffraction of said incident electromagnetic radiation from said periodic grating,

7. The method of claim 1 wherein said intra-layer parameters for one of said layers
20  include an index of refraction of a material of said periodic features in said one of said
layers, an index of refraction of said initial layer, a length of periodicity of said periodic

features, a width of said periodic features in said one of said layers, and an offset distance
/_'_

"’ R ) R
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of said periodic features in said one of said | ayers, and said .

I nci dent-radi ati on paranmeters include an angle of incidence of said

el ect r omagM@OVE6¢%adi ati on and a wavel ength of said el e®CTHRRPATGI C
radiation. 8 The nethod of claim1 wherein within said each of said

| ayers, any line directed 5 normal to said periodic grating passes through
a single material. 9. The nethod of claim1l wherein said initial |ayer and
said final layer are mathenmatically approximated as sem -infinite. 10. The
met hod of gt @idPediodibRhtlel ib@idhnb 8YRd 1ReRD 8id MidIRiARE @9}1‘3{& d said

I nci dent radi atrpi on paraneter region dgfscr’i%l{:)e%a ;%gﬁarﬁfggtt; ng e.e%l]O 11. The
met hod of ﬁicﬁ.umqlan\gtmmc{ueﬁ&%ﬁa&a@d&bﬁagieﬁ§Mﬁwﬁﬂ&wae&fma]% har froni ¢
anpl i tudes of said electromagnetic field into said exponenti a unctions

i ncl ude f agle@fomagidtic ¢aliialiof. €/ enents of an eigenvector matrix obtained from
sai d wave-vector matrix, and exponents of said expansion of said harnonic

anpl i t udes of, id electraq eti.c fi.eld, ipclude factors ich are square
roots of ei gghaﬁfﬁl °§?}(§ﬂﬁ%§q&3§%‘3V@Pﬁ?‘dﬁgl"ﬁ@ﬁi@”ﬁ?ﬂﬂ? dhod of claim
11 whergin saiﬁ | ayer : ptopert araneter-r egi on.sanpling is at a uniform
density? 13° tgsﬁéf’%‘g’mo&%%’?%sl@m%‘?ﬁ T {ayer-property :
par anmet er-regi sa i . Is at.a non-.uni formdensity. 14. The met hod of
claim12 vvhe%ei egﬁ{ﬁgéP&gﬂP—%‘?’mﬂﬁﬂﬁ'@ﬁﬁéﬁ aYeR @Sl ing 20 is done
on a unifor rid .. 15 The nethod. of .claim 12 wherein said | ayer-property
par amter-%nﬁwc%ﬁmwﬂ?ﬁ”&%@”%ﬂ 2 non-uni formgrid. | 1" *
Frrrrerer e GrRi i L, Nos,,-, 51 This Sheet Has Been Rep| aced
1515 ] b Hemetiopof flaipy! Bidain a8 lapes prppdy pRapgaRroEiabmarid ot hod of
claim 1l wherei.n delit. | east one di nension of said incident-radiation
incident-radiation parameter region describe a hyper-rectangle.

10 11. The method of claim 1 wherein coefficients of said expansion of said harmonic
amplitudes of said eleWoﬁagneﬁc field into said exponential fimctions include factors
which are elements of an eigenvector matrix obtained from said wave-vector matrix, and -
exponents of said expansion of said harmonic lamp_limde's of said electromagnetic field
include factors which are square roots of eigehvalﬁes of said wave-vector matrix.

15 12. The method of claim 11 wherein said layer-property parameter-region sampiing
is at a uniform density.

13. The method of claim 11 wherein said layer-property parameter-region sampling
is at a non-uniform density._
14. The method of claim 12 wherein said layer-property parameter-regibn sampling

20  is done on a uniform grid.

15. The method of claim 12 wherein said layer-property parameter—regibn sampling

N

is done on a non-uniform grid.
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par anmeter .regi on has a range of a single value. 17. The nethod of claim1l
wherein at | east one dinension of said | ayer-property paraneter region has
a range of &GMAgé® value. 5 18. A nmethod of determ ningpdirssargss of a
physi cal profile of a repeating, regularly-spaced series of structures,
conprising the steps of. illumnating a test area of said series of said
structures with incident radiation having a plurality of wavel engths, said
incident radiation traveling along an optical path; 10 nmeasuring radiation

e o Lt I8 PlehndteRof b el o Ik 8 et Bl MRUEHENTIROT 0 0TI

a nmeasured diffraction spectrum erm ning Dand an

i ntra-| ayer mérg%ioﬂfha%é‘%ﬁ%idf%ﬁ&l]ggﬁé%mters corresponding to | ayers of
uded 1Tn a°rtir

profile shapes to I nc sub-library; 15 determ ning an
i ncident radiation range and an incident-radiation sanpling of incident

radi ati on par ab®(Tke sethod ISiQﬁdiﬁll@bvﬂ&eﬁlQﬂ%ﬁQme%én%%ofﬁﬂggre{lﬁrgg%d i nci dent
er- n i

radi ati on; generating pre-calculated intra-Iay epen lons of a

di ffracti on pacaaietntegionhas 4 @higeofth Singlovdlge, | ayer sanpling of said intra-layer
paranmeters within said intra- 20 | ayer range, and said incident radiation
sanpling of said incident-radiation paranmeters wthin said incident

radi ati or? r angtd: Amethpdef dstermining dimensionsiofis physicaifprafild afiger - dependent porti ons
of said 11111111111110! Ms 52 This Sheet Has Been Repl aced

11111111111&%#@&@4&%6@@@&&&@&%%%?&di ffraction
sal |

calculation for said intra-layer sanpling o ra-layer paraneters

i sald | el s of alr At (SR BT TP 09 of
cal cul at i ng,radidtioh havingh ladlty Bf RaveRhgkY, i€l tAmRkay e - dependent
traveling along an optical path;
10 measuring radiation diffracted from said test area at said plurality of
wavelengths to obtain a measured diffraction spectrum;
determining an intra-layer range and an intra-layer sampling of
intra-layer parameters corresponding to layers of profile shapes to be included in a first
sub-library;
15 determining an incident-radiation range and an incident-radiztion
sampling of incident-radiation parameters corresponding to said optical
path of said incident radiation;
generating pre-calculated intra-layer-dependent portions of a diffraction
calculation for said intra-layer sampling of said intra-layer parameters within said intra-
20  layer range, and said incident-radiation sampling of said incident-radiation parameters

within said incident-radiation range; S

oo i et s apeespainscrsaa NN MYHN R
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5 portions of said diffraction calculation, for each of said profile shapes
in said first sub- library, a calculated diffraction spectrum according to
sai d di ffreeOV/ge6cal cul ation to provide a second sub-| iPETARYIAES36cal cul at ed
diffracted spectra; indexing said first sub-library of said profile shapes
wi th correspondi ng spectra fromsaid second sub-library of said calcul ated
diffraction spectra 10 to provide a |library of profile-spectra pairs; and
conparing said nmeasured diffraction spectrumw th said cal cul at ed

di ffracti oqiffrieh bdculdtios &rGaill e ddydr bopHdg 6F shid Aitfal18yes pRGhEEs Rahins to find a
best match cal cul ated spectrum which nost cl osely matches sai d neasured

di ffracti ogaié pRelldyérianith &idebi ifidRnladis@dnbaRplig df 8418 IRfABR-radMtiogSpPONdi ng to
15 said best-nmatch cal cul ated spectrumis a best match for said physical

profile, ampgramates withfFsariifdidentladiaforkagigeysi cal profile are determined to be
correspondi ng di mensi ons of said one of said profile shapes. 19. The net hod

of cl ai m 18 wheg¢atinmtind nflifAiy dafdire-Badulatédifted dn8&ési ng nmechani sm 20
20. The net hod of cl a%m 1§]ﬁgmherei n said measg%dﬁ% of said diffracted |ight

i nvol ves  a pBitigfd drRse iffrsthion Ell@Sibh, Yorhchsetistld gidhild shepes th daiddile sk 1. The
met hod of claim 18 wherein said neasuring of said diffracted Ii1ght involves

a fTEaSUFemﬁBiar;Dfacﬂ&ﬂﬁélﬁdifﬁécﬁﬁns@%%é&&ﬁﬁo%ﬁd'diﬁmﬁonﬁﬂaﬂﬁioﬂﬁﬁse N
11111 HE 1117111111 CL MS 53 Thi s Sheet Has Been Repl aced 1111111

111111 111 lprovide akdcbhd ¥b-Ifbkdrp 65GRuidted difadiddipore; di f-ference between

pol ari zations of said diffracted Iight. 22. The nmethod of claim 18 wherein

sai d conparing e sdidTRs Std-Btary OF $id pi6file Shapedfie r um Wi t h sai d cal cul at ed
diffraction spectra in said library to determne a best match cal cul at ed

spect rum i goip@pdndingRfecttt oM said sfeoh®abliiblyaf arl caleaRdd aiffrathon shdetral N NEt hod
of claim 22 wherein said | east square conputation is
10  to provide a library of profile-spectra pairs; and
comparing said measured diffraction spectrum with said calculated
diffraction spectra in said library of said profile-spectra pairs to find a
best-match calculated spectrum which most closely matches said measured
diffraction spectrum, whereby one of said profile shapes corresponding to
15  said best-match calculated spectrum is a best match for said physical
profile, and said dimensions of said physical profile are determined to be -
corresponding dimensions of said one of said profile shapes.
19. The method of claim 18 wherein said optical path includes a focusing
mechanism.
20 20. The method of claim 18 wherein said measuring of said diffracted light

involves a measurement of intensity of said diffracted light.

21. The method of claim 18 wherein said measuring of said diffracted light

involves a measurement of intensity of said diffracted light, and a phase | ‘
s S
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perf.ornmed.by sel ecting a nunber of sanple wavel engths, subtracting said
nmeasured diffraction spectrumwith said calculated diffraction spectra at
sai d sanpl e WRYESEMgt hs to deterni ne differences at each rofiyused/mdsmanpl e 10
wavel engt hs, and squaring and summ ng said differences. 24. An apparatus
for determ ning dimensions of a physical profile of a repeating,
regul arl y-spaced series of structures, conprising: an el ectronmagnetic

radi ati on source for generating el ectromagnetic radiation having a

plurality ofg; ' [ for directing said
difErh SR Spolat Ratfind ASHT gg‘g?c(@ﬁ{%t

el ectromagneti c radi ation al ong an ath to illumnate a test area

For “moasur i ng.di £ o SRR WHelch sl b5l of B Poobi <o 0 1 oot o

for neasuring diffraction o aid test area

at said pl ur@hakdonQbecd@nali | asured 20 diffraction
spectrum g a fiorngJ mm%@%gﬁh%?%?f#}@fﬁm%%?ml 1 1E 1111 a | ook-up
table; = nmeafgad & deReHRE §bid | 2 'bEar% ofs Erofle shapes; This
Sheet Has Been Repl ace% SQQﬁaﬁhE@%ﬁMsg%ﬂg% P02536 means for
storing ssi dedst -ph{a{%@ry of said profile shapes in a first array of
said | ook-up table; nmeans for generating pre-cal cul ated

intra-1|ayer- depe@.efﬁer@éiﬁéd!o?aﬁiup%z\ﬁheréﬂéaﬁdl@%k%ﬁ&g}e%&,{,@%{#‘it1 on for an
mMeters W tni

intra-layer sanpling of 5 intra-layer para 'S\ méﬁ_ intra-|ayer
WER D an D e Bl SRR M B T Dl il e
measured diffraction spectrum with said calculated diffraction spectra at
said sample wavelengths to determine differences at each of said sample
10 wavelengths, and squaring and summing said differences.
24. An apparatus for determining dimensions of a physical profile of a
repeating, regularly-spaced series of structures, compzising:
an electromagnetic radiation source for generating electromagnetic
radiation having a plurality of wavelengths;
15 a focusing means for directing said eleciromagnetic radiation along an
optical path to illuminate a test area of said series of said structures with
incident radiation;
a photometer for measuring diffraction of said incident radiation from
said test area at said plurality of wavelengths to obtain a measured
20  diffraction spectrum;

- i

2 look-up table;

means for generating a first sub-library of profile shapes;

_—
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i ntra-1|ayer-dependent portions of said diffraction calculation in said
first nmenory; 10 neans for calculating, utilizing said pre-cal cul ated
intra-l ayewodugesddent portions of said diffraction cal ®GFEBNIAAS36f or each
of said profile shapes in said first sub-library, a calculated diffraction
spectrum according to said rigorous coupled-wave calculation to provide a
second sub-library of calculated diffraction spectra, 15 nmeans for storing
sai d second sub-library of said calculated diffraction spectra in a second
array of said |medss &R sfofibg idfirstvnblibRfy of Gaidepdfilshapg it ® cor r espondi ng ones
of said profile shapes in said first sub-library; and nmeans for conparing

sai d measuipgaslyfof 648 IdoRApEPREt rum Wi th said cal culated diffraction
spectra in said second array of said |ook-up table to 20 find a best-match

cal cul ated speChidmyYoMpbderatilB ple-dalcaiaRd htdRdyeR@spesiRhthofas bred diffraction
spectrum whereby one of sard profile shapes corresponding to said

" best - mat ch gRhdtidh ediEflatidh Bsilah Hallsy smtch for . said physical profile,
and said di mensi ons of said physical pro%ile are | I"~"1L 11110 ~"101 11"11

11 1"~ 5 S55tfe-layer pldhuficts?h Wathintda SntlRaeyer Ragy, asdret 1111111 i111IIT 11111
1111 WD 01/ 55669 PCT/ USCQt/ 02536 eterm ned to be correspondi ng di nensi ons

of sai d onencifentsradistidhsBiplify oFfiRiRSt-radiftion PatdiiclRRvidin Met er ni ni ng di nensi ons
of a physical profile of a repeating, regularly-spaced series of
© struct ur es incidefifradiatichGaigéfand c@dhingGhid pre-dalculatedat i Ng a test area of said

series of said structures with incident

intra-layer-dependent portions of said diffraction calculation in
said first memory;

10 means for calculating, uﬁﬁzing said pre-calculated intra-layer-dependent portions
of said diffraction calculation, for each of said profile shapes in said first
sub-library, a calculated diffraction spectrum according to said rigorous
coupled-wave calculation to provide a second sub-library of calculated diffraction
spectra,

15 means for storing said second sub-library of said calculated diffraction spectra in
a second array of said look-up table at entries corresponding to corresponding ones of

~ said profile shapes in said first sub-library; and
means for comparing said measured diffraction spectrum with said

calculated diffraction spectra in said second array of said Iook-up table to

20 find a best-match calculated spectrum which most closely matches said
measured diffraction spectrum, whereby one of said profile shapes
corresponding to said best-match calculated spectrum is a best match for

said physical profile, and said dimensions of said physical profile are

e
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radiation_having a plurality of angles at a single wavel ength, said
incident radiation traveling along an optical path; neasuring radiation
diffracted wonrss@bd test area at said plurality of angPETUSMARIGEI N a
measured diffraction spectrum 10 determning an intra |ayer range and an
infra layer sanpling of intra-layer paraneters corresponding to |ayers of
profile shapes to be included in a first sub-library; determ ning an

i ncident radiation range and an incident-radicati on sanpling of incident

radi ati on pagane P! S path of said
i nci dent rad‘?a.‘l" 'Sé%b%(r%%‘?gf’l %ig}gpre ‘L(’:la cog a‘i'(%é%% %\a?d% ayer - dependent

portions of % ri gorous coupled wave calculation for said intra-I|ayer
sanpl i ng of BE i ntra- | ayer paraneters within said infra-layer range, and

mpi i ng of 33
W thin e d 20 | A% toRop 3 ?9”%%?&°gsc%f‘éﬁ°hﬂws%5%95?%' cal Cul ated

i ntral ayer - dependent rt|o id diffracti I ulatlonfor sai d
intra-|ayer ?E??%W ]%fy-glgfz%ssin?s 0%?[m°w1e§’l “"“‘mgtﬁi“&é of ) Il 11li ¢ L ms

-

56 This Sheet Has Be ced 1111111 éé’e‘]\egf 3?6“3562 PCTI USOL/ 02536
intra-|ayer par aﬂ’é‘f"é‘? £is feﬁf’sr S ¥ said

i nci dent - r adi f |den iatio neters within
sai d inci denfagiaé%ﬂr}ﬁ?gﬁpbﬁﬁge&a@ ?18aveﬂlg1$ Qﬁ ‘gﬁﬁogg 8- cal cul at ed
infra-|ayer ndent r?gort _of Sal d diffraction cal culation, for each of
sai d proflleuﬁglifeag st sub- 5 library, a calculated diffraction

spectrum accordi ng to, said.di é kcul at vi de a second
sub-1ibrary of céﬂ? 9&“8?’?%‘%?? h“’?ﬁ@ a?reaa’h ‘H&mggf)d first
sub-1library of sa| %Br ofile Ws with correspondi ng spectra from said
second sub- I fraction spectra

10 determining an infra-layer range and an infra-layer sampling of
intra-layer parameters cotresponding to layets of profile shapes to be included in a first
sub-library;

determining an incident-radiation range and an incident-radiation
sampling of incident-radiation parameters corresponding to said optical

15  path of said incident radiation;

generating pre-calculated intra-layer-dependent portions of a rigorous
coupled wave calculation for said intra-layer sampling of said intra-layer
parameters within said intra-layer range, and said incident~radiation
sampling of said incident-radiation parameters within said

20  incident-radiation range;

caching said pre-calculated intra-layer-dependent portions of said

O

diffraction calculation for said intra-layer sampling of said

36 This She_et Has Been Replaced




to provide a library of profile-spectra pairs; and 10 conparing sajd .
neasured diffraction spectrumwi th said calculated diffraction spectra in
said |ibraVQof566%id profil e-spectra pairs to find a begcrmsonizsmal cul at ed
spectrum whi ch nost closely matches said neasured diffraction spectnun,
whereby one of said profile shapes corresponding to said best match

cal cul ated spectrumis a best match for said physical 15 profile, and said
di mensi ons _of said physical profile are determ ned to be corresponding

di mensi ons Msfe-laver paramesers ithiaiseid intefliyeeran e pebsaidificidehbadiatsd ashphig ¢! ai m 25
wherein said optical path includes a focusing mechanism 27. The nmethod of
cl ai m 25 wiebsaid incident-tadintion paramejers Withiisaid thicldentasdigtibnlingt 20 i nvol ves a
measurenent of intensity of said diffracted |ight. 28. The nmethod of claim I
25 wher ei n sai ccalrukatiog, jutilizind saigiyirelcaloul fredcintcokydridgiindent NVOl ves a measur ement
of intensity of said diffracted |ight, and a phase difference between
pol ari zat i Beriorsfofsaidl diffiactiom cadeulation, ifgriench df shid piofilelshdpbd Mlshiilha Jdpl 111! 1'1 C L
Ms 57 This Sheet Has Been g eplaced Il 111l 01 11 INCTLE D1
11 WO 0%15kbeea rarplaygidiffiactisdepecion attoedingtbolsaid diffractibRbdlbuddionker ei N sai d
conparing of said neasured diffraction spectrumw th said cal cul ated
di f fract i oRro¥igeesecand subdibraty of calculated diffracted spectra;

indexing said first sub-library of said profile shapes with
corresponding spectra from said second sub-library of said calculated diffraction spectra
to provide a library of profile-spectra pairs; and
10 comparing said measured diffraction spectrum with said calculated
diffraction spectra in said library of said profile-spectra pairs to find a
best-match calculated spectrum which most closely matches said measured
diffraction spectrum, whereby one of said profile shapes correspondingto .
said best-match calculated spectrum is a best match for said physical
15  profile, and said dimensions of said physical profile are determined to be
corresponding dimensions of said one of said profile shapes.
26. The method of claim 25 wherein said optical path includes a focusing
mechanism.
27. The method of claim 25 wherein said measuring of said diffracted light
20  involves a measurement of intensity of said diffracted light.
28. The method of claim 25 wherein said measuring olf said diffracted light

involves a measurement of intensity of said diffracted light, and a phase

il b s of i s 1. N0 A _
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library to determ ne a best match cal cul ated spectrumis performed using a
| east squares conputation. 5 30. A nethod for analyzing the profile of a
wor kpi ece Cceypdiisséehg: generating intra | ayer-dependent p@CTUSHI2E86
diffraction calculations for a plurality ofprofile shapes; caching said
I nfra-|ayer-dependent portions of said diffraction calculations in a
menory; 10 generating cal cul ated-diffraction spectra for said profile
shapes based on said intralayer-dependent portions of said diffraction
cal cul ati ons T et GeoHRdi AT SRinfhs WHRFEH id SRPAIALOF B Aodshibd ar y of sai d
profil e shapes and said cal culated-diffraction spectra; illumnating a
porti on of t heir¥RENLEARN M kel SRR aiaial dpedi idiqreasur ng radi ation
diffracted fromsaid portion of the workpiece; obtaining a

measured- di f 36k Qe Gl AR AuAR {pBGniPRApUAHBNsingla the  di TFTaction

radi ati on; nma I ng sald neasured-diffraction Spectrumwth one of said

plurality of lﬁ% I ffraction spectra contained in said library; and
20 sel ecti ngle?%g&u%#(%?ﬁ& e S %pe associated with the cal cul ated-diffraction

spectrum that Cﬁﬁeth%ﬁ&&.aﬂaﬁxﬁtﬁgﬁn@%gfﬁg@&&gﬁgﬁ% 31. The net hod

of claim 30 further~ " conprising i er paraneter éociated with said

profil e shapes and inei t,- L.af | . : | ] sai-d
i dent 1ot 1~ faqrigh e lrRhdeRbhoR B PR SRR IR
1111111111111 %éﬁ%é}]ql)gsllllll WO 01/55669 PCT/11801/02536 radiation, and

P génerating intra-layer-dependent portions further

V\,herei n sai dog‘f _ _ _ _
compri ses: det er Bl itk Ao M o ab kit FRRAS o A Bffabeli oRG1ARS s'anCr et Of

]
said intra-layer ~pa ers;
memory;

10 genetating calculated-diffraction spectra for said profile shapes based on said
intra-layer-dependent portions of said diffraction calculations retrieved from said
memory;

generating a library of said profile shapes and said calculated-diffraction spectra;
illuminating a portion of the workpiece with incident radiation;

15 measuring radiation diffracted from said portion of the workpiece;

obtaining a measured-diffraction spectrum based on the measurement of the
diffraction radiation;

'matching said measured-diffraction spectrum with one of said plurality of
calculated-diffraction spectra contained in said library; and

20 selecting the profile shape associated with the calculated-diffraction spectrum that
matches said measured-diffraction spectrum.

31. The method of claim 30 further comprising intra-layer parameters associated

with said profile shapes and incident-radiation paramsters associated with said incident

AR O AN
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5 determ ning an incident-radiation range and an incident-radiation

I ncrement of said incident-radiation paraneters; and generating said

i nfra-| ayeVOd¥PpWhent portions of said diffraction cal cecawsemesfsor said
intra-layer paranmeters between said intra-layer range at said intra-I|ayer
increment, and for said incident-radiation paraneters between said

I ncident radiation range at said 10 incident-radiation increnent. 32. The
met hod of claim 30 wherein said nmeasuring step further conprises neasuring

- the i nt enstetlistiod, andwikbreth sid step @éeﬁe?dingfiﬂtﬁflayeﬁaepeﬂﬁlgt éBFﬁJﬁQME claim3z
further conprising the step of neasuring a phase if1erence between said
I nci dent recmiapaiseéson and said diffracted radiation. 15 34. The net hod of

claim 30 wherein said matching step is perforned utilizing a |east square

conput at i on. 351eteﬁhiﬁingﬁhhﬁd—l@ferﬁh§ejm%ﬁu‘dﬂéﬁﬁh«ﬁﬂ&ﬁ%f&dﬂ&a.hgﬁl ecting a
plurality of sanple wavel engths; obtaining a difference at each sanple
wavel engt hpdoameterkit r acti ng sai d neasured- 20 diffraction spectrumw th said
cal cul ated-diffraction spectrumat said sanple wavel ength; and squaring

said di§fer encetﬂemﬁﬁntmmm&%ﬁlahgé%&nhn&ﬁeﬁt-m&HﬁGHiH&a%%Q di f ference.
59 This Sheet Has Been Replaced ~ii 1l X11111~U1l1I1VIT]T WO E669

PCTI 1JS01/ itbigéidenBfadiatimepaamhdiast a6d cl ai m 30 wherein said illumnating step
further conprises focusing said incident radiation. 37. The nethod of

cl ai m 36 wher eligmeating siid hioddiyer-dopdicaid PORioh6f il bl barbiiloor 2. P! Ural i ty

of wavel engths, and wherein the portion of the workpiece 1s ITTum nated

from 5 a sidigirslagrghameRdi betheen St BR4lIaGEr rilg8 af SaidOntiIGT& idreaibhd! | NCI dent

radi ati on i ncludes |ight having
and for said incident-radiation parameters between said incident-radiation range at said

10  incident-radiation increment.
32. The method of claim 30 wherein said measuring step further comprises
measuring the intensity of said diffracted radiation. -
33. The method of claim 32 further comprising the step of measuring a phase

difference between said incident radiation and said diffracted radiation.

15 34. The method of claim 30 wherein said matching step is performed utilizing a

least square computation.
35. The method of claim 34 further comprising:
selecting a plurality of sample wavelengths;

obtaining a difference at each sample wavelength by subtracting said measured-

20  diffraction spectrum with said calculated-diffraction spectrum at said sample wavelength;

it st o

summing said difference.

and
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a singl e wavel ength, and wherein the portion of the workpiece is
illTumnated froma plurality of angles. 39. A nethod of anal yzing the

met r ol ogy ofw@ogsese- conduct or wafer utilizing an 10 i ncPGERSIRIAL havi ng
a plurality of wavel engths, said nethod conprising: providing a library of
a plurality of profile shapes and a plurality of calculated- diffraction
spectra, wherein each profile shape is associated with each cal cul at ed-
diffraction spectrum focusing the incident light; 15 illum nating a

portion of the Mgl T | LanC: . @?iﬂltﬁ Ak ght
diffracted from@?d%o@@ogr#g?ﬁ{%ew%e@?% al ngngi a rré;dg@%é%%di ffraction
spect rum bas an t asurement of the diffracted Iight; conparing said
measur ed- di f?gcgﬁlflg%ah ng%@e@ﬁéﬂ:m%.t h said cal cul ated-diffraction 20

spectrum and obt gj ni,n rpfi.l e for th f . ' arison.
40. The net hod ofi’}cl e%e%g@aﬁ%@gi%ﬁ@ge s%é%%i@@?ﬁénpﬁfl%ﬁgﬁ‘e@%mri ses:
I I ~I1~iliiliih ATl L1 LCol N S, 80.dhi s Sheet Has Baen Repl aced
111111111111 PPy 9iFerimegs %‘fi“%‘%%‘é&%ﬁ%%%ﬁv%‘?%“e{éél: LA an
intra-| ay§r rasﬁgg aad an intra-layer increment of intra-|ayer paraneters
associ at ed w &M%%profile shapes; deternmining an incident |ight range

W th Sai 0 1 nci dent® TgAERg LRt g Re sl R R ARk hBORRC 0 OF

e

i nci dent-1igh raneters between said incident |ight range at said
i nci dent i grﬁ“fﬁl%y%gles.

39. A method of analyzing the metrology of a semi-conductor wafer utilizing an
10  incident light having a plurality of wavelengths, said method comprising:
providing a library of a plurality of profile shapes and a plurality of calculated-
diffraction spectra, wherein each profile shape is associated with each calculated~
diffraction spectrum;
focusing the incident light;
15 illuminating a portion of the wafer from a single incident angle;
measuring light diffracted from said portion of the wafer;
obtaining a measured-diffraction spectrum based on the measurement of the
diffracted light;
comparing said measured-diffraction spectrum with said calculated-diffraction
20  spectrum; and
obtaining a profile for the wafer based on said comparison.

40. The method of claim 39 wherein said generating step further comprises:

Ly
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I ncrement; and generating said cal cul ated-diffraction spectra based on said
intra | ayer dependent 10 portions. 41. The nethod of claim 39 wherein said
conpari ng %’P@H‘ﬁ“[’f’rt her conprises: selecting a pluralitycwfuseznzsice
- wavel engt hs; obtaining a difference at each sanpl e wavel ength by
subtracting said neasured diffraction spectrumwth said
cal cul ated-di ffraction spectrum at said sanple wavel ength; 15 and squaring
said difference; and summing said difference. 42. The nmethod of claim 39
wher ei-n said Mm@-ﬁm%m%&m&mﬁﬁa&whﬁﬁﬁﬁp intensity of
the diffracted light; and 20 neasuring a phase difference between said
i nci dent | payhrneters ebseciatell witli faidymdfild shapegat .  43. A nethod of anal yzing the
profile of a workpiece utilizing an incident light having a single
wavel engt h, saidgteminingen isident-lightwgngegnd e Mbidag-light ihddadnY ofhici@isef 1 | € Shapes;
LEEEEEE IN T 11111111 CL MS 61 This Sheet Has Been Replaced | L1111
LELELE 11| Hight parameters assgrigted 16 600 MGTéuBEHY 02. 536 det ermi ning an
infra-layer range and an intra-layer increnent of intra-layer paraneters
associ a? ed wi t feceniting intelayee-degeadentportisis of diffttcfich cAluiaRGisEs khialitght T ange
and an incident-light increnent of incident |ight parameters associ ated
with sai d leyesipaemeteisibgtwern Sidjatelagtrivnge bisaidint R HRRRAL SR fPREd | ONs of
diffraction calculations for said intra- |ayer paraneters between said
intra- | ayeincidentdightparageters tistweemsdidineitlent-tighteampht salifbideatigai d i nci dent
| i ght paraneters a?ﬁt ween said incident |ight range at said incident-1light
mncrement;

generating said calculated-diffraction spectra based on said intra-layer dependent
10  portions.

41. The method of claim 39 wherein said comparing step further comprises:

selecting a plurality of sample wavelengths;

obtaining a difference at each sample wavelength by subtracting said measured-

diffraction spectrum with said calculated-diffraction spectrum at said sample wavelength;

15 and
squaring said difference; and
summing said difference.
42. The method of claim 39 wherein said measuring step further comprises:
measuring the intensity of the diffracted light; and -
20 measuring a phase difference between said incident light and said diffracted light.

43. A method of analyzing the profile of a workpiece utilizing an incident light

having a single wavelength, said method comprising:

enngatyetmogons | N0 T HH
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I ncrenment; generating a plurality of cal cul ated-diffracti on spectrum based
on said intra layer 10 dependent portions; storing said plurality of

cal cul at ed dvg éwsaei on spectrumin said library of profilpeT/ostizpss, wherein
each cal cul ated-diffraction spectrumis associated with each profile

shape; illum nating a portion of the wafer froma plurality of incident
angles; is neasuring light diffracted fromsaid portion of the wafer;

obtai ning a neasured-di ffraction spectrum based on the neasurenent of the

diffracted |ight ;deﬁ&{{ﬁ’iﬁéLﬂ‘ﬁ&iﬁg%ﬁ%%gﬁﬁze@q%%ﬁ;é%%&o??@‘i-tligé#“o""i th said

cal cul ated-diffraction ~spectr alning a profil r the wafer

based on sagﬁrﬁ&%a %%ﬁ%dﬂéﬁﬁﬂﬁgb%ﬂ@édﬁgd of claim43 further conprising:

caching said pre-c te dependent portions of said
diffraction cal | P T A T : . Thi s Sheet
Has Been Repl ac eEMM%&T&‘?ﬁﬁ%{Tﬁﬂ%|’WGP‘:'¢%“3T%@%‘B§E i s Sheet
Has Been Repj: Ol .1 ) it rrrrrrrrrrr 45, A net hod
of anal yzi nghﬁéﬂﬁ%é#@g)ﬁt a V\gsrgigﬁl}téé%e{elh{#dl’l i zing an incident |ight,

wherel n t9ie VOrKRbfn ﬁﬁmﬂ?y@{.&gp@r}]deﬁ%soﬁfogé ¥iftiotiof BChABAL B COBL ! ST NO-
generating a library of profile“shapes; determning an infra layer range

and an inf raﬁ%ﬁ%%éxg{st@.g 'B&G&‘Eéhtsaf&fin&ﬁ%e?iakgé’d% r["i?i‘-l ﬁm&- el HtrEheht %g&gbgkﬁ& ed with

said profile etermning an I nc I ght’ range an
: ﬂg : ggm - : : gﬁ%igén@-ﬁaﬂﬁsmhe s biebt i Giilincideh @bt AR SLGSiadRIgR ated with said
increment;
generating a phirality of calculaied-difﬁ'action spectrum based on said intra-layer
10 dependent portions;
stoting said plurality of calculated-diffraction spectrum in said library of profile
shapes, wherein each calculated-diffraction spectrum is associated with each profile
shape;
illuminating a portion of the wafer from a plurality of incident angles;
15 measuring light diffracted from said portion of the wafer;
obtaining a measured-diffraction spectrum based on the measurement of the
diffracted light;
comparing said measured-diffraction spectrum with said calculated-diffraction
spectrum; and
20 obtaining a profile for the wafer based on said comparison.
44, The method of claim 43 further comprising:

caching said pre-calculated intra-layer-dependent portions of said diffraction

A

calculations.
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generating infra.-layer-dependent portions of diffraction cal cul at.i ons f.or
said.intra- |ayer paraneters between said intra-layer range at said
i ntra-| ayeVOPHE6@ent, and fmis Shesk Has Btér Repladedient - | | ght  PETAREIRS® bet ween

said incident |ight range at i ight 1increnent; generating a
plurality of cal cul at ed-di ffr}ﬂlm& based on said intra-|ayer
dependent portions; storing s al'ity of calculated-diffraction
spectrumin said library of profile . 15 shapes, wherein each
cal cul at ed- di f f45aéx imegthodsefanalyzing theprafils of & wbrkgievd uthizing eh ingidedtiight, Shape;
i1 Tum nati nﬂ a portion of the workpiece with said incident |ight;
measur i ng Whesein thei warkpiededas 4 plunality af By stid arthod coyrisingt kpi ece; obt ai ning a
nmeasur ed-di ffracti on spectrum based on the neasurenent of the 20
di ffracted |i grgeneratmgpdibranyofmofile shapesyir ed- di ffracti on spectrumwi th said
cal cul ated-diffraction spectrum and obtaining a profile for the |ayers of
t he wor kpi ece bigtcouining as inte-layeryange and an inG3-ldyédlibdrdthdnt dfdd kdde 1 11 111 ~11Ji 11 s
This Sheet Has Been Repli WD 01!55 Rel fifi9 _ PCT/[3501/02536 46. The
met hod ®f pdrameters sssodiaedowith mid mofileshapssi ng step further conprises:
selecting a plurality of sanple wavel engths; obtaining a difference at each
sanpl e wavel engleterthipingab inchledti iyt atgedndRomcidaRHightidddntnt 6GHcERECT F UM Wi t h
said calculated diffraction spectrum at said sanple wavel ength; 5 and
squari ng shghtipatarhétens essoeiatedwith said incitengligtaj d di f f erence. 47. The net hod of
cl aim45 wherein said nmeasuring step further conprises:

generating intra-layer-dependent portions of diffraction calculations for said intra-

layer parameters between said intra-layer range at said intra-layer increment, and for said
10 incident-light parameters between said incident-light range at said incident-light
increment;
generating a plurality of calculated-diffraction spectrum based on said intra-layer
dependent portions;
storing said plurality of calculated-diffraction spectrum in said library of profile .
15 shapes, wherein each calculated-diffraction spectrum is associated with each profile
shape; ‘
illuminating a portion of the workpiece with said incident light;
measuring light diffracted from said portion of the workpiece;
obtaining a measured-diffraction spectrum based on the measurement of the
20  diffracted light;
comparing said measured-diffraction spectrum with said calculated-diffraction
spectrum; and

obtaining a profile for the layers of the workpiece based on said comparison.
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nmeasuring.the intensity of thM and 10 measuring a phase
di fference between said incidengy;l 'Q’ﬁﬁnd said diffracted light. 48. A

system for A¥a05566g t he profil gj ' FRdeed conpri si MET/USM/02536

el ectromagneti c radi ati on sourc p illumnate a portion ofthe
wor kpi ece with an incident radi freter configured to neasure
radi ation diffracted fromthe workpiece; 15 a library having a plurality
of profile shapes and a plurality of calculated- diffraction spectra,

wherei n sai d cal @6l Ehedethod df claii 4DRheidie Sid Empaiig B EaERE Qhpsged on
intra-layer dependent portions of diffraction calculations of said profile

shapes; and slepiirpeahasiity 6£5ainplg waedlenigthsconpar e sai d neasured-di ffracti on
spectrumwith said calculated-diffraction spectrumto obtain a profile of

t he wor kpi ece. 2@btéﬂmg'5m£feﬁgnséamfsatﬁjﬁabvﬁ%k%gﬂhlbfy%ﬁwﬁctﬁ?@ﬁ&in%ﬁsﬂ&dﬁ cache of
said intra-layer dependent portions of diffraction calculations, wherein

sai d i ntr a- | diffeticiependamit spd cileuna- aimwu@&p&hamdsaimpnwaaelé@nﬁr

parameters associated with said profile shapes, between an infra |ayer
range at &n amdtra-|ayer increnment, and for incident |ight paraneters 64 |
111112112121121111121212111111 Ms V\D 01/ 55669 This Sheet Has Been Repl aced
PCTI [ TSOL/ 02536 Isdatihg shidldiffkericb;lahd | 11 | || associated with said incident

| ight, between an incident-light range at an incident light increnent. 50.
The system of cl aunmihg sdididif®enceconpri sing a focus | ens configured to focus
said incident radiation. 5 51. The system of claim 48 wherei n said incident

radi ation i ncl udeg. TheghéthddaXtlaign 45owtitkdi shtd heas@in \étgy Mprisee2- The system
of claim 48 wherein said incident radiation i ncF es |i ght having a single

wavel engt h. 53. Hiessufif@ihe freadityCdf dieditideti IBhR sy Sai d photoneter is
configured to neasure the 10 intensity of said diffracted radiation. 54.
The syst®n of cl ademSufisg ¥fiRsaiiforert Betvbd!sidBicient IiFhCAN i@ Wikl fgeasure a
48. A system for analyzing the i:roﬁle of a workpiece comprising:
an electromagnetic radiation source configured to illuminate a portion of the
workpiece with an incident radiation;
a photometer configured to measure radiation diffracted from the workpiece;
15 a library having a plurality of profile shapes and g plurality of calculated-
diffraction specira, wherein said calculated-diffraction spectra were generated based on
intra-layer dependent portions of diffraction caleulations of said profile shapes; and
a processor configured to compare said measured-diffraction spectrum with said
calculated-diffraction spectrum to obtain a profile of the workpiece.
20 49. The system of claim 48 further comprising a cache of said intra-layer
dependent portions of diffraction calculations, wherein said intra-layer dependent

portions were generated for intra-layer parameters associated with said profile shapes,

between an intra-layer range at an intra-layer increment, and for incident-light parameters

W
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phase difference between sai dincidentradiati-on-and said diffracted

radi ation. 55. The system of claim48 wherein said processor is further
confi gur edV@ 8155 f orm a | east eSn. 15 S5@CT/HS&F3Em f or
anal yzing the profile of a workp an incident light, wherein
t he workpi ece has a plurality of ystem conprising: neans for
generating a library of profile shapes means for determning an
intra-layer range and an intra-layer increnent of intra- |ayer paraneters
associ at ed assbdistedwitldlsafit i0éidént light eewcen 20incRaNJighteingd @t ¥ ifitifinREgiAN | NCi dent
i ght range and an incident-light increment of incident.light paraneters
associ at edinsteinfentsai d i nci dent |ight; neans for generating

i ntra-|ayer-dependent portions of diffraction calculations for said

intra-layer parmmgyrsteheammsmemmpﬁsxhgywlmnﬁgu@%fbcwtra | ayer

increnment, 65 111110111!1211112112 Lilll 111 C WD 01155669
PCT/ USQ / Oaﬁaﬁmdmdadmbn,sal d incident-1i ght paraneters between said
incident-light range at said incident 1light increment; neans for

generatsng a plsK Eﬂletsysteﬂ‘foﬂbﬁlmklk%&dmdh’ﬂﬁﬂcﬁéhﬂrﬂ:ﬁat&ﬁ%fdlﬂddﬂ1%h@ﬁﬁﬁhg0n sai d
I ntra-layer dependent portions; 5 neans for storing said urality of

cal cul at edaglutdlityocfivravelesgisct rum in said library ofprofile shapes, wherein
each cal cul ated-diffraction spectrumis associated with each profile
shape; means f of2. iThe systenadf cluim 48 pvhereinaaid dicidetiradiationincheies Hght haviid d i nci dent

light; means for neasuring light diffracted fromsaid portion of t he
wor kpi ece; atidglewmanderdgth. obt ai ni ng a neasured-di ffraction spectrum based on
t he neasurenment of the diffracted light; nmeans for conparing said
measur ed- di f f r af3t iTha spsteaceficlaim e whersinisaid phdtométer ie configired toafidawathepect r um
and neans for obtaining a profile for the | ayer s of the workpi ece based on
said 18 cingsity ofeaid diffracted radiation.
54. The system of claim 53 wherein said photometer is configured to measure a
phase difference between said incident radiation and said diffracted radiation.
55. The system of claim 48 wherein said processor is further configured to -
perform a least square computation. -
15 56. A system for analyzing the profile of a workpiece utilizing an incident light,
wherein the workpiece has a plurality of layers, said system comprising:
means for generating a library of profile shapes;
means for determining an intra-layer range and an intra-layer increment of intra-
layer parameters associated with said profile shapes;
20 means for determining an incident-light range and an incident-light increment of
Incident-light parameters associated with said incident light;
means for generating intra-layer-dependent portions of diffraction calculations for

said intra-layer parameters between said intra-layer range at said intra-layer increment,
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and for said incident-Tight ;)arameters between said mcidenf;iight range at said incident-
light increment;

meavs for generating a plurality of calculated-diffraction spectrum based on said
intra-layer dependent portions;

5 means for storing said plurality of calculated-diffraction spectrum in said library
of profile shapes, wherein each calculated-diffraction spectrum is associated with each
profile shape;

means for illuminating a portion of the workpiece with said incident light;
means for measuring light diffracted from said portion of the workpiece;
10 means for obtaining a measured-diffraction spectrum based on the measurement
of the difftacted light;
means for comparing said measured-diffraction spectrum with said calculated- -
diffraction spectrum; and
means for obtaining a profile for the layers of the workpiece based on said

15 comparison.

e

This Sheet Has Be

i

66

Replaced

i

—— iy,



