CATADI OPTRI C OPTI CAL SYSTEM FOR SCATTEROVETRY BACKGROUND Fi el d of the

I nvention [0001] The present invention is generally directed to optical
systens, and nore particularly to catadioptric optical systens. Related Art
[ 0002] A i thographic apparatus is a machine that applies a desired pattern
onto a substrate or part of a substrate. A |lithographic apparatus can be

used, for exanple, { i grated
ircuits (1 coanaRRIRIC PG AT TS A RO B AT TR

conventi onal apparatus, a patterning device, which can be referred to as a
mask or a reticle, can be used to generate a circuit pattern correspondi ng
to an individual |ayer of an IC, flat panel display, or other device. This
pattern can be transferred onto all or part of the substrate (e.g., a glass
plate, a wafer, etc.), by inaging onto a |layer of radiation-sensitive
material (e.g., resist) provided on the substrate. [0003] The patterning
devi ce can be used to generate, fgr | C pattern. The patterning
device can additionally or alterngfvggﬁﬂyéiﬂﬂggd to generate other
patterns, for exanple a color filter pattern or a matrix of dots. Instead

of a mask, tpgR1A¥HRENPENESYI ce can be a patterning array that conprises
an array of mél Vi éual y control |l able el enents. The pattern can be changed

nore quj and i u si: o] sk

cyst em OPBHDAT AT L€ ShBRR: ifivdneof R EBndtaly SHRTOTD Rl SRR SRITTRE,
are typi cal | parfieulidy adtadidigricreptsdat eyveamis. and i nspection step typically
serves two purposes. First, it is desirable to detect any target areas
where the pattern_in the developed resist is faulty. If a sufficient nunber
of target arB@bﬁt@dé\lﬁaulty, the substrate can be stripped of the patterned
resi st and re-exposed, hopefully correctly, rather than making the fault
per manef®002ly car ri higoguaphis prrocases istemacking thatapprdies e dgpirad patfey| qnjo a

pattern. Second, .the asur NES 4 3:02 .= I LrQrs. i .

| i t hogr aphi Csuﬁa%fg? 8t Bgr?o 95&*’%&% e ac?ﬁ%gaé%? %a%gsceagrb%e@g%sq 8{ %ﬁén&)sl%,mtﬂ(l)e be
det ect ed andmeRifk&eicest fiQrpandl GuplaRs)iRbirardaSuite 61Cs) @AD dilidedeviess invelvyng
errors in the |lithographi c apparatus cannot easily be detected or

quantified fRemtrstirgstina spavertionabapparatyse g patternmgideyiceonhish can pg geterred ios
not always | ead diyect| [ tal. Var i = "
procedur es (“Iis. %.n?as%)rogc% ?}?Cg%’ (%:azlrl%ag%%o%?t E#%raat%&l ‘?F%ﬁt %‘%‘%%3%?4‘}8? gi(r:lésgiar?g
of the substindivijual dsyedaifeat i10g flanganeiadisplengoe otter sdavivet h&hisi phtteyn ayphi tee
apparatus are known. These nay involve replacing th subst¥ate gith. a

er

measuri ng delanstersd catg aY ion gais of thepstrtede-gs agghasiplptes R ¥plehgie-brhysimaging
at a variety ' machl e : +del igdes take

time, often %rﬁé8?&9{3&%%@{%@2%%&?&5&%&%&,g?sggh to}(v%)dﬁu '?) iﬁr%@g%girgﬁri ng

whi ch t[0603nd pr othecpstenfing Kieviapgan deusedvid perveatef foarxamileoam Iqyatterny T i |

t he neasurenment resylts are de avail abl e.. %Ogog%d -1 i ne measur enent fand
i nspecti on pPRGCEURS a%‘“%‘? cal ?J%?‘B'@@H&F eruafiysl% §e dise gh-g?nr?ljat?ﬂ “hBFHaArS: 1of
processi ng of aiggy?e §Hﬁﬁ1t ﬁﬁérgp)att@fneorma%-x JTAotsS AR ol SHAIK, OpHRieriing Scvide

optical nmetrology technique that can be used for in-line nmeasurements of
critical di neansheom pa@Dhingretrayvtbatl epmprisesae amwag afwodividually cantrellabieeleypents.

techni ques: [0007] (1) ,Spectroscopic.gscatteronmetry neasyres fhe pro ies
of sca’? ter ed—hﬁ gemgq “at’eﬁq?‘?‘é%ec’;rﬂﬁﬂ%equé@&%a (ﬁﬁ%ﬁ%’ﬁ) ﬁg%fm %@eﬂ o0 Ph?oo 538% ﬁtoya
using a broaghanghsbd Sxtensour ce, such as xenon, deuterium or hal ogen based

| i ght source such as 'a xenon arc |anp. The fixed angle can be normally
i nci dent0084] obl i giuBéry piattemnitentthe [ DHOBIE2 )meRsBleRentss Gnd e Hispedione pEnBYRigally

nmeasures the properties of scatter i gh I S .
function of B jﬁpgle%‘f ‘[‘ﬁ%g}ea%q{gg?nt@ﬁgp%pfgﬁér} %Egp Qpﬁ%?i%ex‘é@gg&(gpﬁ%%& st it
vavel engt h |isaBlirabRito @Rtect HRORIIS hirgs Ghadetias gutRin ih thbdewdlopudirusist igfanityg If
rise to a reflected spectrumis reconstructed, e using r

) .g., e(gl - tiui ne
regressi on oF sufficiedfrpanties oftarget arqap predayltn theabsiEsts sapy ke pigncd 9l 185 RiffeRRsbn.

Reconstructi i nvol v 1. 0iqm i ' LRGN

cal out at ot HOUSEAHE b PR b TeE Rl thrkleud, GRSk tfichidfl (RCHICRRIAAGIS,
techni que i ScaRiviiarcuta prioeeps edp,\bby canetath weitlsa (RGWRitetnh Aegbnd, itidhm essoednants ng
can al so be cal cul ated by other techniques, such as Finite D fference Tine
Donmain (FDTD) or Integral Equation techniques. [0010] Known scatteroneters,

however, have several drawbacks. For exanple, conventional scatteroneters
only detect one wavelength at a tine. As a result, spectra




- 3 - with nore than one wavel ength have to be tinme-nultipl exed, which

i ncreases the total acquisition tine taken to detect and process the
spectra. [00111G ven the foregoing, what is needed is an apparatus that can
be used for in-line nmeasuring and inspection in a |ithographi c apparatus.
SUMVARY [ 00121Accordi ng to one enbodi meht of the present invention, there
is provided a catadioptric optical system having a high nunerical aperture
oper at es i n raaywaidew speeet iather ithgeraplticeapparatithi eppt.rillomipatiop aettings teerexipnsirades
a correctin | first,reflegtive surface and a second reflective

surf ace. Thglof%)%?gr3 g%fl %ﬁ%e%?l}ﬁ P %@iflﬁ lgﬁggseeﬂg%lﬁreéﬂ%sﬁﬁeéti c radiation to

corr ect[o@0s]| east Huveevehenddt érfdts id B fithtstaphie flpparhiuy @asiit fcaGB, bs dBestkd opned
to reflect the el ectronagnetic radiation conditioned by the correcting

pl ate. The <Wawlfipd Eemdbe pytierayprinied 1n sesifbsiRaestien of @ frele dees met always lead

el ect romagnef: i cqr adiat.i I he first fl ect] rface onto a
Car get _port ko RENELReR Tl Fehtdy B ol he irbnde S S hpY R GRER 8RS,

the first refiiitiohity@osnalfpacessing of deusibsirdwy) fohdetsatnahdrmtdsatihg eaoslinfthee
is. not ref rfil,ct ed by a refractive elenent, ther ebg{ enapbl | ng the catadioptric
optical systEPREPL, apRaraiLs arekaeing Hises ey myvalygaerlpeing 3hesebstmic with a

enbodi nent s, fedt iy &S ea&dca%gr}/ & j [ l,ras
t he struct urné aanddg(r)per(f'slt I on @%e%?%ﬁi%f@ggf%%Pés&b\é&?:efg’g’n%ragzae% of
i nventi on, ahierdgsmettbed sethinget dhich beff-tine wedhiniques ealentmet oftther acmsddepabdyi ng

drawi ngs. BRI EF DESCRI PTI THE DRAW NGS/ FI. S [0014] The .acconpanyi ng
dr 2w ngs. AR FE e BRYoRd e AER UBAB W hBare BOdife C3Bs APPL o,
i1lustrate &AR bREES HhkoWaftalif it the theBaENRNt Wshils 4rBhadEa6dilaBld, ON,
further serve to explain the principles of the invention and to enable a

per son [806] | ed i do-ihe meaueement aand tifspction pregeduren di. aisocddurdswarrted aph during

[ 0015] FI GS. and depi ¢t | i.t hogr.aphi rojecti apparatus _ accordi ng to
enbod ment s (8 RS greRete of Jin trOate] af BTt Fos ARBAR R, P RE LA RS
scat t er onet @pticd] O8ifdIbE technilfiRl €Hab AnSENSIsBY 18 Un-Aink OMERAFen$htd O critical
including a catadioptric optical objective in accordance with an enbodi nent

of the presdipensipgpdil)end overlay. Theptarg v @airbscgigronely deshaiques:of t he

d. . . . . FI . 6_ . . ’
Cat adi ST ¢ opt (e Rable faRbroklefy Meah{fY R RSP MR 45

invention. [R62ahdleGs aXindiepioftviavieRyigthl Gy Sisihg 4 hreadthad dipgBpduree, @PEH &al
systemof FIG 9. [0Q21]FIG_ 11 depicts details of a beamsplitter included
in the catadf¥k dreicapyn; eahalogen bascdflight epurge such as a xenon arc'lamp. The fixed

angle can be normally incident or obliquely incident.

[0008] (2) Angle-resolved scatterometry measures the properties of scattered light at a
fixed wavelength as a function of angle of incidence, usually using a laser as a single
wavelength light source.

[0009] Using scatterometry the structure giving rise to a reflected spectrum is
reconstructed, e.g., using real-time regression or by comparison to a library of patterns
derived by simulation. Reconstruction involves minimization of a cost function. Both
approaches calculate the scattering of light by periodic structures. The most common
technique is Rigorous Coupled-Wave Analysis (RCWA), though light scattering can also
be calculated by other techniques, such as Finite Difference Time Domain (FDTD) or
Integral Equation techniques.

[0010] Known scatterometers, however, have several drawbacks. For example,

conventional scatterometers only detect one wavelength at a time. As a result, spectra



[0022] FIG 12 depicts a catadioptric optical systemthat transfornms froma
very | ow nunerical aperture to a very high nunerical aperture. [0023]FI G
13 depicts another |ithographic apparatus. [0024]FIG 14 depicts a plan
view of a surface included in the catadioptric optical systemof FIG 7.

[ 0025] FI G 15 depicts a plan view of a-Aonolithic glass el ement included in
the catadioptric optical systemof FIG 9. [0026] The features and

advant ages ofith gorprieseote ivaveatgthmawe itd bbemoermubtyd exedp phichnincfensen thé éotal
detail ed descriptjon. set forth bel ow when taken in conjunction wth the
drawi ngs, i rACHHISEIP tmetakes tor é&‘&‘}rqlﬁrroﬁ‘ésﬁélil%sﬂeatéﬁti fy correspondi ng

el e.”ent[%oigf OUQhOaFHve e ?&egdiﬁ%a,vwg%s nbddeR i€ &h AppAGRIS THMIRGH HeARBE S inVline

i ndi cate 1 dentical, ?unctl onhalTy simlar, and/or structurally simlar

el enent s. Theeaxtueng agd inspadhibe n ahthelgapbivtapparages. appears i s indicated by the
l eftnmost digit(s) in the corresponding reference nunber. DETAILED

DESCRI PTI ON I ntroduction [0027] The present invention provides a
catadioptric optical systemfor sc@URNIERAYy. In the specification,
reference to "one enbodi ment”, "an enbodi nent”, "an exanpl e enbodi nent",
etc., indicates that the enbodi n%nt, desct:ﬂ&j ed may i.ncl ude ahq%%r.ti cul.grd

f eat ur dO0K3Ir uct urdccosding Har aig mbegiment ft theyBHe§Ent HBYNUNBN KRS fgpvided a
necessari |y dipghafifc bhfedb 3y Hiling! FRIEH Rm HOELIeLR: oRkateY AGHE ikl
Mor eover, such phrases are” not necéssarily referring to the sane

enbodi ment . rengd hé&fhe whahioptripaticalubterh eacludes, a storgeting platera first reflective
characteristic.is descri bﬁd ﬁ'[n connect i aﬁjvm'th gn e[rii)odi ra:!stnt, lt IS "
submi tted t ¥Fferg andsa gpqonf Teileptiv S g B OFOTERENS 1A EarOne fecpaghetic
affect such fgalith fo cSirEd Gl Was oY alSikiBfhl erticShifsE rdflechRNRGEdck 98 pukitibnat fer
enbodi nents whether or not explicitly described. - 5 - [0028]A

cat adi opt ri cefedtithalcleyremepndtie adiatiod nooditiphed, barthe rrogastinenplaist  The sgeaslent
invention inckudes (i) a mr.ror s em.to _nrovide hi gh. ' ure
and achro rratrleéﬁ‘iqwg r?érf%“fel iy pgslﬁgléerdl té%é?ugc%? eleglf ?r%%gnlegce rée‘?%ﬁ’@#gﬁ {d&&i’é‘ﬁ&{ @g"?{r&o ne
or nore abertAtdtRRSsuRYE BnRSa aEeY) porlide 6l adbapie.i Thepdleadimapystie mdidionbe
used as a special objective in a -visible scatteroneter for critical

di mensi on ( @eflecteibiniherfirafyrefleetivgrsurfaer and fsuseddiycthe gecopd refiseling perfaceds poig
4). [0029] Th i.al j ecti i i
010025 gy S0 OBk L10ash BB GOPEAHSH, 0 SRHERAD LAk sk

al i gnment  bropegde inchroaespecabliangd. ve el enents that are enbedded in the
optical design of the sensing branch. The refractiﬁ\qtg?el enents are situyated

in a vdP¥ that Futhshembedimepls, iealipes pndphianiages oife PEssent ANYERHeR, a8 1Y 4Use
(or group of i | . : BT s 0
surfaces) mt%lﬁ%ghgtgﬁe\s/é?(d rgg%ﬁfqggl?io\lggﬂsur %’%@@%B? e gsg?gi ng b?éaﬁnéﬁ%ﬁiﬁg’ are
convex ref | aeletiritedsndétai decloanwilke refarchte/tortbé hewipaeyifig dedwiags. f or exanpl e,
80 %reflection) or have a spectral -dependent reflection that provides

| ight distribution between the sensing and alignnment branches.

Al ternatively, tIBRIPEIDESCIOIFELIONOFENHIE DRAWINGS/FYSIEREShat only

i ncl udes a sensing branch. [0030] A catadioptric optical systemin

accordance with a scatteroneter of one_or nore enbodi nents of the present
i nvent il8W4dan havEhesaopempanyieg liasings, edighauednsaporated higesin aothfrr pyhal the

1 ) ' | . ! .
b oh nuneri cppeiRiop G o8 #itloft SRERMORIA Colflr G iy SLLABHAS Anker Y
oper at es i n sarvai deexgsia tthalprinaiplis dfsie hinaentiohodndetoaamibés a geproaxskithtdeiny tHROO

nanoneters to 1000 nanoneters). |In addition, such a catadioptric optical
syst em pr oduele¥ant gii( e pke andpseithe HYENEQIhsi ng branch (approxi mately 14%

and no mssgurati L ' mygr jecl{Bh GRYAAtus SHGIdiRg $RbABb@RIehtC
opti caI[ system i (r?gfjgdéégﬁez\?\déépwgptl azﬁjhgﬁ‘a e(gjes iﬁytﬁessensilné branch :
conpar ed t o oftiviEntdnoiakntsaat t eroneters, thereby m nim zing scattering and
ghost images produced_in. the sensing, branch. Furthernore, such a

cat adi J_QQ]%IC optiF(,Ig;I%' 30t drmpa eé‘ﬁﬁi%ieesrcaﬁ?rﬁﬁwgﬁrops and wei ght conpared to
Convef‘ghmﬁl' SCatpey QNELRLS o s[eﬁgﬁ%]aﬁﬁf&fgﬁnﬁhpﬁys@érﬂgn@ld&h&%'a%h’%z!tdié‘ﬁﬁ@'dp‘fzicﬁlf
catadi optric optical systens according to one or nore enbodi nent's of the
present i nvebjdctng in accoslahée with hie pbadiment dbthe prdsentanventianpl e | i t hogr aphy
envi ronnment and scatteronetery systemin which such catadioptric optical
systens may be used. - 6 -



I 1. Exanmpl e Lithography Environnment [0032]FIG 1 schematically depicts the

| it hographi c apparatus 1 of one enbodi nent of the invention. The apparatus
conprises an illumnation systemlIL, a patterning device PD, a substrate
table WI, and a projection systemPS. The illum nation system (illum nator)
IL is configured to condition a radi ation beam B (e.g., W radiation).
[0033] It is to be appreciated that, although the description is directed
to |ith8hphy, tHe. pdepietsnletiild elihesaBoptiv dpsicalorbjetive nf BI@idspl ay system

(e.g., LCD t visipon or. projector)., wthout .departing fromthe scope
of Phe 00T ene 1 HTER! 85 Baritrs VA RhE shlafionticy Bt e FABT b AL Bapes WS
proj ect ed oridodmmntSbiftheprBéntimragof objects, e.g., substrates, display
devices, etc. [0034] The substrate table WI is constructed to support a

subst r #@0 e. g. , FAGr Hidepicts s dveshstheasasgdiopten apidenh sestene af FX5.8. posi ti oner
PW confty ed to C | HEi he s rate din. ordance with.
certai 6‘%% anet eng.é ’ Fggﬁiéﬁlgg%lr%joggat ?’%n Ssijgﬁéern%n(:@dag ,lggﬁ? & t?a P }%oﬁhm
projection kestemeyFI®M. PS is configured to project the beam of radiation
nodul ated by the arra i ndividual |y control |l able el enents onto a target

f
porti olf®2{e g. Fl&np if‘gfﬂ?@s B rfatadiopiis epiisabsystem thpletrangemmsafemvg vefelaver m

"projection,systieq %ﬁ?t@&"v i ?{1&% . #&@%jl y interpreted as
enconpassi na any t;}Be 0 prolSII ction s‘%ls('?ga including refractive,
refl ec{0028] cat adflGplY depicteragnidrilthogehphid apparguet i ¢ and el ectrostatic

optical,systens, ny, conbi ngti on thereof, as, ropriate for the |
exposuk‘gﬁf‘ di ati gﬂébgﬁ rfbepifé‘%a,ﬁ%‘? DY © t%é‘t‘rﬁ’f"ﬁc?gﬁge‘g% ea§at91(£‘€m’i%°eolﬂf°abn
i mer sion | koA opFIGhe use of a vacuum Any use of the term "projection
| ens™ herein can be considered as synonynous with the nore general term
"proj et@026h syst EGi 1P 0dpbits Ehelanl viewi obitai monglythice glasamldmnt ddeudak iroube

types of optical co nents, s refractive, reflective, nmagnetic,
el ectrorragn8?tfl‘§l?p%'|cg’i))ﬁ‘r‘§ssﬁltf:ﬁncol%%‘?(}g?‘her types of optical conponents, or any

combi nggo2@n t her g fediires dhd @6fdntiGes SNAHRI fRebenPinveRVr ®lIl b&GncadbRt dpphrent
[ 0037] The patterni ng device PD ., areticle or mask or an array of

i ndi vi dual | frosbitite eletaded edeé¢1§rt§@n§ gétgfm@ubdp'erswmn@ tlecomin |aenjyeniéomalvitit Hee
DTt va ¢ o gl PR R b B B e e BB gt

relative to 0] ection sys e e cornect ed
to a positi ongie @RiniggUil@defeferds GufndbRl genB@BY indichté MRnAEH] AMneornallglisihithsal | y
controllable elenments in accordance with certain paraneters. [0038] The term

"pat t er ni ngayEY; garctyplly simpilar plemends,j dhe draveng ve vdiich am glemend &irss rapaenrsy is

i nterpreted; f 'ggﬂi ' t nodul ate the
Cross-secti gﬁﬁ%ge%awt!lb - ér}’ég{%ﬁ?gﬁ/nh%gg{rﬁgﬁ)gﬁgﬁga{s {%{%%g%% % a pattern in a
target portion of the substrate. The devices can be either static
patterning devices (e.g., td namc (e.g., arrays of
programuabl e el enents) pat F@jﬁﬁgiﬂﬁllﬁﬁgwm\n ty, nost of the
description will be in ternms of a dynam c patterning device, however it is
to be appregi at ethirb@hcfost ati ¢ pattern device can al so be used wi thout
departing fromthe scope of the present invention. [0039] It should be
not ed the p 'g@ﬁr- - radi atko n X I

corr es[)dc?)%z] to t hgh%lglg&??ﬂé pgglglgﬁn&f&negt% hcc"alfjb‘tEi g’%éjgi gbﬁ%?lf%%%ﬁorg {%aet%éﬁﬁéstﬁ a{ne,
for exanpl ethef spdeHidatbn,ereferefied tisl€onp hassodifeiit’) ran f@dodigsntor “50 &xampid
assist features, Simlarly, the tﬁgt%ern eventual |l y _generated on the

substrate cemRedimepty glepotndiceiss thal thatarhadiment rdssCriiedampy JAEUIH &t RARHCWH t he
array of i ngixi : i : |

o angenent FEar URprE BRI TRNE i BUED cibodlche B BFncaRaRfn e e B
substrat e i parhoulbt feaipre) wenctareg bvenrgpderisdd Mortdwee, sach phigbaseate nonikeessaifily

exposures during which the tern on_the array of individually

control | abl @fwgﬁéﬂt ea??H’/eoggé"l’fng’étl' ati Eerpd‘él?epi drpagicuias caystyRewre, or
changes. [ OQHR] SBRGE S ld¥scribB® iR bhRicRof WRAL ﬁgeﬂﬂﬂoaiﬂfenf,q{ QeLyAaiikd @kt Of it he
substrate wll correspond to a particular functional ["ayer 1n a device

bei ng cr eat withinnthehlkenavaedgst op amei shiljeds uc theasrtate affiect gruah efdatote; cstiuttuos, @

flat panel display.(e.g., a.colar filter Jayer in.a flat nel, display or a
thin film t?%fﬁ&t SB‘% & g‘i}’é’ﬁf%‘ﬁ&? T by “néi’téﬁ‘ﬂ]&ﬁ})".f O30} Slé%ﬂksae ELE?@/
patterning devices include reticles, programmable m nor arrays, |aser diode
arrays, light emtting diode arrays, grating |ight valves, and LCD arrays.

[ 0041] Pat t er ni ng devi ces whose pattern is programmable with the aid of

el ectronic neans (e.g., a conputer), such as patterning devices conprising
a plurality of programmable elenments (e.g., all the devices nentioned in
the previous sentence except for the reticle), are collectively referred to
herein as "contrast devices." The patterning device conprises at |east 10,

o, o, A NN o, o, a NN PN o, T AN NN g, A NN NN o,



[0043] 1t will be appreciated that, as an alternative, the filter can filter
out the diffracted light, leaving the undiffracted light to reach the
substrate. [0044] An array of diffractive optical MEMS devices

(m cro-el ectro-mechani cal system devices) can al so be used in a

correspondi ng manner. In one exanple, aSdiffractive optical MEMS device
conposes a plurality of reflective ribbons that can be deforned relative to
one anofpbgg] t o f oA reathdpdid Bptidanaistedfiherterdamel Wightan! dnghtidientdiff the pedsent
light. [0045] A further alternative exanple of a programable mrror array
enpl oys a neinFentionr ingherelt 20MIEPRPYHER 8 Provide SHEwERTSaln apgture and

L ndividual o dbidd SCoBBR0E) A ARl Sedbi RBRLN Werflord ¥ LA ohO6RInbARfLAGL | ©
field, or by enmployrng p Zoelrettric actuation means. ce agaln, the
mrrors are (@B askechit)r eRmaditaliostic bptitwtsysicdroas decised nonsspeatl egectam in a
incom ng radi ation beamin a different directi t han unaddressed mrrors;
0 thi s manndV:visihle FaNPEEtG BB arHtcah dRensian L Rednd Ry TgoRutrals (as
addressing p f ix4addressable mrrors. The required matrix
addr essi ng c%#‘%éed?gée}re %&ﬁleegﬁlfjg]@ig?sui tabl e el ectroni c neans. [0046] Anot her
exanpl g0p24]t er ni rithedepécid dlgectiver ogr demabbaldedDnanr sypten] Gat7jnThsles both an

l[ith hi t d t t i . F
exammbe "1t HERRGBRc At & CRE PR ot SO o GrpRite, EY e aeT e
el enent s, e%ﬁﬂuﬁ&”}éﬁ%lcﬁlﬁ‘éi ol AASRE RE Niré Yenffed@AT i T RPticdl NdSitdhoRthe sensing

arrangenent, sone or all of the arrays of individually controllable
el ements carbrheche ZFhe refrasctive etendnts arsosiivetedi inl aivplyate Bat i3 gbssheddry pamallof

an illumnation.system, a nmon s ort structure.f f

i ndi vi dual | fpg‘alﬁ‘i SHPgh & &%Sgnsélﬁfg‘s"? rapap oL s ‘gft?r??ﬁﬁ mpra%] %12%%1 it g@?@ A% &
part of the @heh&thirBRe @f&hﬁmes) KeB48]ohReoRdicetargulfce Bibb sasitgt®anch. The
enbodi nent depicted in FIG 1, the substrate Whas a substantially circular

shape, opt i owaveyrefiestivessuntice kamhel paitlyaeflpcive dish s expoals, B Tdtectier)

perimeter. 1n anothe | r y : e @
rect angul ar %h ?)Vg : a[%ﬁ%ﬁggﬁ%qeég?ﬁ%géﬁttﬁé\teggﬁz%e?a?@ thgl{sgﬂgolugﬁﬁ:[%gﬁ@a ey
ci rcul ar shapgsih@ehd digexsammbraschsber ltérhaivelihshe apeidlabjatide anetberused imta
| east 25mm at | east 50,mT1PF‘gt | east 75mm at | east 100nmm at | east 125mm
at | east 150irftemdghatealyinchdsspsensingtygdsh. 200nm at | east 250mm or at | east
300mMm rnativel - i L AlerdBSEr of ot or AR
at rmst[ﬁg%(gmn atgnotx)tgfi fogﬁbcrsrﬁé}&g Q);r%esn?%gsgw’?naﬁg? Rﬁnglsé)gcza?gﬂm Jton%storZOOmn
at nost 150nsmbeaiimens tof 1BOmmgsent irtentiws tca? Save sEGoA0J&Eablel duragtesistcy heer
substrate is polygonal, e.g., rectangul ar, include. exanples. where. at | east
one side, atcopugiionsl scatterematers,¢ ?%Q%fnpge’sg?lﬁég,ca%‘ﬁmi’%c 58l ?yéfeén Raa oY
| ength of athigl?%]ﬁﬁleﬁ&ma HuteSB8th 29010 RhmbRAShpeREMteld! 0.09P%Id 4HR6ERY idta
| east 150cm at least 200cm or at 1east 250cm [O0051] At | east one side of
t he subst r atwideaspeatrdleraggd (edchats,nfist expoQls nappaeximetsly 200cnanoateterpde BWGcm

at nost 350cm at st 250Qc¢ at. nost ,150c or, at, nmost .75¢ 5 I
one exanpl e,napﬂ‘é‘e?g‘gsﬁ’? aggtl%ﬁ sgcha %glr(’p Cg%pqc 1S§y3}$gbp1§dg§er§i 8\@“:8%1%1'%%011 fh
waf er. The Vtﬁé%énﬁ%tesfaiggﬂl As(@ﬁ:{ioﬂﬁlamy qqtyisdaﬁdr AMobRArA@UM RNAiginend becki |

SiGe, SiGC SiC nP, and In The wafer can be: a lll/V
conpound seriosnuerctsueh watatadioptrisi ppticah syaemr inchidee faverc opligad tsugfeess @ feass

The naked' nRAPRyERch Eghiy € Puuinit WhbBhR Atk RARRRRE Leatd e

the substratgdcabsy ah¥gedNstodlicedaim et @Ating Bindhe pEatdhamdréeswehbs aadieptric
mat eri al and/or the substrate dinensions. The thickness can be at | east

50pm at | eapticaloGyyptemathas e sBwRllon ofmensieny cdish weiehim comparghsto 4A9Bysntenal
| east 5009mscgr£er81‘ril ‘Je ast 600pm Alternatively, the thickness of the

substrate can tbe at - rost 5000pm at nost 3500pm at nost 2500pm at nost
1750) t mpo3L] nost HAbRpprovidingradditid)Qjemilsatf caslioppfOppiicatsystests B00dmg @t

nost 500gm at nobst 400 o or at _nost 300pm 0054 he subsirate referred
to herei g c dmeher W%é_@gg&,‘n%‘@f of _éh%Preé?rftglFW%‘%’E?&s a LS gﬁtn Qeﬁ?ﬁt%ﬁﬁqc %ﬁ an
track (a toql,tl f’etlitg;xggg]?)lé tle%(vi?cﬂﬂllén?%n? s&aﬁﬁé%méﬁéry;sﬁgfleﬁi it ¥hRhSHBR Eaﬁ%{’g@fi_

devel ops t he expose a netrol ogy tool, or an inspection
I n one exanmipticalasystess saylteysed.i s provi ded on the substrate.




[ 0055] The projection systemcan inmage the pattern on the array of
individually control |l able elenments, such that the pattern is coherently
formed on the substrate. Alternatively, the projection systemcan inage
secondary sources for which the elements of the array of individually
controll able el ements act as shutters.-®n this respect, the projection
system can conprise an array of focusing elenents such as a mcro |l ens

array (knowllas dfxadmple Dithagrasiep@nvigisnesray to form the secondary
sources and to inmage spots onto the substrate. The array of focusing

el ementigodd- 9. . WU 1CRABLASRHY eplcBob 1HLIAHS afl BB S Ak dn@RAtmdRr
focus elenents, at least 1,000 focus elenents, at least - 10 - 10,000
focus el emerthe invgntipmabhe JBrAG0Ccomplses sheiumiratioorsysieml Bast paifediog Gldoice

focus el ene .| The, nu r of individually caoantrollahle.elenents in
the patter mri)tn% %es\qllig gt%]t? rs}g[?al(‘:e]uf’;}{}l}){s" ?rgj 8r PIGIE f"érsyf‘%gln?gheolh’ﬁnﬁiéﬁrmﬁu%éﬁ?ﬂg
el ement s i n (ilfieniAatoHYL G cdrfipusddng cehdifiBmh SadidR HAmM (Lp.( EViradialio®P0 Or
nore, the majorit or each)_ of the focusing elenments in the array

J . T A . . 0
f ocusi A3 enent 3 54A bsappyseiated) thet. alihoeh deadesgiiptioroigalitsetedsn Hthopraphy, the
i ndi vi dual | apl iNn:1he;. i.ndi v du .
controll abl a@fl@%% 21@9\/1\3’1‘?% ﬁhrgrﬂgi%rﬁrnoéd;ﬁ g dégﬂlcrrl?g%)é&é% (g'g"r#ﬁ(rjde,ﬁb%t%?’w%? & 20
or nore, 25 posjecton)ewitBéutaeparting froar theGcape sfahep@bent htvehnish. vitgdisatielprojected
controllable elenents in the array of individually controllable el enents.
[0057] The P&E?(ﬂgfghe% 3B \hsoprerectedgonto yRany diffgrept Bypss ob gBiests, fdr esubstrates,
actuators) gisplBaklided) std1e direction to and away fromthe substrate. Being
able to nove tphe M.A to and away fromthe substrate allows, e.g., for focus
adj ust €034] wi t ho(fthelsabitrage tablenBilkist doestsudbst toatupporf @GERItrateM&e. hpa edsist-dogedt ed

in FIGS. 1 and. 2, .the aratus is of .a reflective type (e.qg., enpl.oyi a
o oot ve abuGtey W LB BALREAT 6% Risifoted e by, AEpisiy enen RSy ne
appar at us Canbda@tedh aBedrl s WiiSdePRint papfindibrsg- . €nmpl oying a transni ssion

array of individually controllable elements). [0059] The |ithographic
appar al¥35tan be Tht psojestpe dyaieimes.g wo refihgtive progapgpn dens rystems PBsis canigured

tables. | h ." ol tipl o hi o Lh dditi L. tab
uaed 1 n par 31 Phieolt Rl PLRRy T o0t be hSrmreaTdheifoR ool
tabl es whi | eleafatsodntoartgrget petioh Eeas, @nBprgigéhdisratofcdie 0ITR bifbstrate W

[ 0060] The |ithographic apparatus can also be of a type whérein at Ieas_t'a
portion of tlhe tgubreigetioncgsteny wed bersin thpulthbe brapdly diterpretpdias encompabsing a

relatively hj e | [ : . water. so as..to fill. a.space .
bet ween t heghptgJ gfﬂeecH gﬁ&}é%\;% ¢ eﬁggeﬁ}i lﬁ %Igd%lgbrs‘? %r?%%vee.’ : ecltlﬁ?re?a&dé??%f”qﬁ]la@wél&n
al so be appkleedlohagtibesind plaasstatic tdigichl shagnapbt CandPRamBindton f BEreeRaRP! €,

bet ween the patterni ng device and the projection system | mersion

t echni ques &PREODRAtE fpnbgsxposurhadigtion bsng used.cispngthenciarnardhcasl thapes ofir
of projectiogpisyst : . SlhP A eLn. t:

that a strugl?tljr e, Sg(%g qu-a@%%{hgu st()?gs;g‘? mis )@zse;bﬁg%e@g{édb{bﬁ&l?ﬁsga& , hgﬁeﬁ{]
rat her onl ycarebmenshiatedlas quichyirouk edthtteeimbed yeeral tdd ‘prajp@vnisomnemyst em and

t he substrate durjng exposure. [0061] Referring again to FIG 1, the

i1 uni E@é&f 'L r SBePERnaiomaySETY a0 BEHS FRERH PR 4PhE cBEPRERISERCiTHE

radi ation s Iyl hafd ' ; t :
RUFRAVE RHEARS, FRghald Ubchifila P, CRYROERR B BiheRivdSai ontichfM

at |l east 10nm at | east 13 nm at nm at | east m at 'l east
150nm at FkeapenchBSomnanyatonbegesion 2Gent] foadircaas siapingnr antdolagtra@ddbomm at
| east 30Qn at ast .325nm. at ast 350nm. or at .| east 360nm,. .. .

A or nRRIE 2 BR PP e e PPl E g TP oir B 6 ReAraD Ahdndividually

wavel engt h géntafilabRStlehioR oﬂﬁlaf@,%e%lglm IR lochBat tﬁ% Smioﬁtofr@t%tar?a &N

at nost 325nm at nost 2/7/5nm at nost 250nm at nost nm at nost 200nm
or at nost dsvidualiyecantidilable ovheroens ivall ebea fiwed e¢latingt to thecpuaghctign 438em PS.
405nm 365n ' 157nm. and/ o 62] The source

355n 248 193 ri . 126 . nm
and the I+t Hgigh et S0P pF ¢onice B 3 J0RYiaPE oRfiedieR s Meyratdy e fiton
the source gaypsfigdividially basfillablertldnkifs ©AeESdartdeSviBPMGaf parari@brscONsi der ed
to formpart of the lithographic apparatus and the radiation beamis passed

from t H938bur ce Sy tesm: fRatipiningndayigedor |“conifashdevies” aised berein Hwald biebioadhy
system BD c 1.sing, - exampl e, .suitable directin 1 rrors and/ or beam
cxpander . | AP Bl inf KR, RiSthh e berhb L ey HlsThe oG Pigon of 2

| 'i t hographi c apparatus, for exanple when the source is a mercury |anp. The
source SO and the illumnnator IL, together with the beam delivery system BD
if required, can be referred to as a radiation system [0063] The
illumnator IL, can conprise an adjuster AD for adjusting the angul ar
intensity distribution of the radiation beam GCenerally, at |east the outer
and/or inner radial extent (comonly referred to as a-outer and a-inner,

. Y " M. o " o o Y .



proj ection system PS, which focuses the beamonto a target portion C of the
substrate W - 12 - Wth the aid of the positioner PWand position sensor
IF2 (e.g., an interferometric device, |linear encoder, capacitive sensor, or
the like), the substrate table WI can be noved accurately, e.g., so as to
position different target portions Cin7the path of the radiati on beam B.
Where used, the positioning neans for the array of individually

control | abl €ra81a85% Bb4in, Gabh Bt uGede b patenlif attam@eicpuradbebytht bebsmm Thedewdtest he
patterni ng device PD with respect to the path of the beamB, e.g., during a

scan. [0065]4an berrithexstalis Batiom0E ABTIECSOR- 2 HBASKS 198 FFHacs) PRAYRAMG (? 8> ARAYS Hed
wth the aid _of a | r

short - st r ok’ HBdU z% Flﬁ}éw%‘gg?tw"om gd%&g% rp[g?{elw (;ﬁf[ibsg)g(t hl%gé ?%f “336?’ 1(1:1 bee
in FIG 1. lidA ®ned bera dyhammid gatt@nibigoddvice! lhok/evat mde te n rapprebmtqnir thetatstatit
simlar systemcan al so be used?i%ggosl tion tt%{e) arra ndi vi dual |

cont r ol | abl ePasieEndsyics capplsgjbeus ot elepatiag topythes (é’e 6 pgegegy, mvention.
al ter “a@bé’ﬁ' y/ addj, E*&ﬁ@lblﬂﬁo{éﬁt +t?ernﬂﬁ barfedtth ehORliREbn badth AN Rkadthye
array o di vidually controllabl enents can have a fixed position to
provi de t he doepeporgictorthe desined pmwmnn ithe tagzet portivnaofrthe gestrate, fﬁmxempleslf then

limting the S|zeo t he, appar.atu As a fur r alternati
e.g. bg apptatiedning "tdﬁs P]FPe“e‘EE ﬁ‘tﬂt]tf%s ot 5% Taytgg UL fe%ﬂ'lreﬁl %%lawh 03|
of the s Ubstév%hﬁaﬂégtﬁeﬁ%d an %é Hﬂ‘)sﬁételcﬁﬁ{dt‘%ﬂnésb%hﬁ% B feBrmbRrhk& Qdarﬁﬁéhet he

substrate Wcan rranged be noved relative to the substrate table W.
For exanpl e, inthet snublm ma3e0f abll‘edwlmmntl@élabﬁecﬁlﬁdelﬁs wi THhis éa«fs?%tﬂeﬁhﬁs@rm an

scanni ng the substr c 0SS at.a bst ant i

[0066] A9 sholPRRERGS Wil g eogtip! G PraPRRo Rt Rbepr8 G Al KR iPBhchy
patterning dfk aexivia ﬁéhoﬂ&ffrtﬁn@f)r @gheﬁmuﬁwer bt expd3tres dnfihg whidh tho pattérnain
the radiation is |n|t|aIIy reflected by the beamsplijtter and gérected to

t he patt er nithgageypfmdpidually conwellablpelemenysiand@gr ﬂh’dtelaflﬁ‘ép‘b%téﬁ’ﬁ the sefsiicon
B can al so b d| rected at the patterning device wi thout the use of a beam

splitter. AB&4m of radiation can be directed at the patterning device at
an ang| [eoimqt vveen Qeigl 9 B, paeinv@enedor it tBipet patioe efithe SubstciteAsill d:mteap@‘rd 25

and 65, or between 35 and 55 the emhodi nent sho in FIG 1 is at ci’n
angl e). The 9z pastei argfuaetw% Py Poridedse el{lﬁémé rindhe FaLght ROTHHR. BRdas an
reflects it [ t L heam
to the proj egﬁe%ﬁrﬁédsj?gt@nq? %gﬂ:‘,t ?tajlé\}mhfsﬁrage gﬁprcg)i(})lrg{lgg%%@\ea%? paﬁﬂgt Mdfor

al ternative taig ahgermsissr daer he aulkepate dsplegt Exenplenint edchr padienting deBceso

the patterning device PD and su equently to . the projection ste PS,. In
particul ar, Bfugs g %?’fé’r‘i?g@’ﬂi'é‘ﬁ %’s 1015 A |lhseF'I(€9‘? a‘br@’r?nb"tgﬁ %ﬁ;%%e i f
a transm ssi a%. Vgg,\é;; %ﬁdlL@D@egys - 13 - [0067] The dep| ct ed

apparat us can severa nodes: T0068] 1. In step node, the array of
i ndi vi dioad1ly cont Pa:dehahg alegicesraritose qutfohe prigsamaelble awih Khptaid of esheqtranicy

stationary, while an entire ter |rrpar ed. to the ra e

pr oj ect ed orff‘Bané {&Bget (5 "1?65 aBnB %%m(nﬁ devices & né%m%%tg ﬁﬂélﬁy of
exposure). %riﬁ'ﬁﬁéﬁi@'b}%nfeﬁ@ @©. gWEill' thedaoites fichtiegkd i thé pre¥icndemendé except
direction so that a different target portion C can be exposed. |n step,
node, the mefor thewesicled aré con@ct@ﬁlyorsfnr@dftpéteaem iafi “‘centrasedesices.” of e atterninget
portion C i edlnaS| ati.c

array of inﬁ%ﬂ"&?&ﬂ@‘s%%q?tﬁ Q leas enenﬁe%gtn{deg(gzdl ge&t Wg%frégg?c’ogmgd

synchronousl y j¥hi { QO@OO@totremastrrp@oU@dotpeogrmrﬂaam ddrh@ns.beam i s pr 01 ect ed
onto a target portion C( e., a single dynam c exposure). The vel and
di rect i 9842 t he Autegammableaniiaragray gag ﬁ@namea@/ - wtﬂreﬁsalt}amface avin 4
control | able_ el e € ( héibRaddnony ang.

i mge rever s‘écherE{rq%% Igt?(lﬂsl s tgfe{g%tﬂeé%ﬂ‘r[%&e%%%onﬁge éftlengﬁ lb I'n scan rrbdaeI1
the maxi num ggpaa@f id kigat @dﬂe@m afdaeldf therrréfh:ctlhe swrfdd:eh réﬂemt tiheident light as
non-scanni ng direction) of the target porti in a single dynam p re,
wher eas t he diffiagted Bebt W@%"@&rﬂ‘ﬂﬁ%e??ﬁ@laé??sd@ﬁé?trﬁnﬁ@mt ﬁ%ht e >"Sjt ﬁ@%
scanni ng di rﬁﬁh% 2[}1) @ﬁro Bt Fxﬂ%t HRAY tthONmalfAAAEH Jighk eaRUbeS SiltRRACoutl BE the
array of indrvi ft ntro | ¢ efenents 1s kept essenti al ltﬁsztatl onary
and the entieflegad beann leavigg aple dheediffoartal light 40 grath fersubgirat Infthishmanner, the
substrate Wusing a pul sed radi ati on source. The substrate table WI is
noved with an essentially constant speed such that the beam B is caused to
scan a line across the substrate W The pattern on the array of
individually controllable elenments is updated as required between pul ses of

the radi ati on systemand the pulses are tinmed such that successive target
portions C are exposed at the required | ocations on the substrate W

Consequently, the beam B can scan across t he substrate Wto expose the

o, . . o o, Y b1 o, o o o .



[0074] FIG 13 depicts a lithographi c apparatus accordi ng to anot her

enbodi nent of the present invention. Simlar to FIGS. 1 and 2 above, the
apparatus of FIG 13 conprises an illum nation systemIL, a support
structure MI, a substrate table WI, and a projection system [0075] The
illumnation systemIL is configured to8eondition a radiation beamB (e.qg.,
a beamof UV radiation as provided by a nercury arc |anp, or a beam of DUV
radi ati on gdremabadney pattintd exairdiBe tb ahe addriessii Phtters € ithe mab@s eddressable

[ 0076] The s;gf)fort structure (e.g., a mask table) MI is constructed to
support a patt'éfhing device (e.g., a mask) MA having a mask pattern MP and
connect o a fi : b L t r pLi

pat tor o Gevi ca il BEphIGEARK (1) PR PRRAH o, e cah B O bl
substr at e t dight l¢aying the andidfrated laght &) réadh the sobsista. uct ed to hold a substrate

e.g., si st cpated f W and. co d to a secaond positioner PW
((:om9 i glﬁ’%{ﬁt o accit A& \)‘,}?ﬂﬁé’%‘mv&?ﬂ“ﬁ@ ]g@g/ié (raﬁ‘(lﬁeﬁ 1&’@6@??}5}2@60%“%%1 S¥X§Mm| n
paramet ers. d:0Ré8] Hnealps Bkagki on aSU&Ee%F&r(cﬁn@ manfler’ €T 3pE ie&%ngg??iaeﬁ%ﬁ&m ens

system) PS configured to project a pattern inparted to the radiation beamB
by the patt &PHC M3 deviparcowppieng plavalite ofitefbartive aibbansgthat por bé dafo@ned

(e.qg., conpriSi one ar..nore. di es) ,of e substrate 0 The

i Il uni nati oﬁ‘i’@ﬁg S ‘i"?&"‘{ia&}%} _itﬁ{}éeﬁ? e4c, ntc}ﬁ’f E%ﬁ%@ﬁﬁ?g%t s,
such ago045ract i ve furtief laeinbiies c:aitbléof b6 drhvenabdPRS @ arBt dfitbys a matrix
conponents, or any conbination thereof, for directing, shaping, or

cont rol | i ng aFraBgeRend ©f tingoBoToMh ecashy @b grhichs eanube dpdivinmallsuliest ebout janeaxis bear s

t he wei ght patter.ni ng. devi . t | ds_the. patterning device MA
in a manner %I) %lg%rgggp%&l%@eoh)ggh%ﬁo‘%llg‘gﬂ%?%n OQ?D Yt %rgpﬁylr%Spl-ez%eé‘fctng? A trgton
device MA, tiendlesDgse afait,hibel hirdveg aep iatiapddeatble, sahdihat Radresen dhirtReS,
such as for exanpl e whether or not the patternjing device MAis held in a
vacuum envi F?ifiﬁ?é AP ncpung fadinfion Reap ey 4 fiqumnt dispCtien than uaaddreysed migprse in f or
exanpl e, whi i f vahl i T s e
VT oy ensurg TRaYer RE ARG ol @R 1R el debfine Jidng ARG AL BET
exanpl e wi t tha mspieeiddressatie nprrojse Cilicarquiyst marRAaddARying an bt pefferniel teing
"reticle" or " Sk1" herein may be consi dered synonynous with the nore
general ter ﬁ%‘h‘%@fﬁ?&“ﬁ?ﬂnﬁ‘@m&% ce." [0081] As noted above, the term
"pattefguqasy devi g i . ' d as referring
to anylidev?ce t hat g%?ig%gﬁgggg&%@%%gﬁ%a%rg%@%@é (e:z;ym a‘?\'/\,ith a pattern
in itsl®Hdts- secilborlitbographis appamtusatas eompritecome ion moreacopétistpdeticean Eopf

the substrate W, It should be, nqted that the patfern i d o the
radi ation bESTHECHH AR VEE Bl r@‘% raé'gaﬁﬁr‘fg ngvfcqﬁflﬁﬁfqgg]&a&’g%ﬁte&eﬁtsi F2¢the
target port ceirdledfinddpendedllsof 83 Ierl Oh sEHPIPABanoEmEREsAARL bEfINoMRe lafgludes

phase-shifting features or So called assist features. Generally, the
pat t er n i npaf tedivigwaliyheontwpdliablei demergs enB hav¢ lat teastr espohd doomeorp diunicetiar

functi onal I Vi being created in the target portion C_such as
an integrat (L?gd e§1:i rd():r[]ﬁa?t gfﬁb@@fﬁé t’é’%rslyﬁtﬁ ’a?cflﬁm&@pﬁ%g& CBH "?fatﬂf’éﬁa%g{em
I'L recei vesimlividghlBt éanrolefBndi¢rint dndr &t EHIMSR Pr&iBctRfA syRHED (@SpdrPbf the
exanple a nercury-arc lanp for providing g-line or i-line W radll)ati on, or
an exci ner PESEHIONSYStIAbyi di ng DUV radiation of a wavel ength of |ess than
about m su . 37,14 6,,nm. Th urce SO
and th@? ?Phogr agﬂ?lgé%)%g{g}egiéﬁ%piﬁ%}gglglb%é%gép%%%é%% }ntqigIeGé ,%’ %hg rsu%%a?ﬁﬁ)ﬁ}e)h%n
the source SOstamtially exailarsshapgsptiondlly Wit noRbeRd/ ok A&l Ateakddddgemdigaartof S
passed fromthe source SO to the illumnatign systemIL with the aid of a
beam del i velyPeREEMm Brynebrhexammg, the subsaaigdss @ poligonalishaped o @ Teptgnglaor s
and/or a begf{gngpander. In other cases the source SO may be an integral
part of the Iithographic apparatus, for exanple when the source SOis a

mer cur {00H8hp. ThExzoplcs wh&@© the dulisiretei Hak ursubstintfly systiamshdpe ihdgdt Hamphst h
the beam delivery system BD if. required, may be referred to as a radiation

e ff ty 35

system [ 00¥3fFHBe SPRSTAICRAS) HAlaEply o af [leash 75 mpm3t least Smmgplylons 7 Samns wr
adj usti ng t hasianBHnRrat 1GEETShM, S RA% 118U At Rlasd Pﬁjrﬁlﬁgétqgés??o&ﬂﬁfnaﬁle%t
mask <l evel . CGenerally, at |east the outer and/or 1nner radial exteént
(comonl y r2¥@Emmeer t2d least G00mut. erAldardatovelynrtbe subsispe bibs vedignetet dfhat most
intensity distribution in a pupil IPU of the illum nation systemIL can be
adjusted. In addition, the illumnation systemIL may conprise various

ot her conponents, such as an integrator IN and a condenser CO The
illumnation systemlIL - 16 - nmay be used to condition the radiation beam
B, to have a desired uniformty and intensity distribution in its cross
section at mask |evel.




[ 0084] The radiation beamB is incident on the patterning device (e.g., mask
MA), which is held on the support structure (e.g., mask table MI), and is
patterned by the patterning device MA in accordance with a pattern M.
Having traversed the mask MA, the radiati on beam B passes through the
projection systemPS, which focuses the9beam B onto a target portion C of
the substrate W [0085] The projection systemhas a pupil PPU conjugate to
the il unm nagoiopiin SHSHBEN F0Rith, hPHhosPestm®N St @fost 300, e eos rEDe,r stnmbite
intensity distribution at the illum nation systempupil [PU and traverse a
mask patt er ROfmhGhmase] Hgpmas 4t aeash d0OYPme PF 3B /8t a mask pattern create
an i ma the infensit i i 1.ON: hlLym i S i

"pu. TOB0R T (T YpSeht AR Choly el & ARG, BidRiles
(e.g., an i ngleré er RARtohk giddeat lesst 2l sidesai atleasicesidey; of tpaubstiaie haembogth, oft he

substrate table WI' can_be noved accur at el e.d.., SO as t osi t.ion

di fferent taatdeast yamtat dgast LG, %ﬂ@stp%ﬁqm,éillqaﬁel%ﬁ)% ﬁtt%%?ﬁﬁ lgggﬁl # least go%om,) o
the first pasiti and anot her position sensor (which is not
explicitly doeraIHCet%;?'SiOEMFI G 13) can be used to accurately position the nmask
MA Wi t HooEpect tAr fche opasideaf thdaibstaat ks otertgnod 8, mestd 000em & ok ¢ Hdamm.c al
retrieval froma sk library, or duri a_scan. ener al venent of
the mask tabit@9HP ’BEmPéta%lOE@daW?ﬂagﬂ%naﬁ(?m&f i%(%br%ag?lp %t}riegcrrlrlﬁdul e
(coar 590095 ti onijPheaRImPles BRY Subsirhelel iTROHARY, (fhi HBLARGS b iskMNioRGIctomrhlh
formpart of the first positioner PM Simlarly, novement of the substrate
tabl e WI mayTHeewafenhiaterthl wai hg seletied drasm ithsk gronp ¢ansstingaohSis Fée.- Sietk 816,

nodul e, which form t qf. the.seco QS ti P BRGSR f

st epper (as (g%rfg@ésd%i?% aélgs[B‘é‘ﬁ'nélﬁ‘f ‘Yeﬁgr %éls & tag@?{é %%?{Pr‘%.{el@d %@ﬁggnneé(%}ew £6a
short - st r okejjaehnUpdfer, aQklamic RubstRYe, heplhdsxabstidas lor Wplastid sabitsdie. allhe Wibsaytebe
al i gned using mask alignnent marks M, M and substrate aljgnnment marks P1,

P2. Al t hougheanlie transparena(for theingkpd hemameya, @loredorgbsenf p§eloFat ed occupy

dedi cat ar get QorLi-gn C 1y} e r

porti or@ﬁiﬁ]hese a—'ﬁ%3 ﬂlﬁ%\ﬂ%ssaépg%ér %?Ptgnéeagaﬁgaﬁghtﬁ Brrg?f%& %%angfbae?l Iay(gPFhﬁ

Si tuati ons igub¥hit€ matbPaddi@the Bebsttute dismemions dde thickndse cambk af\Mibast bhempats k
al i gnnment marks ML and M2 maéube | ocat ed bet V\ﬁen tOBe di efj?ﬁ [%%%H"The least
depi ct ed app&3sat 0Qumy atfpast 298nmoat l§aH S 0wy af easi400ums At 53 &1 at leas
follow ng S 5100 : t t gobiuang: mas
substrate W@%Aé%éaﬁgébl?’ %@s%’h%k?g I?Hgggg?%ﬁ%{]s?@ﬁﬁtﬁ entlilr’e pattern
i nparted to 3306umadi mbkorbUeamat mast OF FHptm it omesd 135G am gatt mpsr H0BumMCatimogine
time (i.e. a single static exposure). The su rate tabl i s then
shifted in t3{91R, ahaesho00ug; %‘E?Sftéﬁblél& ?%?Stgaéﬂ‘flf%rraémosfa “ portion C
can b .e}mg) sed. |1} SLBRrdP AGerrtd R AENBANLR F6ccRied! DEfoXPOSREr@xpbskd] ih ifdh T S
the siZe of the target portion Cinmaged in a single static exposure.

[0089] 2. | n soxamphmaitrack faetonbthiat typidally MPpléesch labier efirosist tataesubsistte apd dgydops

scanned synchronous ile attern inparted to.th adi at | j

proj ect ed oﬁgﬁeﬁqsﬁﬁhg‘l@l@apaﬁ?‘% 24 ’(%lopearl rgpﬁléﬁpgcwjntg)ﬁl'cpneg%éosur &rp'lljﬁgm
vel ocity and,gi feglolRied oh thdibsst rate table W relative to the mask table
MI' may be determned by the (de-)nmagnification and i mage reversal

char actf@033t i cs dJFhea peojestionesystemn eaps imagPIhe |patiewEgAn arrpy o fnindividvallys ze

of the exposur ield.limts the.w i.n the - i L.regctl f
the target pCtS’P&P ?Jfﬁ? FLAnE i P4 d%%cr#l}l% p{ea;(t%ronsEgr g{gﬂé\%ﬁ%ﬁggs tlgleg}jeﬁlgt %{Bg% attg he
scanni ng not A@é}nﬁtﬁ}egr Iﬂild‘lfﬁajdcﬂen kedtehtcah imagdeecondunnsngcee foe athidnthe elentenés
target portion. [0090] 3.1 n another npode, the mask tahle MI s kept

essenti al | y ofttheiaonarsf ngividusdly xoptrelabienelasnents agt asr FuHgTSdeln Las TesRact fhe
substrate table W i d n i '

Fad: aton baerdopid e ahp A Syt G ALhERD PR Blioehfiray
general |y a ibweds eAGIBA) 0N aFeewneblens arapkofen thade¢dndanr syreaead @ image
patterning device is updated as required after, each nov

nt of the
substrate t aBpis o die substrendds &gy A Jesme Slepeits &%gpﬁﬁ%i CORIPHIFFS % 1@,
Thi s node of;ppey.at %e%nfsar&t be st £86lithduseRBhiRE JtqeiRIbRSRochit ehasneDhy 1dbat

utilizes progrannag e patterning device, such as a programmable mrror
array of a type as referred to above. [0091] Conbi nati ons and/or vari ations
on the above described nodes of use or entirely different nodes of use nmay
al so be enmpl oyed. [0092]1n |ithography, a pattern is exposed on a |ayer of
resist on the substrate. The resist is then devel oped. Subsequently,

addi tional processing steps are perforned on the substrate. The effect of
t hese subsequent processing steps on each portion of the substrate depends
on the exposure of the resist. In particular, the processes are tuned such
that portions of the substrate that receive a radiati on dose above a given
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[ 0094] Grayscaling provides greater control of the position of the pattern
feature boundaries than is possible in a |ithography systemin which the
radiation intensity provided to the substrate by a given individually
control |l able el ement can only be set to two values (e.g., just a maxi num
val ue and a mnimumvalue). At least 3,19t |east 4 radiation intensity
val ues, at least 8 radiation intensity values, at |east 16 radiation
intensity valOdo faus |cdasentgatr lraitat(0g000i fitcan sidnyenva | drest, least 1,60G00040cus
radi ation intensity values, at least 128 radiation intensity val ues, or at
| east 256 diTFRFEHL radiation intensi ty values can be projected onto the
subst r ghese) [ 0095] THe Mg 8f hﬁiiﬁ@@a[l@“doﬁ%r@ﬁaﬁl@él%nﬁﬁ%ﬁ ﬁ@baaﬂem%gg;dmcaﬁ %guaﬁor
additional or alternative purposes’to that described above. r exanpl'e,
t he processitpgr afeateh éhaslljb%tnﬂlagg cdffomisingredements @ the exgosiliocusimmnelbmettsn Sae
such that ther r re~than t pot.ential res ses of regions.of the
substrate, dt 2 pl)lgonr géﬁgr’@ hO%P et é??fgg&F SR o %E%gqo@ﬁ Z‘P‘?usﬁﬁre?%g%fﬁf) frthe grray
portion of tdfefosusity Eldinentseafi bd gAY Adiciad@NwiASThes B¥tlof tHeShabithaaYol d
a

responds in a first manner; a portion of the substrate receiving
radi ati on désatrelipbleclementsiip die army odwelividsally enaitrollatie slooents, witheserahdre, 3

responds in Nex . rtio f. the bstrate ceivin

o ati on dseEREhoys FRRTE0 br A RORE 8 NGS5 O r 85 Rembafcr e
Accor di ngl y indjviysitatinnglieble ekencnseid theoarpiyoiif@vRlualddiaidoabld ekendat0f i | e
acr oss élﬂiel substrate having nore than two desired dose |evels. The _
radi at I¥ose prdeiMEAGHR Gedpevakie (eghstith theatseof @ne o moreeainaiorsyat leastdn 3
desi red radijgat §:00.4 I g r.adi ati l.eyel s, at
east 6 desi el qRa saf ey frof e 3B6ieate, Bk S B thile AR MR i BBt o
| evel s. [ 00@&] thetsubdtod alldws; &.ge forfocappljetheaitedtiohshavifetormeiahe aiibstase

£il b tyolled by net ther than by nerel trolling th
orof | 50g8), 2, CRLESubef i et bede oLhee Lhan by merely cpntrol g the
described abgoyifPh RNBARICarrdy6f ﬁﬁbiﬁﬁé}%gflﬁio?lgﬁﬁcélkﬁé%ﬁfﬂ%l‘?eg@é}id%ﬁh The ON

the substrate can alternatively or additi e contro
control | i ngapprsatdaireani bs off at thansesgsosu typeofe.g.henpbiyitg aAsransthissivhesrray of

exanpl e, each,.pqi on.t substrate can potentially receive radiation in a
plurality ofndéﬁggab’sﬁo\?goﬂ%ﬂgg@P’ﬁ?‘SB'The radi ation dose received by each
poi nt_ gaus) ! her efrag githdgapit @bpative &lav 8 opddihd %@ﬁh};%%?{&uapyagﬂ 5 more

y O

exposi ng the point usi n? a selected subset of "the plurali ccessi ve
exposur es. poBYierpldes. 2 ygyshcnanltple stagah gechines, dic adviticnap tabltsusindeasediimg

h ' ' h Q. h f fl
panel d spi SyRItighERchBRY Hept SRR GT ouopierCmosfialley i€ o g fore |

depi ct ed W bihet hibles arebeinf edclFecexpusmeal s. Al so, the above descriptions of
t he varjous enbodi nents, e.g., the various configurations of the substrate,
the coM868kt devilke lithageaphicrapperbuscanralet be el Bmeovheren @t leasteapontion of the
appl i cabl e. | i .G roj.egtion system PS.incl.udes a
beam ex pandgﬁlgg\%ﬁ i éc%ﬁ %%%%d;gfta\%\o "i%gir%%(gn @ﬂ,ﬁﬂdLgl.av"Fﬁea ¥$1?té‘fn&¥ Hb Tefracive
arranged t oimdexgd.g.ewhies soasiwd fill @dpacedicaldcanhdp@ivcBoR Bghtdrd auS thelsubdiFa@dith an
aperture in_an aperfure sto A further lens AL can be located in the

e AS. ] A ! ¢
aperture. TH%mFlég%nalﬂ% AR AR Hphiedto ifips spages in she bthegewhisyanaeatese dond
lens L2 (e. fy I : . JEGL em. PS_f. [
conpri ses aﬁxaé?@%yﬂeﬁ&fletﬁ%g%ﬁeﬁ%ggg%%%gnedg{hg g?éé‘%fe%?\/sgg/t? érﬂ@g@e{%g{é&arﬁ%&ﬂ %t ed
radi ati on BareDydl¥lavosntinplos ark forsnaéasidpethendnkrdad dpertur@6f proje@t i b ystsind) EEHB B,

correspondip to one.or, nore of the individually controllable elenents in
the pattern eﬁ‘B JopeELenoEs used Rereig, @HOtrIB?B’e‘g?ti & HUIUgRYTe. e as ¢ gphstigtepmupt,
the array ofyel h Specki: i e
rodul at od 1o e o IR bP DY RS ekt ACRRR M A0BAEL Puin
this way anpmjactign s¥stenadiditheonbdmtt durfgiexpesupwsed onto the substrate W It
wll b reci ated that, .alt g nly ei.ght ]l enses of the. illustrated
array glf[’%?ﬁnses %ﬁ LIS RO %?dr%etﬁaﬁ*ﬁdyuﬁr%lt‘gnéegec‘é‘é{?ﬁ 2 JadAtiee bpgim,from a
thousands ofadlatitf 86urck I3©. STAE rddPationUBuRE PrHRdA fa@¥tieh hhRdk % ﬂé@lé{%{h of at
controll able el ements used as the patterning device PD). TIl Exanple

Cat adi opt r i leastyStineatt lgyiskOams atisedt 1kol3 1Be.at desoifun, at leastAGOmmglatricast Wirm,
Enbodi ments O The Present Invention [0100] A catadioptric optical systemin
accordance with an enbodi nent of the present invention nmay be used in a
scatteronetry systemto sense or detect properties of the surface of
substrate. [0101]FIG 3A depicts a scatteroneter by which one or nore
properties of the surface of a substrate 6 may be determned. In an

enbodi ment, the scatteroneter conprises a radiation source 2 (e.g., a
broadband (white light) radiation source), which directs radiation onto a
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the surface of wafer 490. System 400 has an alignment branch and a sensing
branch that -21 - both share a catadioptric optical system 480. To operate
properly, the alignnment and sensing branches have very different optical
specifications, because they use different illum nation sources and perform
different functions. Inportantly, catadileptric optical system 480 functions
properly within the optical specifications of both the alignnment branch and
the sensing bial g75n!rﬂ" & E&s@@m,%%aspﬁﬂhﬁﬁ,eﬂ Rt B onmd at RastIDOBRE b east
optical system 480 includes a optical elenment 434 and an objective system
470. The al i3g5mentat beah8Bnaensiahdedst 400, aAdewativaly.oficr jadiagpe irrayided dyem

480 are descri.bed in np detail pelow. [0104 e align r ! ed
to align sydtEaliobiPWrS %théﬁf"lwaé@f%{%ﬁt%a(’f\ﬁgpbotst %.g(gjm’ tg% gpfﬁ%silnérﬁ? Org%%c rhiy
i ncl udes an g kg4 GGtk Of nEBEshrd 12 s ehsas, & mbdesbandal meh226nit &6 most
di ode (LED)) that provides a first beam of el ectromagnetic_radjiation. In an

exanpl e, t h&@0Phms tor ks ampsiaky Sams p dder rerliafign gan peavge v aysigngih HeFREBEs 43600

nanonet ers. e first m p es r t] nts 430 and 432 and
t hen i npi nge@@%" gﬁ%ﬁ%@%@’ g&é%nlpaﬁﬁq@%%g’ %rtﬁlgggfh is then directed
thr OUQWOGMT]ECt i vertk7@uadtdarddotiesetogtptic pepiras cah heafeparakOdntitithefof ieramipleeam
is then reflected back through objective 470 and optical el err%ri}ie %§4. A
beam spl i t t evhepdBe goyree issan ereimer apery B Sreh Fasey Hhe Squseq singy cowsvderssty rg
beamsplitter A4 I f | ed
devi cor (oot ohine FISekBER RbauR iyt AR LAAl: phsl o BESAEE P,
al i gn syst enhdQ@uninhtor Spedilf ihe aidbf b desmaleliwerfyesyse@0BI] aaas]siig: forewinme,
branch is used to sense or dete the features qn 1;[he alig[ ed 1;l)rortiorl]Js of
waf er 490 acuBatle sireelins moRmprs SOHNOF & P@@g%ﬂw&&,%ﬁﬁc © §Quippgan be an
scatterometr HOUed ' SRR DheR HBNSSurtd & HaREC
illum nati oﬁxgg%?%ghﬂo ?gﬁgﬁérgélﬂg a? ng?ts’eir???elxl um nation source havi ng@gn

i nt er f er encdarhpl Tier ourdeal Opnd haldbmanaec dn dogatlan voth ticdsamaiehiyeratsystem BD
radi ation. I_g an. e‘$<ag}l)be, tIhe second..beam h§s a bandw dth of approxi mately
10 nanonet erisTeaHEcd: £Ap be fgtemed o4y & 12ateY S %, nge of approxi mately 300
nanometghgs t o 80CrRANAHRLSIS -IL]_*lﬁnS&%?}@ebﬁﬂfﬁdﬁﬁfe‘ﬁ eaDt Rrondibistigt fieahngular

el enent’'s 4%0, 422, 424, 430 and lens 432. Optical elenent 434 then directs
the second hswnsitthdistrijutiohjacthe vedisijen bpam7 Genergllpnatoleass the ioyHa AUGGY tINBF of

waf er 490. Th eco beam | s refl.ected C I;
portion of v%&éfe’&@%qﬁﬂanﬁ?ber@{e&?dgtgcaﬁ Gt'ﬁl}qgégg}%d %‘%}‘%@t‘%@%@@%ﬂﬁ @%ﬁigﬁ%ty
optical el engatibéidsh in Hyupsegandieamualisaopassesadistaiu fhaddidon, sl il luénater36,
| ens 440, aperture 442, angﬂlens 444, and then inpinges on a, seco

d
det ect or 448L(eangompsise BAEPUSOD)CT COBPERNLY SHEE BoRN WIRETHILY auda ﬁﬁﬁ“‘ﬂfl‘sez £0.
i mge of the.al.il,gned. porti ... 49 i .
on the surfa 1!}%% er ahé’%ms% &%%{n Etloﬁ}rle%? itr%ﬁlét(ljd %%%@gg %agf gﬁ%eg%%(} ?@%‘S{lﬁi al
system 480 i@l ngesitpRiisteibhticl @rERt créstsetidn.objlke tillweimist Bm ef78n additional

Cat adi optric optical system480 is achromatic in a w de spegtral, ran
(such as abowmproentassesiaied math b qanoHsth iR gFapesdsic. d‘\‘lwgﬁhﬁ§ atiq beply gﬁ?@oo,

t d . t . . . 1 ol 1 .
cat adi optri 1818|f1{r¥§cff’eﬁu§5ﬁ%%[§}g]thﬁa§ Q) 35r %ﬁlg’lﬁ@é G4 B hQBcihfdd g SR aduliansh

(such as approx o by radi us d substantially no obscuration in
t he al i gnmenhe bidavidtallyl tortmdlalsloel dneentofrthesiroysofandi videialiy contael iblnglgmant.ew

f t her eby 1 educi tt d eliminati t 101071 FI G
= epi ot deb ARDSIBFIORIRRAL eIy ERBRE £90 2E COPRPIGOE S B GBS RAREAOIG
1 Tustrat ed gl sBo-b8RheC!h e PHAkAMIAEAD!OR! tdasms COAHENT HRNRNGHCAnd

surface 520, a concave aspherical 'surface 510, and a | ens 530. Spherical
surface 520 ‘iradiattondbéanGhentofrmags, but awt ext)limited s she 'slﬁuattlgnhgw@hl@h }he beam is

refractive properties for the.el ectyomagneti g.r.adiation fromthe alignnent
branch and (5% p”rsg‘iE Pé?:P\%V’éﬂ}SPB_fP@F‘tS %’g’e?rg? O%W@la&og‘ct romagnetic radiation
from t hgpggnsi ng PiARAMiof RAmI B .is iheddneohatit ipdRemin@PddvidesBD qb.oG aitvaay of
spherical surface 520 and | ens 530 are used for alignnment, while the

reflective pndiyaiuallesontrolabhy elemsptserandds mefulaied by ibe padcaingedgrice. Having

aspherical surfac 10, are used for sensipg, ri i i

bel ow. [0103Tﬁﬁﬂe§?$ﬁﬁP¥ﬁﬁe6@&88%%%?36% 5?915%§?§8%%5P |o%% a%%%?%?ﬁ?gﬂ%éns
530, as depigbRetidysyshen BROShichTogReDthewhmromO targbtepotiiorsC dielensubkirate W.

el ectromagneti'c radiati on (used for alignnent) passes through a hole in
concave aspherical surface 510, through convex spherical surface 520, and
is focused by I ens 530 onto wafer 490. The first beamis then reflected off
waf er 490 and passes through the alignnment branch to first CCD 454 (not
shown, see FIG 4) as described above. [0109] For sensi ng purposes, wafer
490 is positioned farther fromlens 530, as depicted by the solid inage of
waf er 490. The second beam of el ectromagnetic radiation (used for sensing)
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wi th an enbodi nent of the present invention includes a convex spheri cal
surface and a concave aspherical surface positioned to receive

el ectromagnetic radi ati on fromthe convex spherical surface. The convex
aspheric surface is designed according to the follow ng aspheric equation
wherein: r2 = x2 ty2 ; c is the curvatu2e at the pole of the surface; Kis
the conic constant; and A through J are the 4th through 20th order

def or mat i on Weéthrtle aill 0T 1] fsitioneaP'W arMkRlonesidIFER S, foktcdRRimaiPdedce,
cat adi optri Cl og}ei cal, system.as illustrated for exanple in FIGS. 6-9 and 12.
In each of tHE*FBchePaciepseaser omthe ldks), thegsubsigate 2able VIl east be) moved

el ect ronmagney.| iad | i ks ) [ S 0 I ot
(such a5 apostet e Shed oM LMl Bl depio ST MORHE oF Rl Palagih
enbodi ment dmwambB. u¥beref uredsthat gositonmiter meamnidr elec Brreybd didiedtial Rason@dllable

extrenely w e D rreriﬁa!l%?gperturea%such ag a nunerical agerture of

appr oxi mat el By P £oEECt greuratglyjthe pstion of the;pajierning davige PRowith

200 nanonet &eg;e&ﬁom&ﬁhtﬂamﬁ%ﬁh@,-e.gtﬁ%lﬁf@lg%c&{! FIGS. 6-9 and 12, each
enbodi ment i ncludes a correcting plate before a concave aspherical surface.

Each oflM¢fdse entbwinpskemsplesmdesnerntioddhd subsipate tabde 3N T isrehlimed Wil the]did 6f a6

depicts an |l catadioptric optical, system 60Q in accordance wi.th an
erbodi ment. b Rihsr 0Bl Whbt pfBloGRe BE feor el Bodls (G Spthpmnd,
optical systwiith are2dot-expliGitlyn@dpudas A FIOr [.8Ghi A8tHRl 3kemME0a shof REBKE SAke
convex mrror 616, and an aspherical concave mrror 612. [0114] Correcting
pl ate 610 c&AMIALbEMEesgnty e fingilar syssem camalgn bt iused tadioaitioo the arrayorfrindividuaBy or
nore opti cal i uch ). As _shown in FIG_ 6, .correctin

pl at e 210 i ﬁgﬁtg@[e%%an%%&e}c%ﬁ caﬁiﬁ%ﬂgcgesfpgﬁeﬁlaéedspﬁéa}i ] s§.gn

[ 0115] Spher iattatnatiesiy/edditivnaligr be ooy, i $RSe ahs phgEdtCabler ahd/6 tthy earfilr hace
s6 that is positioned to Lilcect the el ectromagnetic_ radiation conditioned
by correcti lb‘IdH"l‘lgV 8‘1’@?‘31@ eleBeaignean Bavicag i fatedoppsitingdia provide Bie required
correctin : S . cave mrror
612 and |%p?§gﬁe§e @%Qesrg er ?@glltl Ql(rl:gﬁv e‘ihrﬁ'B ?%%lr %él%%iﬂggﬁgl ﬁ%%?é‘(%gﬁ\%/hexap%mlﬁ T
616 can be posi furtheedltematies wdridicedn, sunper isplicablaiin thé MantRAGPACH gt Fanehf er

(15" 1 2Per v eoPlt hebobirtae ot et v A RleovBcbar Spise PS i be Fckd
reflective gpd fiRCRHSEte B8 PALHL %n%g?&?%ﬁw%é E‘Qé}ﬁ% tﬁ@émrsfrgtgﬁakﬁg(\:NT. For

aspherical reflective surface s7 t cuses this electromagneti
radi ati on omxamplesthesubptrateitabie 3% T iche bevaforidedFoith & xystgrh dor sammexathelsabstaye 611

[0117] An exSHAVE DT BCEh e B s TRy« he opt | cal surfaces depi ct ed

In thejopsgpdi meniasOhotrhGn HG. 9, SRS bR b rRBADY Breahd Girebted to the patterning
device PD by means of a beam splitter BS configured such that the radiation is initially
reflected by the beam splitter and directed to the patterning device PD. It should be
realized that the beam of radiation B can also be directed at the patterning device without
the use of a beam splitter. The beam of radiation can be directed at the patterning device
at an angle between 0 and 90°, between 5 and 85°, between 15 and 75°, between 25 and
65°, or between 35 and 55° (the embodiment shown in FIG. 1 is at a 90° angle). The
patterning device PD modulates the beam of radiation B and reflects it back to the beam
splitter BS which transmits the modulated beam to the projection system PS. It will be
appreciated, however, that alternative arrangements can be used to direct the beam of
radiation B to the patterning device PD and subsequently to the projection system PS. In
particular, an arrangement such as is shown in FIG. 1 cannot be required if a transmission

patterning device is used.



Surface type Radius Thickness Gass sl infinity 25.000 s2 Asphere 1
-88.929 1.800 S102 s3 -92.223 103.344 s4 infinity 0.000 s6

- 13-
[0067] The depicted apparatus can be used in several modes:
[0068] 1. In step mode, the array of individually controllable elements and the substrate

are kept essentially stationary, while an entire pattern imparted to the radiation beam is
projected onto a target portion C at one go (i.e., a single static exposure). The substrate
table WT is then shifted in the X and/or Y direction so that a different target portion C
can be exposed. In step mode, the maximum size of the exposure field limits the size of
the target portion C imaged in a single static exposure.

[0069] 2. In scan mode, the array of individually controllable elements and the substrate
are scanned synchronously while a pattern imparted to the radiation beam is projected
onto a target portion C (i.c., a single dynamic exposure). The velocity and direction of
the substrate relative to the array of individually controllable elements can be determined
by the (de-) magnification and image reversal characteristics of the projection system PS.
In scan mode, the maximum size of the exposure field limits the width (in the non-
scanning direction) of the target portion in a single dynamic exposure, whereas the length
of the scanning motion determines the height (in the scanning direction) of the target
portion.

[0070] 3. In pulse mode, the array of individually controllable elements is kept
essentially stationary and the entire pattern is projected onto a target portion C of the
substrate W using a pulsed radiation source. The substrate table WT is moved with an
essentially constant speed such that the beam B is caused to scan a line across the
substrate W. The pattern on the array of individually controllable elements is updated as
required between pulses of the radiation system and the pulses are timed such that
successive target portions C are exposed at the required locations on the substrate W.
Consequently, the beam B can scan across the substrate W to expose the complete pattern
for a strip of the substrate. The process is repeated until the complete substrate W has
been exposed line by line.

[0071] 4. Continuous scan mode is essentially the same as pulse mode except that the
substrate W is scanned relative to the modulated beam of radiation B at a substantially
constant speed and the pattern on the array of individually controllable elements is
updated as the beam B scans across the substrate W and exposes it. A substantially
constant radiation source or a pulsed radiation source, synchronized to the updating of the

pattern on the array of individually controllable elements, can be used.
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[0072] 5. In pixel grid imaging mode, which can be performed using the lithographic
apparatus of FIG. 2, the pattern formed on substrate W is realized by subsequent exposure
of spots formed by a spot generator that are directed onto patterning device PD. The
exposed spots have substantially the same shape. On substrate W the spots are printed in
substantially a grid. In one example, the spot size is larger than a pitch of a printed pixel
grid, but much smaller than the exposure spot grid. By varying intensity of the spots
printed, a pattern is realized. In between the exposure flashes the intensity distribution
over the spots is varied.

[0073] Combinations and/or variations on the above described modes of use or entirely
different modes of use can also be employed.

[0074)] FIG. 13 depicts a lithographic apparatus according to another embodiment of the
present invention. Similar to FIGS. 1 and 2 above, the apparatus of FIG. 13 comprises an
illumination system IL, a support structure MT, a substrate table WT, and a projection
system.

[0075] The illumination system IL is configured to condition a radiation beam B (e.g., a
beam of UV radiation as provided by a mercury arc lamp, or a beam of DUV radiation
generated by a KrF excimer laser or an ArF excimer laser).

[0076] The support structure (e.g., a mask table) MT is constructed to support a
patterning device (e.g., a mask) MA having a mask pattérn MP and connected to a first
positioner PM configured to accurately position the patterning device in accordance with
certain parameters.

[0077] The substrate table (c.g., a wafer table) WT is constructed to hold a substrate (e.g.,
a resist coated wafer) W and connected to a second positioner PW configured to
accurately position the substrate in accordance with certain parameters.

[0078] The projection system (e.g., a refractive projection lens system) PS configured to
project a pattern imparted to the radiation beam B by the pattern MP of the patterning
device MA onto a target portion C (e.g., comprising one or more dies) of the substrate W.

[0079] The illumination system IL may include various types of optical components, such
as refractive, reflective, and diffractive types of optical components, or any combination
thereof, for directing, shaping, or controlling radiation.

[0080] The support structure MT supports, i.e., bears the weight of, the patterning device
MA. It holds the patterning device MA in a manner that depends on the orientation of the
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patterning device MA, the design of the lithographic apparatus, and other conditions, such
as for example whether or not the patterning device MA is held in a vacuum environment.
The support structure MT may be a frame or a table, for example, which may be fixed or
movable as required. The support structure MT may ensure that the patterning device
MA is at a desired position, for example with respect to the projection system PA. Any
use of the terms “reticle” or “mask” herein may be considered synonymous with the more
general term “patterning device.”

[0081] As noted above, the term “patterning device” used herein should be broadly
interpreted as referring to any device that can be used to impart a radiation beam B with a
pattern in its cross-section such as to create a pattern in a target portion C of the substrate
W. It should be noted that the pattern imparted to the radiation beam B may not exactly
correspond to the desired pattern in the target portion C of the substrate W, for example if
the pattern MP includes phase-shifting features or so called assist features. Generally, the
pattern imparted to the radiation beam B will correspond to a particular functional layer in
a device being created in the target portion C, such as an integrated circuit.

[0082] Referring to FIG. 13, the illumination system IL receives a radiation beam from a
radiation source SO, such as for example a mercury-arc lamp for providing g-line or i-line
UV radiation, or an excimer laser for providing DUV radiation of a wavelength of less
than about 270 nm, such as for example 248, 193, 1137, and 126 nm. The source SO and
the lithographic apparatus may be separate entities, for example when the source SO is an
excimer laser. In such cases, the radiation beam B is passed from the source SO to the
illumination system IL with the aid of a beam delivery system BD comprising, for
example, suitable directing mirrors and/or a beam expander. In other cases the source SO
may be an integral part of the lithographic apparatus, for example when the source SO is
a mercury lamp. The source SO and the illumination system IL, together with the beam
delivery system BD if required, may be referred to as a radiation system.

[0083] The illumination system IL may comprise an adjuster AD for adjusting the
angular intensity distribution of the radiation beam B at mask level. Generally, at least the
outer and/or inner radial extent (commonly referred to as c-outer and o-inner,
respectively) of the intensity distribution in a pupil IPU of the illumination system IL can
be adjusted. In addition, the illumination system IL may comprise various other

components, such as an integrator IN and a condenser CO. The illumination system IL
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Table 2 [01191FIG 7 depicts an exanple catadioptric optical system 700 in
accordance wi th anot her enbodi ment of the present invention. As shown in
FIG 7, catadioptric optical system 700 includes a correcting plate 710, a
spherical convex mirror 716, and a nondbi-t hic gl ass el ement 712.
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not explicitly depicted in FIG. 13) can be used to accurately position the mask MA with
respect to the path of the radiation beam B, e.g., after mechanical retrieval from a mask
library, or during a scan. In general, movement of the mask table MT may be realized
with the aid of a long-stroke module (coarse positioning) and a short-stroke module (fine
positioning), which form part of the first positioner PM. Similarly, movement of the
substrate table WT may be realized using a long-stroke module and a short-stroke
module, which form part of the second positioner PW. In the case of a stepper (as
opposed to a scanner) the mask table MT may be connected to a short-stroke actuator
only, or may be fixed. Mask MA and substrate W may be aligned using mask alignment
marks M1, M2 and substrate alignment marks P1, P2. Although the substrate alignment
marks P1, P2 as illustrated occupy dedicated target portions, they may be located in
spaces between target portions (these are known as scribe-lane alignment marks).
Similarly, in situations in which more tﬁan one die is provided on the mask MA, the mask
alignment marks M1 and M2 may be located between the dies.
[0087] The depicted apparatus of FIG. 13 could be used in at least one of the following

modes;
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1.In step mode, the mask table MT and the substrate table WT are kept essentially
stationary, while an entire pattern imparted to the radiation beam is projected onto a target
portion C at one time (i.e. a single static exposure). The substrate table WT is then shifted
in the X and/or Y direction so that a different target portion C can be exposed. In step
mode, the maximum size of the exposure field limits the size of the target portion C
imaged in a single static exposure.

2.In scan mode, the mask table MT and the substrate table WT are scanned
synchronously while a pattern imparted to the radiation beam is projected onto a target
portion C (i.e. a single dynamic exposure). The velocity and direction of the substrate
table WT relative to the mask table MT may be determined by the (de-)magnification and
image reversal characteristics of the projection system PS. In scan mode, the maximum
size of the exposure field limits the width (in the non-scanning direction) of the target
portion in a single dynamic exposurc, whereas the length of the scanning motion
determines the height (in the scanning direction) of the target portion.

3.In another mode, the mask table MT is kept cssentially stationary holding a
programmable patterning device, and the substrate table WT is moved or scanned while a
pattern imparted to the radiation beam is projected onto a target portion C. In this mode,
generally a pulsed radiation source is employed and the programmable patterning device
is updated as required after each movement of the substrate table WT or in between
successive radiation pulses during a scan. This mode of operation can be readily applied
to maskless lithography that utilizes programmable patterning device, such as a
programmable mirror array of a type as referred to above.

Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.

In lithography, a pattern is exposed on a layer of resist on the substrate. The resist
is then developed. Subsequently, additional processing steps are performed on the
substrate. The effect of these subsequent processing steps on each portion of the substrate
depends on the exposure of the resist. In particular, the processes are tuned such that
portions of the substrate that receive a radiation dosc above a given dose threshold
respond differently to portions of the substrate that receive a radiation dose below the
dose threshold. For example, in an etching process, areas of the substrate that receive a

radiation dose above the threshold are protected from etching by a layer of developed
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resist. However, in the post-exposure development, the portions of the resist that receive
a radiation dose below the threshold are removed and therefore those areas are not
protected from etching. Accordingly, a desired pattern can be etched. In particular, the
individually controllable elements in the patterning device are set such that the radiation
that is transmitted to an area on the substrate within a pattern feature is at a sufficiently

high intensity that the area receives a dose of radiation above the dose threshold during

-the exposure. The remaining areas on the substrate receive a radiation dose below the

dose threshold by setting the corresponding individually controllable elements to provide
a Zero or significantly lower radiation intensity.

In practice, the radiation dose at the edges of a pattern feature does not abruptly
change from a given maximum dose to zero dose even if the individually controliable
elements are set to provide the maximum radiation intensity on one side of the feature
boundary and the minimum radiation intensity on the other side. Instead, due to
diffractive effects, the Ievel of the radiation dose drops off across a transition zone. The
position of the boundary of the pattern feature ultimately formed by the developed resist
is determined by the position at which the received dose drops below the radiation dose
threshold. The profile of the drop-off of radiation dose across the transition zone, and
hence the precise position of the pattern feature boundary, can be controlled more
precisely by setting the individually controllable elements that provide radiation to points
on the substrate that are on or near the pattern feature boundary. These can be not only to
maximum or minimum intensity levels, but also to intensity levels between the maximum
and minimum intensity levels. This is commonly referred to as “grayscaling.”

Grayscaling provides greater control of the position of the pattern feature
boundaries than is possible in a lithography system in which the radiation intensity
provided to the substrate by a given individually controllable element can only be set to
two values (e.g., just a maximum value and a minimum value). At least 3, at least 4
radiation intensity values, at least 8 radiation intensity values, at least 16 radiation
intensity values, at least 32 radiation intensity values, at least 64 radiation intensity
values, at least 128 radiation intensity values, or at least 256 different radiation intensity
values can be projected onto the substrate.

It should be appreciated that grayscaling can be used for additional or alternative

purposes to that described above. For example, the processing of the substrate after the
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[0125] FIG 8 depicts an exanple catadi-dgt+ic optical system 800 in
accordance with a further enbodi nent of the present invention. As shown in
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spherical convex mrror 816, an aspherical concave nminor 812, and a el enent

820. the substrate, dependent on received radiation dose level. For example, a portion of the
substrate receiving a radiation dose below a first threshold responds in a first manner; a
portion of the substrate receiving a radiation dose above the first threshold but below a
second threshold responds in a second manner; and a portion of the substrate receiving a
radiation dose above the second threshold responds in a third manner. Accordingly,
grayscaling can be used to provide a radiation dose profile across the substrate having
more than two desired dose levels. The radiation dose profile can have at least 2 desired
dose levels, at least 3 desired radiation dose levels, at least 4 desired radiation dose levels,
at least 6 desired radiation dose levels or at least 8 desired radiation dose levels.

[0096] It should further be appreciated that the radiation dose profile can be controlled by
methods other than by merely controlling the intensity of the radiation received at each
point on the substrate, as described above. For example, the radiation dose received by
each point on the substrate can altematively or additionally be controlled by controlling
the duration of the exposure of the point. As a further example, each point on the
substrate can potentially receive radiation in a plurality of successive exposures. The
radiation dose received by each point can, therefore, be alternatively or additionally
controlled by exposing the point using a selected subset of the plurality of successive
€Xposures.

[0097} FIG. 2 depicts an arrangement of the apparatus according to the present invention
that can be used, e.g., in the manufacture of flat panel displays. Components
corresponding to those shown in FIG. 1 are depicted with the same reference numerals.
Also, the above descriptions of the various embodiments, e.g., the various configurations
of the substrate, the contrast device, the MLA, the beam of radiation, etc., remain
applicable.

[0098] As shown in FIG. 2, the projection system PS includes a beam expander, which
comprises two lenses L1, L2. The first lens L1 is arranged to receive the modulated
radiation beam B and focus it through an aperture in an aperture stop AS. A further lens
AL can be located in the aperture. The radiation beam B then diverges and is focused by
the second lens L2 (e.g., a field lens).

[0099] The projection system PS further comprises an array of lenses MLA arranged to

receive the expanded modulated radiation B. Different portions of the modulated
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[0100] A catadioptric optical system in accordance with an embodiment of the present
invention may be used in a scatterometry system to sense or detect properties of the
surface of substrate.

[0101] FIG. 3A depicts a scatterometer by which one or more properties of the surface of
a substrate 6 may be determined. In an embodiment, the scatterometer comprises a
radiation source 2 (e.g., a broadband (white light) radiation source), which directs
radiation onto a substrate 6. The reflected radiation is passed to a sensor 4 (e.g., a
spectrometer detector) which measures a spectrum 10 (intensity as a function of
wavelength) of the specular reflected radiation. From this data, the structure or profile
giving rise to the detected spectrum may be reconstructed, e.g., by Rigorous Coupled
Wave Analysis and non-linear regression or by comparison with a library of simulated
spectra, as shown in FIGS. 3B and 3C. In general, for the reconstruction, the general
form of the structure is known and some parameters are assumed from knowledge of the
process by which the structure was made, leaving only a few parameters of the structure
to be determined from the scatterometry data.

[0102] The scatterometer may be a normal-incidence scatterometer or an oblique-
incidence scatterometer. Variants of scatterometry may also be used in which the
reflection is measured at a range of angles of a single wavelength, rather than the
reflection at a single angle of a range of wavelengths.

[0103] FIG. 4 depicts a scatterometry system 400 that can sense one or more properties of

the surface of wafer 490. System 400 has an alignment branch and a sensing branch that

loptric optical system 800 is achronmatic.
[0130] An exanpl e prescription for designing the optical surfaces depicted
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both share a catadioptric optical system 480. To operate properly, the alignment and
sensing branches have very different optical specifications, because they use different
illumination sources and perform different functions. Importantly, catadioptric optical
system 480 functions properly within the optical specifications of both the alignment
branch and the sensing branch. In the embodiment depicted in FIG. 4, catadioptric
optical system 480 includes a optical element 434 and an objective system 470. The
alignment branch, sensing branch, and catadioptric optical system 480 are described in
more detail below.

The alignment branch is used to align system 400 with features on a wafer 490.
The alignment branch includes an illumination source 412 (such as a wide band light
emitting diode (LED)) that provides a first beam of electromagnetic radiation. In an
cxample, the first beam has a spectral range between 450 nanometers and 600
nanometers. The first beam passes through optical clements 430 and 432 and then
impinges on an optical element 434. The first beam is then directed through objective
470 and focused on a portion of wafer 490. The first beam is then reflected back through
objective 470 and optical element 434. A beam splitter 436 directs the first beam through
a focusing lens 450 and beam splitter 452, and then onto a first sensor 454 (e.g., a charge
coupled device (CCD)). The image of wafer 490, provided by sensor 454, is used to align
system 400 with specific portions of wafer 490.

The sensing branch is used to sense or detect the features on the aligned portions
of wafer 490 according to known scatterometry techniques, such as the scatterometry
techniques described above. The sensing branch includes an illumination source 410
(such as a tungsten illumination source having an interference filter) that provides a
second beam of electromagnetic radiation. In an example, the second beam has a
bandwidth of approximately 10 nanometers and falls within the spectral range of
approximately 300 nanometers to 800 nanometers. The second beam passes through
optical elements 420, 422, 424, 430 and lens 432. Optical element 434 then directs the
second beam through objective system 470 and onto an aligned portion of wafer 490.
The second beam is reflected and/or refracted by the aligned portion of wafer 490 and
directed back through objective system 470 and optical element 434. The second beam
also passes through beam splitter 436, lens 440, aperture 442, and Iens 444, and then

impinges on a second detector 446 (e.g., second CCD). Second detector 446 provides an
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image of the aligned portion of wafer 490 that is used to detect features on the surface of

wafer 490.

[0106} As mentioned above, catadioptric optical system 480 includes optical element 434
and objective system 470. Catadioptric optical system 480 is achromatic in a wide
spectral range (such as about 200 nanometers to 1000 nanometers). When used in system
400, catadioptric optical system 480 has low obscuration in the sensing branch (such as
approximately 14% by radius) and substantially no obscuration in the alignment branch.
It has smaller dimensions and weight, and only a few surfaces thereby reducing scatter
and eliminating ghost images.

[0107] FIG. 5 depicts details of objective gystem 470 according to one embodiment. As
illustrated in FIG. 5, objective system 470 includes a convex spherical surface 520, a
concave aspherical surface 510, and a lens 530. Spherical surface 520 is conditioned
(e.g., coated) to cause it to have (i) refractive properties for the electromagnetic radiation
from the alignment branch and (ii} reflective properties for the electromagnetic radiation
from the sensing branch. That is, the refractive properties of convex spherical surface
520 and lens 530 are used for alignment, while the reflective properties of convex
spherical surface 520 and concave aspherical surface 510 are used for sensing, as
described in more detail below.

[0108] For alignment purposes, wafer 490 is positioned closer to lens 530, as depicted by
the ghost image of wafer 490. The first beam of electromagnetic radiation (used for
alignment) passes through a hole in concave aspherical surface 510, through convex
spherical surface 520, and is focused by lens 530 onto wafer 490. The first beam is then
reflected off wafer 490 and passes through the alignment branch to first CCD 454 (not
shown, see FIG. 4) as described above.

[0109] For sensing purposes, wafer 490 is positioned farther from lens 530, as depicted
by the solid image of wafer 490. The second beam of electromagnetic radiation (used for
sensing) passes through the hole in concave aspherical surface 510, reflects off of convex
spherical surface 520, and impinges on a reflective portion of concave aspherical surface
510. The reflective portion of concave aspherical surface 510 focuses the second beam
onto wafer 490. For example, three example rays 511, 513, and 515 are shown reflecting
off of convex surface 520 and concave aspherical surface 510 and being focused onto

wafer 490. Importantly, when used for sensing, objective system 470 can have a high
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[0132]FIG 9 depicts an illum nation node of catadioptric optical system
900 in accordance with a further enbodi nent of the present invention.
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to reflect off of plane reflective surface,930. The electro net.i c
radi ation th‘é’l‘?"?’éﬂ%ée@tcél Syrfacss Jgg?) FERY K SPPERT SWHRSFelSs ?Sf%]fgﬂagﬁ?{d"@ag’sg]se

t hr ough sph%hg@{ngaggﬁ&pctéq\ﬁgﬁ&prface 920, and is focused on wafer 910.
I nportantly, the - 29 - electronmagnetic radiation traverses spheri cal

refractive surface 920 i %( _di recdfon tk}re}} 4L Substantially perpendicul ar
to surface 920. As a resdM’7 ¢ [_a(g_’_EFirI‘zl ¢’optical system 900 is achyegetic.
[ 0134] As nentioned above, cata tric optj cal16 syst em 900 can be used to
test or sense features of wafGt+D10+Et 1+ Fier @Ensiingrfrode, cat adioptric
optical system 900 works as a high nunerical aperture Fourier objective,
wherein el ect t?fﬁlggneti c radiation propagates in the opposite direction of
that shown in FI G229, Specifically, electromagnetic radiation will diffract
off the surface of wafer 910, traverse through catadioptric optical system
900, and i npi nge wipade eurEdirel a0 dat pede oftha splfaee conj ugate with the back
focal plane of cafadioptric optical, system(i.e., the pupil plane). Light
spots | ocated at P?@EF%WPCB‘&?Q?'R%&% t he CCD correspond to beans of

el ectromagnetic rﬁ%@ﬁ%lpﬁar@itﬂé E@GhR@deR b0 d & 'deRimANGA R8mkr oM the surface
of wafer 910. Using known scatteronefry techni ques, these |ight spots can
be used0iR2]anal yZEhefeatasesralf conaddimeds (fof slagigniag aClatadigpricepptzop) system as

illustrated for example in FIGS. 6-9 and 12. In each of the embodiments depicted in

FIGS. 6-9 and 12, collimated electromagnetic radiation from an illuminator is focused
onto a small spot (such as approximately 10 microns) on a substrate (e.g., a wafer). Each
embodiment can be used for scatterometry, and each embodiment has an extremely wide
numerical aperture (such as a numerical aperture of approximately 0.95) and operates in a
wide spectral range (such as about 200 nanometers to 1000 nanometers). As shown in
FIGS. 6-9 and 12, each embodiment includes a correcting plate before a concave
aspherical surface. Each of these embodiments is described in more detail below.

[0113] FIG. 6 depicts an example catadioptric optical system 600 in accordance with an

embodiment of the present invention. As shown in FIG. 6, catadioptric optical system



[0135] For exanple, FIG 10 depicts three diffracted beans 913, 915, and
917 (corresponding to diffiacted rays at about 0, 30, and 72 degrees from
the surface of wafer 910) propagating through catadioptric optical system
900 in the sensing node. The diffracted beans create a Fourier pattern in
the pupil plane of catadioptric optical24system 900. [0136] FIG 11 depicts
an enbodi nent of optical elenent 960. In this enbodi nent, optical el enent
960 i ncl udess0a inefudech icofredtitpoplarus®, klgheficd] @Avasphesi 6196 andf dre 8dphefical
surface 1120. The reflection coating on hypotenuse 1130 i ncl udes a hol e
1170 to traﬁ?ﬁ?¥@ép%%195%agnetlc radi ation refracted fromthe surface of

waf er nd to i

illum ﬁgﬁ@n sour(?:(g;éggg% p%ggé om%lgﬁlﬁﬁkﬁgg&g@gggﬁ%é%%ﬁ& ﬁtdﬁﬁ% ti%%%alog? S
t wo exanplecnammekﬁmEMaﬂmmﬁﬁ@@;@eﬂie&tmng)OABsheWhenﬁﬂ@e6hynﬁmang$mnaﬁ$0
and aspherical, reflective s 20, . and sing through hole 1170.
[0137] Ref eHP‘f‘H‘é“Sé‘&é‘FW‘%allﬁl ategs wls‘wﬁ?ﬁl?ﬁ&?w Sference to FIG 11,

af ocal [hersy 9r oUspRéQed fbffve:xdniddds B E&ﬁfyﬁ&s r@ﬁﬂlﬁﬁ%&l%ﬂé&fv@%ﬁ%&é 6 tﬁe[t%
used to create an internmediate image of Illumnation source 990 on

hypot enuse @bsitipnédtd r@leeh’élntel@ﬁwn(agneummdiauoatqooduhonedqbj/ e:oﬂr&étﬁg. plate 610

Aspheri cal rror_ 940 e mr 930, and..ref loe s rical surface
020 ol | act e maRacie P on Sphd fbn T, eitiubg plREH il SR ife SR
shown in Fl G ashhefi6d)26hida68 Imiffor 6 I ardithpinted 68 sphapiRhl B30ex ANFLr Gkl aphéN&
spherical surface 920 can be made froma nonolithic glass optical elenent
912. - 30 -CoORyRFININditd6 ghmbe pesiioned onanecharical SIppastann bis Withbnesreast ok Walsm a
gl ass (such at transmts in a spectral range from
approxinateﬁﬁﬁfg%ﬁﬁgﬁ %ﬁgxﬁ qﬁébﬁpnanoneters [ 0139] For exanple, FIG 15

depi ct §0m16p! ane \As@heﬁn‘al 8orRavé miorod 1 2nieo@ dstthé elegir@fisgrefit raidtion reflediéd Byt 2
conprising pla rror 930 and refractive spherical surface 920. In this
exanpl e, pl éﬁléeﬂrﬁain redlectivsosu Biep B9 -s SSPASTIGHH RRNGIEC WIFRT PEF ForapTises asmweherical
surface 920 .posi; gﬁ]@& S
optical el ement i |sec§?|tfé;ir¥tefg ?%&%%ﬁg%&ﬁﬁa%%l@fﬁﬁd?\% F(gﬁoals%)cé&%% %n&\}/g er
910 to be covafantFarexample, ph @nanplerrap61 D3lcated byedspheridaV ecflepties surédce SUri ace
920. [0140] t.i c I. gh‘g nt 960 can be fabricated fromthe same nmaterial as
nmonol i thic é’i‘ 912 and assenbled by optically contacting it with
monol i {19 9' ass A R Ieg scrfa?fohcﬁzlr &ds tl%SQ) ﬁ@zﬂ Qﬁfafcééjrde i%{e%dlﬂa§
nmonol i thic gl ass el enen as assenbly of 1 g , conprising a |rst
el enent 115@nﬂundmwnseﬁbﬁﬁij6eke¢m°aﬁhbdl6®1ngsbk¢dpl ct ed |n FI G 11. In one
exanple, if optical elenment 960 is assenbled fromfirst elenent 1150 and
second el enent 1160, it can conpensate for aberration due to fabrication
defects (by noving firdi lgpeéd 1150 refative tp secord el enent 1160).

[0141] An exanpl e prescrli ptiiign for ideghgni Mgickiss Pakbcall surfaces of
catadi optric_optical sy§ygm 900 T3 5T, FTOTTHs R pw I fable 7. Surface

type Radi us Thi ckness Gsﬁ“%sﬁhere'i' FIglIoby 3757 300 | <107

s3 -92.223 103.344
sd infinity 0.600
s6 4.281 -37.510 | mirror
s7 | Asphere2 | 49277 52.495 | mirror
s8 infinity 12.587

Table 1



s2 -3.500 32.587 5102 s3 Asphere 1 -48.765 -35.087 5102 mrror s4
Infinity 35.087 5102 minor s5 Infinity 5. 000 5102 s6 Infmty 2.500 5102

=25 -
[0118] Aspheric surfaces s2 and s6 of the embodiment depicted in FIG. 6 are defined by
Eq. 1 in accordance with the parameters set forth below in Table 2.
Asphere 1 | Asphere 2
Y Radius -§8.9295 4927722
Conic Constant (K) -345.515 -0.04662
4th Order Coefficient (A) -2.87E-05 | -1.69E-09
6th Order Coefficient (B) 1.02E-06 7.50E-12
8th Order Coefficient (C) -1.13E-07 | -1.12E-14
10th Order Coefficient (D) 8.26E-10 | 7.63E-18
12th Order Coefficient (E) 0| -1.35E-21
14th Order Coefficient (F) 0| -1.06E-24
16th Order Coefficient (G) 0| 5.91E-28
18th Order Coefficient (H) 0| -8.79E-32
20th Order Coefficient (J) 0 0
Table 2
[0119] FIG. 7 depicts an example catadioptric optical system 700 in accordance with

another embodiment of the present invention. As shown in FIG. 7, catadioptric optical
system 700 includes a correcting plate 710, a spherical convex mirror 716, and a
monolithic glass element 712.
[0120] Correcting plate 710 conditions a beam of electromagnetic radiation to correct one
or more optical aberrations (such as coma). Correcting plate 710 includes an aspherical
surface s2.
[0121] Spherical convex mirror 716 comprises a spherical reflective surface s4 that is
positioned to reflect the electromagnetic radiation conditioned by correcting plate 710. In
the embodiment depicted in FIG. 7, spherical convex mirror 716 is positioned on a
surface s6 of monolithic glass element 712. As illustrated in FIG. 14, aspheric surface s5
of monolithic glass element 712 has a reflective portion 1401 and a transparent portion
1403. Transparent portion 1403 is centered around the optical axis and has a diameter
that is based the width of the input beam. As a result, surface s5 passes a beam coming
from correcting plate 710, but reflects rays coming from spherical mirror 716. That is,
electromagnetic radiation conditioned by correcting plate 710 passes through transparent
portion 1403 of surface s5 in monolithic glass element 712 and impinges on spherical
convex mirror 716.
[0122] Monolithic glass element 712 includes surfaces s4, s5 and s6. Surface s5 of

monolithic glass element 712 receives the electromagnetic radiation reflected by spherical



57 Asphere 2 -5.000 -2.500 5102 mrror s8 Infinity 2.500 5102 mrror s9
Infinity 12.756 sl O -10.544 2.000 BAL35Y sl 1 43.784 0.100
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convex mirror 716 (surface s4) and reflects this electromagnetic radiation toward a target
portion of the wafer. Before impinging on the target portion of the wafer, the
electromagnetic radiation traverses surface s6 of monolithic glass element. Importantly,
all rays reflecting off of aspheric reflective surface s5 exit monolithic glass element 712
perpendicular to surface s6, and are therefore not refracted by surface s6. As a result,
catadioptric optical system 700 is achromatic,

[0123] An example prescription for designing the optical surfaces' depicted in the
embodiment of FIG. 7 is set forth below in Table 3.

Surface type | Radius Thickness | Glass
sl Infinity 3| S102
52 | Asphere 1 48.431 3.000
s3 | Asphere 2 49.456 36.812 | SIO2
sd 4.285 -36.812 | SIO2 mirror
s5 | Asphere 2 49.456 38.812 | SIO2 mirror
$6 28.876 28.906

Table 3
[0124] Aspheric surfaces s2 and s5 of the embodiment depicted in FIG. 7 are defined by

Eq. 1 in accordance with the parameters set forth below in Table 4.

Asphere 1 | Asphere 2
Y Radius 48.43064 49.45648
Conic Constant {K) 0 -0.05983
4th Order Coefficient (A) -0.00013 1.22E-09
6th Order Coefficient (B) -3.90E-07 -3.02E-13
8th Order Coefticient (C) 1.88E-07 7.79E-16
10th Order Coefficient (D) 4.24E-09 -7.70E-19
12th Order Coefficient (E) 0 4.54E-22
14th Order Cocfficient (F) 0 -1.46E-25
16th Order Coefficient (G) 0 2.24E-29
18th Order Coefficient (II) 0 -9.16E-34
20th Order Coefficient (J) 0 0
Table 4
[0125] FIG. 8 depicts an example catadioptric optical system 800 in accordance with a

further embodiment of the present invention. As shown in FIG. 8, catadioptric optical
system 800 includes a correcting plate 810, a spherical convex mirror 816, an aspherical

concave mirror 812, and a element 820.



s12 Asphere 3 137.905 5.000 CAF2 s13 -10.967 0.973 s14 -9.745 5.000 5102
s15 -9.210 0.101 s16 Infinity 6.02047
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[0126] Correcting plate 810 conditions a beam of electromagnetic radiation to correct one
or more optical aberrations (such as coma). Correcting plate 810 includes an aspherical
surface s1 and a surface s2. As illustrated in FIG. 8, correcting plate 810 is positioned in
a hole 814 of aspherical concave mirror 812.

[0127] Spherical convex mirror 816 comprises a spherical reflective surface s3 that is
positioned to reflect the electromagnetic radiation conditioned by correcting plate 810. In
the embodiment depicted in FIG. 8, spherical convex mirror 816 is positioned on a
surface s5 of element 820. Electromagnetic radiation conditioned by correcting plate 810
impinges on spherical convex mirror §16.

[0128] Aspherical concave mirror 812 includes aspheric reflective surface s4. Aspherical
reflective surface s4 of aspherical concave mirror 812 receives the electromagnetic
radiation reflected by spherical convex mirror 816 and reflects this electromagnetic
radiation toward element 820 (e.g., a meniscus).

[6129] Element 820 includes a first surface s5 and a second surface s6. The
electromagnetic radiation reflected by aspherical concave mirror 812 passes through
element 820 perpendicular to both first surface s5 and second surface s6, and is therefore
not refracted at either surface of element 820. As a result, catadioptric optical system 800
is achromatic.

[0130] An example prescription for designing the optical surfaces depicted in the
embodiment of FIG. 8 is set forth below in Table 5.

Surface

type Radius Thickness | Glass
sl | Aspherel 35.0201 | 3.423206 | S1I02
s2 37.66516 38
s3 3.938284 | -37.0071 { mirror
s4 | Asphere2 | 49.08037 | 39.65516 | mirror
s5 27.36549 | 5.057223 | S102
6 22.30041 | 21.53205

Table 5
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bel ow

137.9052 Coni c Constant (K)

[ 0142] Aspheric surfaces s3 and s7, and s12 of catadioptric optical
system 900 are defined by Eq. 1 in accordance with the paraneters set forth

in Tabl e 8.

Asphere 1 Asphere 2 Asphere 3 Y Radius -48.7652 -5
-0.12342 -0. 35269 -2E+07 4th Order

Coef fi ci ent

(A) 0 -0.00015 -0.00176 6th Order Coef-fi8cient (B) 0 4.95E-05 -0.00543 8th

O der

Coefficient (O
[0131]

Eq. 1 in accordance with the parameters set forth below in Table 6.

Aspheric surfaces sl and s4 of the embodiment depicted in FIG. 8 are defined by

Asphere 1 Asphere 2
Y Radius 35.0201 49.08037
Conic Constant (K) 0 -0.05525
4th Order Coefficient (A) -0.0003 1.70E-09
6th Order Coefficient (B) 3.15E-05 | -4.19E-13
8th Order Coefficient (C) -1.10E-06 2. 77E-16
10th Order Coefficient (D) 0| -4.10E-20
12th Order Coefficient (E) 0 0
14th Order Coefficient (F) 0 0
16th Order Coefficient (G) 0 0
18th Order Coefficient (I1) 0 0
20th Order Coefficient (J) 0 0

Table 6
[0132] FIG. 9 depicts an illumination mode of catadioptric optical system 900 in
accordance with a further embodiment of the present invention. Catadioptric optical
system 900 has an illumination numerical aperture of approximately 0.95 and works in a
wide spectral range from approximately 300 nanometers to 800 nanometers. The short
wavelength range is limited by the transmission of BAL3sY glass and can be extended by
using only fused silica and calcium fluoride for lens elements. Then, an even shorter
wavelength range can be achieved. Catadioptric optical system 900 creates a small spot
(such as, for example, about a 10 micron spot) on a wafer 910 that can be used to test
wafer 910 by employing scatterometry techniques.
[0133] Catadioptric optical system 900 includes a spherical refractive surface 920, a
plane reflective surface 930, an aspherical reflective surface 940, an optical element 960,
a group of lenses 970, a subsidiary lens 980, and an illumination source 990 conjugate to
the spot on wafer 910. Illumination source 990 provides electromagnetic radiation that
propagates through subsidiary perfect lens 980 (real illuminator is not shown) and lenses
970. Lenses 970 are made of, for example, glasses BAL35Y, CaF, and SiO; that have at
least one aspheric surface. Lenses 970 function to correct aberrations (such as coma) of

Optical element 960 directs the electromagnetic
The

catadioptric optical system 900.
radiation from lenses 970 to reflect off of plane reflective surface 930.
electromagnetic radiation then reflects off of aspherical reflective surface 940, passes

through spherical refractive surface 920, and is focused on wafer 910. Importantly, the



O -8.08E-06 0.004039 10th Order Coefficient (D) O 1.25E-06 -0.00162 Table
8 [0143]FI G 12 depicts an exanple catadioptric optical system 1200 in
accordance with a further enbodi nent of the present invention. Catadioptric
optical system 1200 includes a first nonolithic glass elenment 1210, a
second monolithic glass elenent 1220, -&@% a refractive | ens group 1230
cascaded together. Monolithic glass elenent 1210 transitions from a

nuneri cal apgbdibe Akt ARIRERHN Blvels¥s ShrlRPichiOreRdbBYd fiac@PR0 ik Qlirettion that is
approximately 0.4 (fand back). Cascadi n% nonolithic glass elenents 1210 and

1220 transi tgubstentiallyrmeapandrontar daburfaser920r dhsof resplpreskeidinptiet gptivabsystesn 300 is
nuneri cal aperture. of approximately 0.02. [0144] First nonolithic glass
el enent 1210a°FlFP %{fes a refractive surface s2, an aspherical reflective
surfacqg;;&g a pl ane mptibest Abo®e,Sdatddageris dptic@n dyaem @00 aakh be @salitof @sieorsenseAs

illustrated in FIG 12, refractive surface s2 |'s positiaqgned in_the center
of plane reficardsve wafer 9k Butheggasingmode: rajediaptric optica 5ystempdld wpekied & n

t he center qgf. y I A . : : ot b

ol ass ol erenie] SIGEfbEhoh e 1Rty BBHELS Shoith AT ERACHUTRILH LR kes
surface s8. iRaht eppdsite dirustioncefshat shawd is Fl6ag.h Spedficdiy, electeorhaguetic radiation
SUrf aces. 59, Vah e att dpe ntisp o, Wit OLh ARG BELIATBh RIS dvSped
to correct 2 i - j td1 f
design f uncfglmc%)j A gﬁ% an]ig' 1?%5?9?%& ?tr(\je(ﬂ% 2%‘%%%?%@%?@?%?%&%9%3%%;# ZfO%%,ﬂ %galt © has
just one asplaediaptscopiicad syaeplite.i thel pupdfiplend)i Végiiapbtadecat@l aff differest points

lithi | | t 121 d i tral r.ar 0 1000
onomet or o) b B S eosaRat do RS SRR iR SR re] G difdtent
cat adi opt i GRRsiffh ARYHRER 42086 DI QUURInEGnbAG! seXEerbiRB®y Bchuiguds? Adse Tight

el ectromagnetic radi ati on passes through refractive | ens group 1230, and
t hen t hr oughspotsecan bamsed to analyns fratueer ofprater B Gech arCldend peerlay)f ace s8. -

32 - [Q149].The el ectromagnetd.c radiati on passi. t C r
transpg{hﬂ] portilg(ﬁ st ’I«f&@i v@dsf%mcgscé $8 ‘lhgg?ctéﬁ 3’%?@8 g@’rgﬁ’ec 47
surface s7 querrédpBRdinE tCUMBECtEY raye bt Sut V3G Whi TCelcgies Rofl e binfResifrdere
s8 focuses the electromagnetic radiation into a focused spot

of
el ect r omagnetli prepreating ihionsh opiadinpgiq wpticRirsysivEr CBRtRthe Sepsipg gapdeThe
ortion of r ect.Vv rfac - i.5 b c.gl nt
0990 Us contRHHE YSRGS FaerthBbal i BERT HlaDBP LAl BBl BRI
[ 0150] Ref raciggve surface s5 of first nonolithic glass elenent 1210 is

positioned to be concentric with the focu ed_sqo of el ect ogﬁ?ne iﬁ'
radi at i [8836]r om sddohd InBerists (i enbediwgnteph gptigal ¢ t seéﬂj cnbodiment,

adi ! hd' & BhEt D oteans
el ect 1 OMRONG) af QS O 1 ABcS SCRALLTRNRlolGG: 91 4P ane b TeflertAZRABHIAY o

nmonol it hic ass el enen ubstanti al perpendi cularly to refractive
surface s5. seehtetld(velrueflatensdatiromi hgmténuss | BlCeiotindesaginde il ¢7¢ todiranisingin

and reflects it toward aspherical reflectiyve surface.s3. eri I
reflective Sfdomagagiq 38 §%‘§1 trﬁtlEacé?CLcﬁ?% né‘ﬂrile?erﬁﬁivéﬁf?réﬁ)qgn?%‘fjof@@ﬁgted
spot on a wej ﬁfmét@@tele%ﬁgﬁb%ﬁeﬁi%lrbdﬁaﬁ&i)%rd NEhiStick2Iour®ebIRGE iskews i Fage9 s 2
is positi oneé’ to be concentric to the focused spot on the wafer, thereby

causi ng t he Rdrextmpleadii@t it depidisawioorxamplesdys 1flilt snd idhd ir¢fldeting giferedlective
el ement 121 y?)gigghs%nlt 1'3%|a|n¥ agp%re gzgqle éjcltf%rre sﬁr?ageelflﬁﬂ,(: egnldvp%ssslrlljgr h%&?gh%zdle 1170.

[0137] Referring again to FIG. 9 and continuing reference to FIG. 11, afocal lens group

970 (FIG. 9) and aspheric reflective surface 1120 are used to create an intermediate image
of illumination source 990 on the hypotenuse of optical element 960 (at the location of
hole 1170). Aspherical mirror 940, plane mirror 930, and refractive spherical surface 920
collectively create a final illumination spot on wafer 910.

[0138] As shown in FIG. 9, aspherical mirror 940, plane mirror 930, and refractive
spherical surface 920 can be made from a monolithic glass optical element 912.



[ 0151] Because el ectromagnetic radiation enters and exits first nonolithic
gl ass elenent 1210 substantially perpendicularly to refractive surfaces sb5
and s2, catadioptric optical systemis substantially achromatic - having a
spectral range of approxinmately 200 to 1000 nanoneters. - 33 - [0152] An
exanpl e prescription for designing the3dptical surfaces of catadioptric
optical system 1200 is set forth below in Table 9. Surface type Radi us
Thi ckness GMssolihic glask iopiital eRnfe0915éin beFatudtRXr@l 3 ghlsEPsusB ad\Ipheample,

~48.779 - 35'S]i88) that transmits in a spectral range from approximately 200 nanometers to 1000
nanometers.

[0139] For example, FIG. 15 depicts a plane view of a portion of monolithic glass optical
element 912 comprising plane mirror 930 and refractive spherical surface 920. In this
example, plane mirror 930 comprises an annulus with refractive spherical surface 920
positioned in the center of the annulus. Monolithic glass optical element 912 is oriented
to cause an illumination spot 901 on wafer 910 to be concentric with plane mirror 930 and
refractive spherical surface 920.

[0140] Optical element 960 can be fabricated from the same material as monolithic glass
element 912 and assembled by optically contacting it with monolithic glass element 912.
Optical element 960 can be fabricated as a monolithic glass element or as assembly of
two elements, comprising a first element 1150 and a second element 1160, as depicted in
FIG. 11. In one example, if optical element 960 is assembled from first element 1150 and
second element 1160, it can compensate for aberration due to fabrication defects (by
moving first element 1150 relative to second element 1160).

[0141] An example prescription for designing the optical surfaces of catadioptric optical

system 900 is set forth below in Table 7.

Surface type | Radius | Thickness | Glass
sl Infinity 3.5
s2 -3.500 32.587 | S102
s3 | Asphere 1 -48.765 -35.087 | SIO2 mirror
s4 Infinity 35.087 | SIO2 mirror
s5 Infinity 5.000 | SIO2
56 Infinity 2.500 | SIO2
s7 | Asphere?2 -5.000 -2.500 | SIO2 mirror
8 Infinity 2.500 ; SIO2 mirror
9 Infinity 12.756
s10 -10.544 2.000 | BAL35Y
sl 43.784 0.100
512 | Asphere 3 137.905 5.000 | CAF2
s13 -10.967 0.973
sl4 -9.745 5.000 | S1I02
sl5 -9.210 0.101
516 Infinity 6.02047

Table 7




SIC2 mrror s4
65. 113 SI 2 s8

Infinity 32.592 SIQ2 mrror s5 7.222 7.690
-67.336 -65.113 SI2 mrror s7 -8.826 65.113

s7 -8.826
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[0142] Aspheric surfaces s3 and s7, and s12 of catadioptric optical system 900 are

defined by Eq. 1 in accordance with the parameters set forth below in Table 8.

Asphere 1 Asphere 2 | Asphere 3
Y Radius -48.7652 -5 137.9052
Conic Constant (K) -0.12342 -0.35269 2E+07
4th Order Coefficient (A) 0 -0.00015 -0.00176
6th Order Coefficient (B) 0 4.95E-05 -0.00543
8th Order Coefticient (C) 0| -8.08E-06 0.004039
10th Order Coefficient (D) 0 1.25E-06 -0.00162
Table 8

[0143] FIG. 12 depicts an example catadioptric optical system 1200 in accordance with a
further embodiment of the present invention. Catadioptric optical system 1200 includes a
first monolithic glass element 1210, a second monolithic glass element 1220, and a
refractive lens group 1230 cascaded together. Monolithic glass element 1210 transitions
from a numerical aperture of approximately 0.95 to numerical aperture of approximately
0.4 (and back). Cascading monolithic glass elements 1210 and 1220 transitions from a
numerical aperture of approximately 0.95 to a numerical aperture of approximately 0.02.
[0144] First monolithic glass element 1210 includes a refractive surface s2, an aspherical
reflective surface s3, a plane reflective surface s4, and a refractive surface s5. As
illustrated in FIG. 12, refractive surface s2 is positioned in the center of plane reflective
surface s4, and refractive surface s5 is positioned in the center of aspherical reflective
surface s3.

[0145] Second monolithic glass element 1220 includes a reflective surface s7 and a
reflective surface s8. Reflective surfaces s7 and s8 each include a central, transparent
portion.

[0146] Refractive lens group 1230 includes optical surfaces s9, s10, sl1, s12, si3, and
s14, which are positioned and shaped to correct one or more aberrations (such as coma).
[0147] This optical design functions similar to the designs depicted in FIGS. 9 and 10,
but has just one aspheric surface (aspherical reflective surface s3 of first monelithic glass
clement 1210) and a wider spectral range (200 to 1000 nanometers).

[0148] For example, electromagnetic radiations enters catadioptric optical system 1200
through refractive lens group 1230. The electromagnetic radiation passes through
refractive lens group 1230, and then through the central, transparent portion of reflective

surface s8.



SIC2 mrror

s8 -67.336 1.140 s9 -32.636 10.000 S102 s 1 O 5.830 0.221

sl 7.575 10.000 CAF2 s12 -3630.481 7.832

[0149]

[0150]

j0151]
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The electromagnetic radiation passing through the central, transparent portion of
reflective surface s8 is reflected by reflective surface s7 and then received by reflective
surface s8. Reflective surface s8 focuses the electromagnetic radiation into a focused spot
of eleciromagnetic radiation that passes through the central, transparent portion of
reflective surface s7. That is, second monolithic glass element 1220 is configured to
provide a focused spot of electromagnetic radiation.

Refractive surface s5 of first monolithic glass element 1210 is positioned to be
concentric with the focused spot of electromagnetic radiation from second monolithic
glass element 1220. Consequently, electromagnetic radiation from second monolithic
glass element 1220 enters monolithic glass element 1210 substantially perpendicularly to
refractive surface s5. Reflective surface s4 receives this electromagnetic radiation and
reflects it toward aspherical reflective surface s3. Aspherical reflective surface s3 focuses
the electromagnetic radiation onto a focused spot on a wafer (not specifically shown in
FIG. 12). Refractive surface s2 is positioned to be concentric to the focused spot on the
wafer, thereby causing the electromagnetic radiation to exit first monolithic glass element
1210 substantially perpendicular to refractive surface s2.

Because electromagnetic radiation enters and exits first monolithic glass element
1210 substantially perpendicularly to refractive surfaces s5 and s2, catadioptric optical
system is substantially achromatic — having a spectral range of approximately 200 to

1000 nanometers.



s13 22.500 10.000 S102 s14 -258.120 32.865 Table 9 [0153] Aspheric

surfaces s3 of catadioptric optical system 1200 is defined by Eq. 1 in
accordance with the paraneters set forth below in Table 10. Asphere Y
Radi us -48.7787 Conic Constant (K) -0.12342 4th Order Coefficient (A)

-1.61E-09 6th Order Coefficient (B) 9.-BSE- 13

[0152] An example prescription for designing the optical surfaces of catadioptric optical

system 1200 is set forth below in Table 9.

Surface type | Radius Thickness | Glass
sl Infinity 3.500
82 -3.500 32,592 | SIO2
s3 | Asphere -48.779 -35.100 | SIO2 mirror
s4 Infinity 32.592 | SIO2 mirror
s5 7.222 7.690
s7 -8.826 65.113 | 8102
s8 -67.336 -65.113 | SIO2 mirror
s7 -8.826 65.113 | SIO2 mirror
s8 -67.336 1.140
s9 -32.636 10.000 | SIO2
s10 5.830 0.221
sl 7.575 10.000 | CAF2
s12 -3630.481 7.832
s13 22.500 10.000 | S102
si4 -258.120 32.865

Table 9
[0153] Aspheric surfaces s3 of catadioptric optical system 1200 is defined by Eq. 1 in

accordance with the parameters set forth below in Table 10.

Asphere
Y Radius -48.7787
Conic Constant (K) -0.12342
4th Order Coefficient (A) -1.61E-09
6th Order Coefficient {B) 9.09E-13
8th Order Coefficient {C) -1.68E-15
10th Order Coefficient (D) 9.65E-19
12th Order Cosfficient (E) -2.76E-22
Table 10
IV. Conclusion
[0154] Catadioptric optical systems for scatterometer have been described. While

various embodiments of the present invention have been described above, it should be
understood that they have been presented by way of example only, and not limitation. It
will be apparent to persons skilled in the relevant art that various changes in form and
detail can be made therein without departing from the spirit and scope of the invention.
[0155} A person skilled in the relevant art(s) can modify and re-optimize the above-

described embodiments to better comply with a fabrication process of or optics included



8th Order Coefficient (C) -1.68E-15 10th Order Coefficient (D) 9.65E-19
12th Order Coefficient (E) -2.76E-22 Table 10 IV. Concl usion

[ 0154] Cat adi optric optical systenms for scatteronmeter have been descri bed.
VWi | e various enbodi nents of the present invention have been descri bed
above, it should be understood that they-have been presented by way of
exanple only, and not limtation. It will be apparent to persons skilled in

the rel evantinahd sérRflg andrthe dbg@hendesnches. f Pome:anthle@boaidx §heribs ngees 616,
therein withqut departi n?pfromthe spirit and scope of the invention.
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is cla A catadioptric oplca system
of the above-descnbed exemplary embodiments, but should be deﬁned only in

accordance with the following claims and their equivalents.



a correcting plate configured to condition el ectromagnetic radiation to
correct at |east one aberration; a first reflective surface positioned and
configured to reflect a first portion of the conditioned el ectromagnetic
radi ation and to refract a second portion of the conditioned

el ectromagnetic radiation; and a secongd reflective surface positioned and
configured to focus the reflected first portion of the conditioned

el ectromagnetic radi ation onto a target portion of a substrate, wherein the
first portion of the el ectromagneti cCkAsisati on is not refracted by an
optical elenment, thereby allowing the catadioptric optical systemto

oper at eVhatisgldimesdie spectral range. 2. The catadioptric optical system of
claim1l1, wherein the first reflective surface conprises a convex reflective
sur f acel. A c3tadiditac erditah eystept ceneprieipg:i cal system of claim 1, wherein the second
reflective surface is a surface of a nonolithic glass elenent. 4. The

cat adi opt ri ca @ptitiegblasysifigaedfo cohdiiomeBstrantegneicmadidtien foicprsect atddfabloei ve
surface is g;é;o,_qned on a second surface of the m)nol ithic glass el ement.
5. The catadioptric optical system of claj m]ﬁ V\/Q 2@ rHjs reflectlve
surface i s poertreiEreSRFRAsHOred @S evdoriet 8 st A \Pép%% g cqdop

substrate. dctrdhagnetistraditioptd to reipttiacabongypsitienvidie Quhtamqnet’éeleqhmglﬁmehc t he
first reflegtivgnsinface is positi oned on mechanl cal supports 7. The
catadioptric optical systemof cla g\e Qetfif X ilt

surface is p”osﬁ’?’ldd?ﬂ?&"’ﬁﬁ”’?c?@?ﬁ“%‘?fsa”d C%"f'g"l"ﬁ%toé%ctuﬁ SPEftP 'rﬁﬁ’f) 8'%1? S/st em of
clai m5, whepsaditvntheegdrenondtic efibi@otonea tagetipadien dfx spbstiatel oned bet ween t he
correcting er%Fe% A0t 3Rk bfﬁl%eléc?rf)rln@éﬁehé/@dlﬁﬁbrn |ﬁ§berefr§cﬁ'éii By% Re0dMhent,

reflective surface conprise wherein ? pq ective surface
i s positi ondePrety@ovil e?”ﬁ%"oé’g’ﬁaf’tlcf"ﬁ%tﬁ“é‘? et eo'HﬁéFﬁ? PECTAEEEi on passes
through the hole. 36 9. The catadioptric optical systemof claiml1,

wher ei rp. Thecsaepnid optehll seaérh vieslgnin feteeirchaprsi sistie sodave auraprasH eImvex

reflect 10. The catadioptric optical systemof claim1,

wher e rgﬁ/eﬁte‘]%t:ég{f%gl optric optical systemis included in both a sensing
branch and an alignnent branch of a scatteroneter. 11. An optical system
for sca Fes ermsiopyic oplisABYSIaT ALPlaim A, Wisrait e seaordefitotieoFiaeg s 28RS A& | ect

el ect r ghergAt glesd @hart.i on; a refractive el enment configured to condition the
el ectromagneti C radi ation to correct coma in the optical system and an
ObjeCtIV i sin oI|th| . I cted
Wt h b TP e PRI e e o anie o ERaP SV <RpGRy o a SO

el ect r owdigpeef the moaelithia dlasa clemhgd- rmnol ithic glass elenent conprising: a first
surface configured to reflect the el ectromagnetic radiation, a second

surface ‘?Mdt&%ﬂb@ﬂ oBtQ:alrsgé?t@rh Mieclatlrh]e et the MBOBRlclve sitsbedd doﬁlﬂorfeﬂ Blwk&rethé i 1 St

surface and to ref ‘;5'? réd[] ug)taz the el ectromagnetic radiation toward a
tar get HEEIrIRCYP YCHBL PRER ¥ hd a third surface, wherein the

el ectromagnetic radiation reflected and focused by the second surface exits
t he noreoirhd dutadtioptria spticel spstemdf cairb §1 vetretdirathe yrspeﬂqymmﬂe@rposiﬁortehent hird

surface,, ((aga JE;pérEe optical element and nonolithic glass elenment are
conpri sed o e sanme type of material. 12. The optical systemof claim
11, wherein the optical elenment conprises: a tilted surface configured to

r ef | ect?. Threcaigdiaplic gptisgRutere OFSRim ét‘ﬁ’rl?ﬁe‘“ P firs ’iei'eccfé‘t? SUlRE SRS RB2a hol e
t her ei MendBGk.

8. The catadioptric optical system of claim 5, wherein the second reflective surface is positioned between
the correcting plate and the first reflective surface, and the second reflective surface comprises a hole,
wherein the second reflective surface is positioned such that the conditioned electromagnetic radiation

passes through the hole.



an aspheric surface configured to reflect the el ectromagnetic radiation
reflected by the tilted surface, thereby causing the el ectromagnetic
radi ation to pass through the hole in the tilted surface and inpinge upon

the first surface of the nonolithic glass el enent. 13. The optical system
of claim 11, wherein the first surfaceggonprises a flat annulus and the
third surface is positioned in the center of the annul us. 14. The opti cal

system of claim 11, wherein the optical elenent and the nonolithic glass

el ement 9. Cherpatadioptric bpted sgstbr etelir® 1 0erein 1B secoddrefldticadudatieapiprises apircaal

syst emgsﬁ,qerigpeqjg&@g opeLLy, conprising: a refractive |ens group configured to
condition electromagnetic radiation to correct one or nore aberrations of
the catadioptric optical system a first nonolithic glass elenment

conf i guletha @tadieptds grtict! wten efetapb hatRentee saiagioatr apficesyifem kdncluded B eethve

| ens grHsupsiadistanch aad aphigamérd bifabeus a ktxte®mewt.r omagneti c radi ation into a
first focused spot; and a second nonolithic glass elenent configured to
receive, the el ectro netic radiation fromthe first nonolithic glass

el emsnt113&30@5‘503555??”%3?03@6{%&5‘%?@3"?"E?é el ectromagnetic radiation into a
second focused spot on a target portion of a substrate, wherein the second
nmonol i t hi ¢ ginapticakdlemmmhtonfimngartp deflect efecirdreagnetisfridiatiphive surface configured to
reflect el eglhpBangdndt énfliurddt®onBiférhé BBctioRBge AaE!idie drictttoma & tAS S

el ement thr ougc‘ell a tfi rst. spherical refractive surface, and an aspheri cal
reflective SHIFaE*Cofi gured to reflect and focuses the el ectronmagnetic
from t he f| an opjeftive exsierecogurifingcaemenetithic wlaes e apticely gerdabtesyoth thezprticahvher ei n
the el ectronggRatdng cbadiral oG8ceRB iRIRNdRA cRoFsMEdnSRA&Yidibh) ite riramBic ghament
substanti al lgzgﬂeetr‘%ﬁ)ndimcul ar to the first spherical refractive surface and
exits the s&&Od FWBROT % hi ¢ gl ass el enent substantially perpendicular to a
second spherafeziburfaet sanfigureddo safiedt fheelectromagnetiiediatiat.adi optri c optical system
of cl ai m 15,5 sab@iack BeniifiréSio réeiE the @RLtrdnRighéte rd dvBorS td 6 Brsi Surfe@n@erd ri
with the firs peric refractive surface is

f ocused, spot., and_.the second,s I f
concentric vr\ffteﬁt at"ﬁgocgse%%glact'P@g%ns?g%lragﬁtc?ﬂn.q?w‘ari?.B" gieﬁ%or@oé'tog?jls% T7E opti cal
syst em of cladhiré suBaceyrerain fie elaetrofriapratic radighnn refficted ghdiggusad %ﬁﬁeceﬁffrpri ses: a
fi rstdref:cle%mifa}ee eﬁitértﬁe?ﬁ@!ohtﬁih’bl_aga e'?enfejnf%stgﬁ@wﬁrpelhﬂiaﬂﬁﬁkﬁthéfhtrd pofatd,on; and a
second reflective surface havi a.second central fran en rtion;
wherein ¢ he FrPSied dpdl pefrRuPREBRLoFTah a8 corbRRT BN EndHed 17, 1o
el ect r omagnéatatiak adi ati on enters the first nonolithic glass el enent through

the first central transparent portion and exits the first nonolithic glass
el enentyat fHeQgaAI 4yBEMBEOAR 1 CARIdirfthe btRATRAANomBRYE] ON.

a tilted surface configured to reffect the electromagnetic radiation, the tilted surface having a hole
therein; and

an aspheric surface configured to reflect the electromagnetic radiation reflected by the tilted
surface, thereby causing the electromagnetic radiation to pass through the hole in the tilted

surface and impinge upon the first surface of the monolithic glass element.

13. The optical system of claim 11, wherein the first surface comprises a fiat annulus and the third surface

is positioned in the center of the annulus.

14, The optical system of claim 11, wherein the optical element and the monolithic glass element

comprise fused silica (SiO2).
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15. A catadioptric optical system for scatterometry, comprising:

a refractive lens group configured to condition electromagnetic radiation to correct one or more
aberrations of the catadioptric optical system;

a first monolithic glass element configured to receive the electromagnetic radiation from the
refractive lens group and is adapted to focus the electromagnetic radiation into a first focused
spot; and

a second monolithic glass element configured fo receive the electromagnetic radiation from the
first monolithic glass element and is configured to focus the electromagnetic radiation into a
second focused spot on a target portion of a substrate,

wherein the second monolithic glass element comprises,

a flat reflective surface configured to reflect electromagnetic radiation entering the second
monolithic glass element through a first spherical refractive surface, and

an aspherical reflective surface configured to reflect and focuses the electromagnetic from the flat
reflective surface into the second focused spot; and

wherein the electromagnetic radiation enters the second mongclithic glass element substantiaily
perpendicular to the first spherical refractive surface and exits the second monalithic glass

element substantially perpendicular to a second spherical refractive surface.

16. The catadioptric optical system of claim 15, wherein the first spherical refractive surface is concentric

with the first focused spot, and the second spherical refractive surface is concentric with the second

focused spof.
17. The catadiopiric optical system of claim 15, wherein the first monolithic glass element comprises:

a first reflective surface having a first central transparent portion; and

a second reflective surface having a second central transparent portion;

wherein the first and second reflective surfaces are positioned such that electromagnetic radiation
enters the first monolithic glass element through the first central transparent portion and exits the

first monolithic glass element through the second central transparent portion.



