INSPECTION APPARATUS, LITHOGRAPHIC APPARATUS, AND DEVICE MANUFACTURING
METHOD CROSS-REFERENCE TO RELAIED APPLICATIONS [0001]This application claims benefit
under 35 U.S.C. 119(e) to U.S. Provisional Patent Application No. 61/542,440, filed October 3, 2011;
U.S. Provisional Patent Application No. 61/546,273,flled October 12, 2011; and U.S. Provisional
Patent Application No. 61/553,458, filed October 31, 2011, which are incorporated by reference herein
in their entirety. BACKGROUND Field [0002]The present invention relates to an inspection apparatus
usable, for ex _ e ' ithag ' que ed A
lithographic ai&% : = : ¢ & 0
target portion of the A Mt S efEa Yint N A LSRNz X B manufacture
of integrated circuits (ICs). In that instance, a patterning device, which is alternatively referred to as a

mask or TRE SIRE FYSEMNC BeT ey ATEIDRAEM) (CerienKesl on an individual layer of the

IC. This pattern can be transferred onto a target portion (e.g., comprising part of, one, or several dies)
on a subsjrate (e.g., a sjlicon wafer). Transfer of the pattern is typi g\/ igmaging onto a layer. of
rnchaton 00 Shive matt GBOLLRE. HRTH BSOS MepChers: SRR 2ih e S Batain
a network of adjpaanittasgelipatitenNbatGS $2eoESSifiRy patiehed 2K now Jghograpisioagh#atust
include so-calleq steppers, in whi h_target partion is, irradiate exposing an entire pattern onto
the target portio%‘ ?%9 '?f%é\,l%ngié%g% Scﬁ‘%ﬁergﬁﬁ) iccrjjraéa%’ﬁs) él@etﬁo tioﬁ}ig\fﬁm%fe?%;m
scanning the pattpphichtiougNe. BLisEs b8 afilcit @diveordineciiontiibe seanomyoritedtion)efbilence
synchronously ?é:annin}ﬂi e.subﬁtra}te parallel or anti-parallel to this direction. It is also -2- possible to
transfer the pat PR g'bgﬁ tH Xg device to the substrate by imprinting the pattern onto the
substrate. [0004]In order to monitor the lithographic process, parameters of the patterned substrate
are measyl, rs\may include, for example, the overlay error between two layers formed in
or on the%ﬁ#err{g? Q?@Ug)te and critical line width of developed photosensitive resist. This
measurement may be performed on a product substrate and/or on a dedicated metrology target. There

are various tecHni®ldes for making measurements of the microscopic structures formed in lithographic
processes, including the use of scanning electron microscopes and various specialized tools. A fast

and non- ctive folMSPERRRMIDEATHSPLEIR 3J0 A A SRt EMRHSARIEN A HR4ATBIG R dhn

is directed onto @ ipigraaiéhss sleffres htthegbspiatetabrméRiestties of the scattered or reflected
beam are measured. By comparing the properties of the beam before and after it has been reflected or

scattered by theRSLithEP?r,tthe properties of the substrate can be determined. This can be done, for
example, by comSaanﬁg he reflected beam with data stored in a library of known measurements
associat gh known i j 0fs I

Speoiros N seatorem o H e el B oo APt Deffern onio 2
spectrum (intensiipsisaigiuHstiahyopniavals@el) pether i diierpatttréagralparappaiatasrean be
angular range. lagly. r scat i Ladiation mRasuLe
the intensity of t geggéa{;!t}érgggrgﬁg%igr? atg‘r_ g%@%ﬁ%@@@%SiWith %hggﬁxhéamiﬁn% of re’si%t
thickness and tr@ttﬂfqmg:qgwseM@bdmglt@mvm%geM@mq@@r ﬁd@@@qﬁﬁ@ml@i weed to
double exposure), giitigal dimensin (e @ ges RO msitplpry BrdpImance wilialsadavuedis,
improve to monitor the lithographic processes. One way to improve CD metrology performance is to
reduce the wava@ﬁgaﬁﬁswguagtﬂ@ﬂtraqﬁrmﬁh(egﬁ-emwamraxfioqéﬁa@raﬁ@mab\m%érpw
metrology oftendeguirerradiation bing REREANMRLELINAR!RARINS 1R UGN IAY TSR eI

different process layers. Accordingly, there is a’need for inspection apparatuses, such as

scatterometers, @y @ir @@éﬁ&l@'ﬁ&ﬂﬂﬁﬁi&% ﬁ@@ﬁ%é@ﬁﬁrﬂ%@ﬂ ﬁh'bﬁi@!ﬁ)mwltoﬂme
both CD and OV, ipegsie AN S sHaAU L ARBIIINSIHO Qaf4a RerpeenoRd eamtings ' gragulrly

field of view, pupil aberrations, over all transmission, polarization properties (induced ellipticity), and

transmission unfBH@ifieRetnRYa SHRaIaRHARRARI el EssiedusiernRe s riitybicheash saweiD
measurements, @5l iaSadiaed BYSEPIREUS Etire D dRBRBI MO taRE Y DOINIMBEYSeSiana Y

metrology performance is to improve the objecfives used with inspection apparatuses. There are two

types of objectiviés ¢lleskFRA06 IS0 dbisbRaely spsiRlaReRLONERRIIoE BbjceemaringdheatRalsRic
objectives. Oneglisadypniage@LRMmYIRAairastive YuRHvaRdsdbAt hrmaiking dintanss s aisively
small. For example, the working distance is generally less than 0.35 mm when the numerical aperture
(NA) equals abSYNGIUONRHEN SCARBIDEGHISRIEEHRIGINA FBBLfRANRIGS d\BES DiFREHAB. dpdsaRiSRal
wavelength spectral range is limited to about 450-700 nm. Further, previous refractive objectives only
have plan apochromatic aberration correction. Accordingly, there is a need for a refractive objective
having an increased working distance, an increased operational spectral bandwidth, and improved
apochromatic aberration correction. [0007]One disadvantage of previous catadioptric objectives is that
they induce field curvature- previous catadioptric objectives typically have a large Petzval sum that is
far from zero. Previous catadioptric objectives also suffer from obscuration that decreases image

contrast.Catadioptric objectives for an inspection apparatus such as a scatterometer can also be
corracted for niinil aharratinne Pirinil aberratione in the nrevioiice catadiontric ohiectiviee are larae




[0008]Accordingly, there is a need for improved inspection apparatuses, catadioptric objectives, and
refractive objectives. [0009]In one embodiment, an inspection apparatus includes an illumination
system configured to receive a first beam and to produce second and third beams from the first beam,
and a catadioptric objective configured to direct theZecond beam to reflect from a wafer. The
inspection apparatus includes a first sensor configured to detect a first image created by the reflected

second beam. Thss¥IBREESAMABRA BiBSRIRENGHAeSR rsér@?mg\ﬁéiﬁféi\tﬁ@%@ﬁgm@ tydirsstitimg
n

third beam to reflect from the wafer, and a second sensor configured to detect a second image created
by the reflected {Hr@ERIM O HaCetHBSHRM RNt the first and second images can be used for CD

measure[nepks. In one|RBRASHTLRioHIR AR MthbERIP MR HRcERES! LEARECOT o FRAErABA BbYrate

about 425 nm, and the third beam has a spectral range from about 425 nm to about 850 nm. The -4-

inspection appafifUS'EaRHRY RAIRIBEAGI ¥ SEIEEH gL AP IIRBMRH Y RIT@TREBKESR ALY IBYRFe
third beam reflefipddiom Bieowaie pavenscnRedings afiiediiichi iee 6radveleped Iohsdsensitive

measurements. [0010]In another embodiment, a refractive objective, for example, a refractive

objective that cAR TR USSR AFHIREPERHAM A RRIIS es PREHPISHLSHRIB, AP HRIRD 8ridegisalsd
and a back lensrgeatdlodyerdiot lens Bepupdne udemiionicuhiopels TRMBRYSTRRERF R Bidsietens

group includes a first doublet, a second doublet, a triplet, and a doublet in order from a front to a back

of the refractive BIFERIRRAP IS RIHSHK G IOFMRM IR 3RUG ARG oIBR8 1ifn WibRkFcanning

embodiment, aneRRIgEHYERYSEIBPEY axaMRItoas obirciNcesy stalFABaEeRN M LESstnvBiNV@Nform of
inspection apparatus, {nclydes a catadioptric okggé:éive and at least two mirr rs&ongﬁ)ure to reduce
field curvature itHGELIBYANESELHABIOR SbRES t?fé’(ﬁ‘i%ﬁ%'!ﬁﬁ%% BRAMALIRALHRb B EhimEted onto

apparatus inclugesagetgmittisnreis dfsyriesnting ethip o gustaliecadeaiiiefddader eidieldtedoptiaah

system arranged to project an image of the pattern onto a substrate, a inspection apparatus. The
e eation o aEe TS oR s R R P RILES oL FEThasIore e Bl bd s Bagn
and third beamgdfyotéedirscheanedaby teatadiapits, ehie presadnfigusadsoalisesithecs eetntniesdm
to reflect from a_wafer. The inspection apparatus jncludes a first sensoy configured to detect a first
image created b)Y Ve G006 o ELAMPEn SO RBRNG, HIRREL RER Ml Sathhigtsdein 2
objective configlinedriodiinasdwre ihirasbeameintsedless diatadheitnataswinsratsepaskagmsoropofigaiad
to detect a second imai%e created bg the reflected third beam 8[§013 In another embodiment, a

: ethqd
of determining YBEFa &%Fﬁé?& ﬁﬁ%l&&%sk@ﬁ)mrng RESY %ﬁa}%?@atgﬁﬁﬁ)ttrﬁ: 5’!5? R/%ng
onto the substratgdfatintiiziie diisd hrarsubfeate feorm hessunsisataremd(iorenisigyadiyst fmageonf die
substrate using the r?flectﬁd fﬁhf‘bdea%,% first ?ram ter of the substrate can lgf determin\e/g usiEag[the
first image. The ‘HAYAEE Aab Fh Ao LA 5 AUEL GG B MR TR N P GLe '8P Ve e
substrate such tegiolve sscattdbestersilestsaimonibensobsitiateadibd donming sasonrdthvadgensityeof
substrate using the reflected se&%rhd beam. ]A second parameter of the substrate can be determined

using the secon ﬁﬁ&&étefc?&%] RBr%%&uVQSté%%I Fa'ges of the invention, as well as the

structure[@odspperatiomiftvatieusuethbodinmarkingf tife iesisntidiclaresde stribethirodetibbelofv mitie -5-

reference to the accompanying drawings. It is noted that the inventjon |s not limjted to the specifi

ermbodiments oS QMR Nl ol AR Sry S or e hro SRR 137 G0 R oGl el

Additional embatimegwi(lCER) spmerddapeonsnsiitdogy ferfrerleamanilads) basedionti@ove to

teachings contained. er%in. %I}R:IEF ESCRIPTION OF THE DRAWI%ESS/FIG RES§0915 The
et r

accompanying dPSWIKISR AR ORI SR Rer NN S RO BB Y b T G U RS MRS F At O
embodiments of¢oleigeesentvaveldrayirand theg etbas widhtdet desicafipoiexdonhe r serse dteexathatitne

principles of the invention to enable a person skilled in the releyant art(s) to make and use the
venton (001 CTREREEY debRel R dhRR AR BT R S e AR o
cluster. [0018]Figave Svielaigttaagetst Huatteyiorddtere@(idFeganmylcdemiotdiagigcoinerscatiaroaesteior

[0020]Figure 5 Qr?gﬁ(ggt%rﬁ'gs p%?g unsgg,p%b% H23C58 {Q%Fﬁe%&&”& %qbné?é}té within a spectral band

from about 200 nm to about 850 nm to make both @D @V measurements without
compromising optical performance regarding, for regke, field of view, pupil
aberrations, over all transmission, polarizatioropgrties (induced ellipticity), and
transmission uniformity. Reduced optical performeaman lead to reduced accuracy of

the OV and CD measurements, as well as reduceensysbductivity.



[0021]Figure 6 illustrates an image formed on a sensor of the inspection apparatus of Figure 5 that is
used for CD measurements. [0022]Figure 7 illustrates an image formed on a sensor of the inspection
apparatus of Figure 5 that is used for OV measurements. [0023]Figure 8 depicts an optical schematic
of a catadioptric objective. [0024]Figure 9 illustrates3an optical schematic of a catadioptric objective
system that includes four correcting mirrors. [0025]Figure 10 illustrates an optical schematic of a

catadiopyipgd)iective SYRERLAGERYIBY HprRRhere B WVeRidhaldng! e R FOHE GHIS HVErahe
[0026]Figure 11 illustrates an optical schematic of a catadioptric objective system according to yet

another embodiRIREINSE iHERMYY Hh/BERSSHEBIABRATABISS fo 0 DB RVPMRER RitRRisCHKESpaBHprally
schematic of a ¢ajadirntyeAkirsaraGasEHigIEP aNeltgs RraRAIECH dheltaiberR: fobiceavestitthe

mirrors and refractive elements. [0028]Figure 13 depicts an optical schematjc of a refractive objective.

[0029]Figure 149S3XYAYRIARLREARYSHGHRATHYF PRIFALYEIBE AR OMBKAYHSENE OB didRVEly
according to an @RlIRdimentexdmKIe3QlEigN eI faRitines RPiRmSRIRAMARR 0 asefmativih ehierEve

according to another embodiment. [0031]Figure 16 depicts an optical schematic for an illumination

system that canWENEEIERLAREEHTRPLLSALHP AR QcdsraftRPsrrxatiBam IR Ryt TREactive

features and adypHagrssOisthRRreseRpaMamI] WiHResane B esARRAIENTRD taeateiailado-700
description set forth below when taken in conjunction with the drawings, in which like reference

characters idenfi§! correPsHaiRGEMIONR FRTAFHVEBRIERY YRS RAMELRFReFRPSURERANGH ARG ation
gr—;]ner:ally iflldicat%i?@ﬁtmh masamgﬁwsigngﬁé, rf?,nld/;h@étﬂufgﬂf@ﬁ?ﬂ@#@éj@!ﬂﬁ@ﬂi&gﬁ@%i:&%ﬂ@d@ed
which an element first appears is indicate the leftmost digit(s) in the corresponding reference
embar DET ATNEERBE CERIBTRON fibs e A RSN S SRECHD PR Ao T Aethar
incorporate the fgajoresrabtiisisaeation cohe élisglosed embodiment(s) merely exemplify the present
invention, The scope of the present invention is nat limited to.the disc|osed. embodiment(s). The
Hisad d T i g

present itRon is defined NUMAAE AR Re FEEIIRRIES) PRIESHE ) RELERLERd

and references gthetapecifigaiinods cansifiphisdibpidtiveant@iidissie entirgarrexavapsuemibadizmeat”,
etc., indicate that the embodiment(s) descriped may include a ticular feature, structyre, or
characteristic, BUPBLER mbIAHIRL FEOEP I SOESTVEs Alts rom phasHata dhah Segreases

characteristic. Mioiggyetatesphraestadtopaicecpiaalilyseferringisaispramppzirhodingeich Fasher,
when a patrticular feature, structure, gQr c aracteristigqg gescribed in connect[Lon with an embodimﬁgt, it
Il

is understood tHtat R AT thePkh R dEe SPOIRE (&rirPHPél a?Pﬂf'@ffect s%'lh Ur%t,'%ﬁjéﬂj ,eor
characteristic ingreniesiioataiiiopthershjtutdiegeats \drgthéecoaiiskeypliPidy daiscubgdure and pupil

size.

SUMMARY

[0008] Accordingly, there is a need for improved inspettapparatuses, catadioptric
objectives, and refractive objectives.

[0009] In one embodiment, an inspection apparatus includesllumination system
configured to receive a first beam and to prodwemmsd and third beams from the first
beam, and a catadioptric objective configured tedlithe second beam to reflect from a
wafer. The inspection apparatus includes a fesser configured to detect a first image
created by the reflected second beam. The ingpeapparatus also includes a refractive
objective configured to direct the third beam tdlew from the wafer, and a second
sensor configured to detect a second image crépteéde reflected third beam. In one
embodiment, the first and second images can be ie@D measurements. In one
embodiment, the second beam has a spectral ramgealbout 200 nm to about 425 nm,

and the third beam has a spectral range from a#®btnm to about 850 nm. The



[0035]Before describing such embodiments in more detail, however, it is instructive to present an
example environment in which embodiments of the present invention may be implemented.
[0036]Figure 1 schematically depicts a lithographic apparatus. The apparatus comprises an
ilumination system (illuminator) IL configured to coddition a radiation beam B (e.g., UV radiation or
DUV radiation), a support structure (e.g., a mask table) MT constructed to support a patterning device

(e.g., a mask) MAspeetRNRpPeAioAdHAt MRETIABRIBM thirGOsitdtiRsLIe daeurRIRIY PR hRage
patterning device in accordance with certain parameters, a substrate table ée.a,, a wafer table) WT
8

constructed to HORPLESLBY AR (g PaaBy g Reli paRet anaier essnemBadt e Rk dBRdHERilBAEE

PW configured tgagseigiely fep e nibessvbgieaie in accordance with certain parameters, and a
projection %sgystem (e.g., a refractive projection lens system) PL configured to project a pattern imparted

to the radih beam B b IPAREFFAPASIREN A SREASILFRRISSHIHEREGIC cBFHFRINY DR IS HYSre
dies) of the subgi@iealy HOQBAEd hatH sminapRe S 8P MALOHER VRO BFIXPES Ali@BICRINS group,

components, such as refractive, reflective ma(?netic, electromagnetic, electrostatic or other types of

optical compon@iid, HBAT dBRTHHH tHEI TR SRS HFRY RASIOY: RBARAR g PEMSEYS. 1§H688]

The support stragigrenfithBaEss| gro e aisItheweight otidhplegitemingdiaiiae dtthples KidpattRimnet
device in a manner that depends on the orientation of the att_erni\r(mg device, the design of the

lithographic appArQGe" b mEPreb B ARCKAEH S R MBEGhelhiE RRFHOIERS Pratd sl desice

is held in a vacisg£néraporset. The support structure can use mechanical, vacuum, electrostatic or

other clamping techniques to hold the patterning device. The support siructure may ge a frame or a

table, o1 LB Elpie, winkh SHAUEE (HERSLREVAAL AIEGNe S PHRTb, ST it PR A &rSrte hat

the patterning dgaceimabe desiiedippsitiomsios skamapaitiussiRt L hediopierlion @y sigmaidat

use of the terms "reticle” or "mask" herein may be considere ynlf?ﬁt;l)/mous with téle ore{égengeral term
i r faal

"patterning deviteS[oN4 FHE PE5mCHUEGAG Qe VRAbaEs dif 8L 0RYBEDBY%at)§n SRS

referring to any gjéctvidat can be used to impart a radiation beam with a pattern in its cross-section
such as reate a pattern in a target. portion of the substrate. It should be nqted that the pattern
parted D raciatoR ST ERctl LORGGHHG RHE BbrdReu R T T 5or
of the substrates{etexcanpiadetheopdtiatimine adesenase-ghijaogitedl 38 ehsaucaliek dssiprisatures.
Generally, the pattern i%}'p[%ted to the radjation b?fm will corre%)aond to a particular fuﬁctional I%yéer in
a device being PRy (?tgfbtg?rﬁoﬂf?)tﬂ, 8ucH %trz%emtgﬂga HieRGA Bﬁﬁ'e p I&%rmﬁﬂ 1Be
may be transmigsivedesrafiitivieinaiamslascoh paitdigungdiey ieesdriiisdecaaskadore giaauaidecond
mirror arrays, aré?ﬁr%%ﬁmmable LCD gﬁaﬁdst' Masks ara well kn wrbj]n I{tho%rhfi};f]j@:J an ingjl.ude mask
types such as b )} el?ﬁgm% f[.r)ﬂgk € #Ea?\%aﬁ?t’eﬂﬂ t@c??) -4 Wl (=i H?BHH‘G
mask types. Ansxe@unpldehm pogediect dlmnairesfarayTér pieysaatippiistay dngeientzofissnaensor
mirrors, each of -8-.which can,be individually tilted so as tq reflect an incoming, radiatiop,beam in .
ifforent arectci R TEHLSTkdR AT Abor e GRS Pt ATGh BHAFCMHCH I Tt hEu PR
mirror matrix. [O8gp&Fak seansd'nejadisrasystantiveseljdetied i girdd dobeiferctatily thiet ireted @sreflect
encompassing any type of projectign system, including refractive, reflective, catadioptric, m tic,
clectromagnetid S0 LENALTaeTbeAr SYLRLE! 6P aF) LKA §eres ARt o P
exposure radiatiefideting) thieldh@arior other factors such as the use of an immersion liquid or the use of
a vacuu use of the term "projection lens™ herein may be considered as synonymous with the
more Gen QP Rlerm -oro LA G e REOGUBERY A% HEL o A0 L LS RSP BTe s
Eype (e.0., lerr_lpldjriagiagrarﬂsrmi?sjamrﬂaslu)gh\ﬂefmammetytrmefﬁjmamm@maybmwfealsneﬂbcthae tg'qaéi_rst
e.g., employing a progr able mirror array of a t s referre above, gr emplaying a reflectjve
. 1004311 REHoL LB HomAr s oh g UG AT e R Sl B L s e e
tables (and/or tweflectadrérstdstaiables)filst ararietetipé thia gt acnes tdetaxddiizmhalsialgl¢eberfagt
be used in parallel, or preparatory steps may, be cargied out on_one or mpre taples while one or more
other tables are SEHG UL BISHAUAIRS [oormg o Ltbge dem A Gyan A St e o gRe
wherein at leastaafuottiensobtiease sichteranyhieesemosTe dhbygra tiytierh ahie g abstiaiee [sridglomeiragtave
index, e.g., water, so as.to fill a ce between the projection syst nd the substrate, An immersiq
iquid mey also B RNt biey EpSEs T TN G S BT e Aple BL N Fe! O
mask and the ptoestibstsgttaran retesonitexdthoisjngdlzaesaadygbionn in the art for increasing the

numericaj apgriure of pIoiaelioR YSIRMS, The Jerm mumersion: a5 Haa ARSI AOfRNC MEAR. AR
structure, such as a substrate, muast ba SU merged inliquid, BUT rather only means that |qU|qu|s
located betweem pieggiiafe ofiorasgsie rarahddimeenib stfatbed imren tayep siescr[Ded SR dietaihbetoRiguitd 1,
the illuminator IL receives a radiation beam from a radiation source SO. The source and the
lithographic apparatus may be separate entities, for example when the source is an excimer laser. In
such cases, the source is not considered to form part of the lithographic apparatus and the radiation
beam is passed from the source SO to the illuminator 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
mav bhe an intearal nart of the lithoaranhic annaratiice for evamnle when



-9- the source is a mercury lamp. The source SO and the illuminator IL, together with the beam
delivery system BD if required, may be referred to as a radiation system. [0046] The illuminator IL
may comprise an adjuster AD for adjusting the angular intensity distribution of the radiation beam.
Generally, at least the outer and/or inner radial extént (commonly referred to as a-outer and G-inner,
respectively) of the intensity distribution in a pupil plane of the illuminator can be adjusted. In addition,

the illuminator llcRagf@mier iﬁﬁa%’&%lﬁ@éh?fﬂ%’ﬂ@@ﬂﬁ@&% RGBS thieRRRiAtON fAG TRmesNssT
CO. The illuminator may_be used tg condition the radiation beam, to have a desired uniformity and

intensity distribUfi6nSRGEIE GERBQAMAN fo gL PPHRS dalaRiREh peHRPRAIERINECHE Y Bse PafhRIfgn for

device (e.g., magkdvtAtive/pgpisskeld ey thedrHORA! Siftisdeieh it Haagipkatiet MT hersshs srlteiNRd
by the patterning device. Having traversed the mask MA, the radiation beam B passes through the

projection systefSPEIMACh3TERLBSRE BRANE JRAFHIRGZEPBHIRERIE of the substrate W. With the aid
of the second positioner PW and position sensor IF (e.g., an interferometric device, linear encoder,
2-D encoder or capacitiv r te t v, t g., so as to
position different targe%ﬁﬁ?géﬁ@ﬂQ&ﬁﬁﬁgﬁmmwggm% t positioner PM
and another position sensor (which is not explicitly depicted in Figure 1) can be used to accurately
position 19thhsk MA Whe aspropanthegdthwinge natiatioar®éaooBoeadp@iteanddonanjit retribeal
from a mask libr, ing In e 0 . fable MT realize

with the aid of a o%%ﬁi%%'lgﬁ m@ﬁﬁ%&ﬁf&%@éﬁ%%g gtﬁg z}) gﬁ%ﬁ%ﬁd@bﬁgﬁm @%tg %roz%lﬂcl)%ni%g :
which form part@g¢shefirenphsitieierePig. Biexpldy) theverineitdfttie isvbstiareand|to\eMaipleysperson
realized using aSIQI“gasmotlﬁ% Féqg\yé%@&q a S[Borﬁaﬁéogﬁd“&‘aﬂﬁeﬂﬂﬂﬁh form part of the second
positioner PW. In the case of a stepper ((ag opposed to a scanner) the mask table MT may be
connectd®®36 short-strighradrapictndylitrograpbis aaaramesk MA and substrate W may be aligned

using maﬁaﬁfezgnment mgm@(?”d @dg Mpg&%@@@mln&%s Pl, P2. Although the substrate
alignment marks as illustrated occupy dedica arget portions, they may be located in spaces
between 8048} portionEighessd depidiswriest scaBerrmetglignment marks). Similarly, in situations in

which m n one die s, Rrevy ks% Eﬁﬁg alignment marks may be located
betweenqtmigis. [Oojgﬁg;%reg g&%ﬁ%ﬁ%%%g}tﬁas cou (ft e us?gcl[(in at least one of the following modes:
-10- [004K4)820h step mioigielrehe AeRikisaiei nsPegi thapnasitaacookdiag emdlshnessientially

stationar He an eng tterp i =V} ISRr r ' at
one time){,((il).(\zzg.él L single Ei lfﬁ:eetgpﬂc!géir%%{é%%ﬂL@%ﬁg%egwéﬁ%@%g I tﬁ%@ %%?rg\ﬂ(gg bt
direction so that=0difeePeiitataigy e pd s O daAaseIPESER. In step mode, the maximum size of the
exposurg feddilimits the:si t i i {N-& Sin ' RaY [

scan mojj(z%%]e mask ti@l%%/lq? !\nr?dgﬁr%ssguptiﬁrgﬁg %aék?lla(-:-é‘Igv1\’-/:‘"Ig'dalr%(f,.| ;éa%ﬁ%@ﬁfchronogw %v%ﬁlge%t%%t?gm
imparted to the Fagwﬁcﬁ]tbééiﬁ ispebfectely ohegsuEigenBriion C (i.e., a single dynamic exposure).
The velowz%ﬁld dlrect,gab%tged%pﬁggﬁ B%Qﬂé’aY\é-EﬁélﬁféYﬁ Eﬂ@%&ﬁﬁﬁﬁﬁ%@tl\@ may be determined

by the (de-)magnification and image reversal characteristics of the projection system PL. In scan
mode, thEORZHimum sizi@eran? Bldstaies fildaphralise hEaAten ah& giptiamits tre ausier that

target portion in;3-SiRYe féﬁ(ﬂ%f?&’fﬂ%sh'ﬁ?vd@ereas the length of the scanning motion determines the
height (in the scanning direction) of the target portion. [0051]3. In another mode, the mask table MT is

kept esséf8@Hly stationaiguihe|difg BUstsrfeimaae tiratepsiRNarifcOf apatipetsgh sigettud | SYetEm
moved or scanngd-Whiig A BRI SNRARTERAINERE R0 RECERIRIERIFFLRET0 a target portion C.

In this mode, generally a pulsed radiation source is employed and the programmable patterning device

is updatd@@dtequiredHidreakh iHBGERIEAt BNtIAPEGBSIRERREBBICVT GRBIIELGeORISGHYBsSYElem
radiation pulsesa(@égﬂg@quetT%mgpgrﬁBgam@@q%%lg@%%tﬁqm%%(_less lithography

that utilizes programmable patterning device, such as a programmable mirror array of a type as

referred 18@H0ve. [00T2MEMBAAESHENRRI AN PRILHO$6 PNMRE & B RUFIREIthabi atddeAcEQsding to

entirely differengRigaes ofiiRRiMBhARANRSIRIRSYSHr NREMSoRRE MR i EER/& disiEhegraphic
apparatus LA forms part of a Ilthogra_phlc cell LC, also sometimes referred to a lithocell or cluster,

which ald898ludes aph@r#igd & RrePtigRl peRe/BANGRe prvesdBiechyra substrate.
Conventigigity these inchige IRIRCOYRIBESHIREHIRE 8aIStAYSAP CARYSIFRE R Rn tBrdeYeiRR tive

exposed resist, chill plates CH and bake plates BK. A substrate handler, or robot, RO picks up
substrates fromGRIRAIYSBGERIABY /R 2D RIDPRHTNhem between the different process apparatus
and delivers then to the loading bay LB of the lithographic apparatus. These devices, which are often
collectively referred to as the track, are under the control of a track control unit TCU which is itself
controlled by the supervisory control system SCS, which also controls the lithographic apparatus via
lithography control unit LACU. Thus, the different apparatus can be operated to maximize throughput
and processing efficiency. [0054] In order that the substrates that are exposed by the lithographic
apparatus are exposed correctly and consistently, it is desirable to inspect exposed substrates to

measure properties such as overlay errors between two layers, line thicknesses, critical dimensions
(CD) ete If arrore are detected adirictmente mav he made to evnhociirece nf critheenariant crihetratac



-12- specular reflected radiation. From this data, the structure or profile giving rise to the detected
spectrum may be reconstructed by processing unit PU, e.g., by Rigorous Coupled Wave Analysis and
non-linear regression or by comparison with a library of simulated spectra as shown at the bottom of
Figure 3. In general, for the reconstruction the gene¥al 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 feyppaspmeters pigihe sinicieisde bardeisitdned fcnbiite scajteearebljdaioeSasbording to
scatterometer may be configured as a normal-incidence scatterometer or an oblique-incidence
scatterometer. AGPRIFRBRAEME however, this scatterometer has no sensitivity for pattern
asymme ooém]]order topqgiret RIS WA BptIYANSEIeetHigifERalomatier syblismegidgAdseitised
needed. [0057]Another scatterometer that can be used in some embodiments is shown in Figure 4. In

this device, the YAHARNERFEEATHIRBAIHH LRAUW O FERMising lens system 12 and
transmittegotizough intgHerrigaridtcadd andaprijeeol theepraien:hiwaiiiohe cotestatbredppRikmht

and is focused gnto substrate W via a microscope objective lens 15, which has a high numerical

aperture (NA), if SSmEEnflsIalIREnfeSERISP o B lafy th L5V WHEHRATL AR, SANELE 1R85 VitimEiRion

scatterometers grawRug) avthienIie Wiz rube terlraprsty e AR Fespbnelire| essaseindi st giRiut.
transmits through partially reflecting surface 16 into a detector 18 in order to have the scatter spectrum

detected. The dEtdBfAHNIESIJKRLE TR BAC S AUNBIE G P AN B e atiGalidH e U Rl R iRhgth
of the lens systendibr RenvengalleshwRiPEBmBRY. InFiead RRVRdMFERY Bl awsHant SPHEPEaRs is

shown) onto the detector. Th il Iane,is,EtF plane in which the radial position of radiation defines
the angle of incEISHEASHBYHBS SRS SRS dRARE SRR I SRERVAERSbn. The detector i
preferably a two-dimensional detector so that a two-dimensional angular scatter spectrum of a
substrate target 30 can be measured. ectar mple, an array of CCD or
CMOS sensors, and may use an integﬂ%i"ﬂ%ﬁfﬁ%@gmﬁ illiseconds per frame. [0058]A
reference beam is often used for example to measure the intensity of the incident radiation. To do this,
when thel 83gltion beahhis inprRIfCAOMIediRCioseplinBe1Opartaiit srthasimeaiurt thicatporiaéchéhen
splitter as a ref ghe s aspferepee iy o ne ISARER, RFRiest to
e e o T S T R e

a different part of the same detector 18 or alternatively on to a dift t detec )
[0059]A set of inftyigstisite filldre 1cRPgvadbiiketoesent nyeakoytHEbf indeskt ia tihkeradigeloachy,

405-790 nm or h 5 8 ' : iter Wdr@(F) rather than
comprising a se%YclﬁfB gﬁﬁ%ﬁﬁ%&arﬁﬁi g%ﬁggt%éq Egdgsiggiﬁl@%%ﬁrﬁgﬁe%ﬁce fi tﬁ%ﬁ%@GO]The
detector fl@_aﬁy meas[ﬁh?th@m’ﬁ@dﬁﬁ?@(&aﬂ@édh%t M SiFjRINOeSs e iy SvESITication wawveregth
range), the intengih) SGRAALE!Y-hMUHBISIMAVEIENatRs ,@&H?{ﬁﬂéa%%%Sfrﬁe@RY?'?rﬂﬂE&{@ng%t the

Furthermore, the detector may separately measure the intensity of transverse magnetic- an

transverse elecﬁﬁﬂw@ﬁ?ﬁtﬂ(ﬁbHﬁéﬁﬂhﬁd@%ﬁ&@é@iﬁ@@%é%%@%n%é%@s@r%@f@@_ﬁéiﬁéicahdt
transverse elecigigpolanizpddiintORGH YSHI ReReadpandddNbsowhetobisfr PagYEN diieRirangs of
light frequencies or wavelengths - and therefore of colors) is possible, which gives a large etendue,
allowing the miﬁhgr@ﬁﬁumﬂre wM@l@ﬁgﬁiS. Wplﬂlﬂéﬂgﬁﬁf_@@/éwwtﬁ@fgfﬁaﬁbé@ndtbﬁefém
each has a ba“@W{HHBf?ifwérlft.a’i‘t%ﬂr?é??%ﬂ%ﬁ%%é‘?ﬁ‘éﬁl%ﬁhét&mﬁgﬁ?& @F&%Q&%ﬁ@)icﬁé%ﬁég&ibed in

"sources" of radiation can be different portions of an extended radiation source which have been split
using fiber bundt@aNBCHNg Walh angksneedinantscitterussieigtoedrity® wikhsutbe knewlagee of one
wavelengths in pefipliglnArs BreRS St GRveleRgi a8H R ETRIRRLENEIRSNCESHPR ABASHR b ther
which contains more information than a 2-D spectrum. This allows more information to be measured
which increase<£MEREIBNET RS RSRISANE &XPliRIEYSIa88HRBE in more detail in EP1,628,164A,
which is igagiorated hygigies el SN SABSHIMERE IR totdr arhal @resuRSY ak i oy ks a
1-D periodic grating, which is printed such that after development, the bars are formed of solid resist
lines. The targePEESRTEyAFeX21DIp & YRaHINWHEhi £ pindiaitheRiesrel HuRIIpMEMRYRE
grating is formeghpfisplishiggist pillars or vias in the resist. The bars, pillars or vias may alternatively be
etched into the substrate. This pattern is sensitive to chromatic aberrations in the lithographic

projectiof®@8Bhratus, Faeit@dryIherprijeativ fepktsn Pt eor@RRimARREN ShMARIAIANG SRMPrises
presence of SUCRARARAYLNSYEY SAARITGRLANPRYSR) VS dBrti yaredi @B iitishPal %ﬁla%@ﬁirwaﬁ?@@i@g,ly,

the scatterometry data of the printed gratings is used to reconstruct the gratings. Thg é&arameters 0

the 1-D grating,léMcWQ@“ﬁé WTQ@E%F@%%@S,%?H@%&H@B@%@W%@@@ B§%ﬁiﬂ’&t%
widths or |en9thﬁ)C§Lﬁﬂﬁﬂ?% H!ﬁtéﬂﬂﬁ@%‘é@%@?ef@%oﬁﬁﬂ%ﬂ?wm&éﬂQH%ﬁrQY ARSIt
PU, from knowledge of the printing step and/or other scatterometry processes. -14- [0063]As
described above, the target is on the surface of the substrate. This target will often take the shape of a
series of lines in a grating or substantially rectangular structures in a 2-D array. The purpose of
rigorous optical diffraction theories in metrology is effectively the calculation of a diffraction spectrum
that is reflected from the target. In other words, target shape information is obtained for CD (critical

dimension) uniformity and overlay metrology. Overlay metrology is a measuring system in which the
overlavyv of hwo taraete ic meaciired in order to determine whether two lavere on a cirithetrate are alinnad




illuminator 518 and a beam splitter 520 that splits beam 516 into first beam 522 and -15- second
beam 524. Beam splitter 520 can be two triangular prisms or any other optical device configured to
split radiation beam 516 into first beam 522 and second beam 524. [0068] In another embodiment,
apparatus 500 includes a switchable mirror device-{hot shown) that is configured to re-direct radiation
beam 516 between an optical path directed to catadioptric objective 504 and an optical path directed
to refractive objegtifiga@et tB0GBLINAABE exasHkM WHEIpEIRANHEALRAR tQcadpgiprRiEiC\aRiE ieand4
apparatus 500 may also include one or mare fold mirrors or one or more beam splitters configured to

direct first beanP853 s EitadioithRiGHR &0 4648 RIS IMIRE QRBUHFIREIGUIEIE 2 PRI 6 -

includes one folg rikRi-23a@Ad WARPEAN SPIiRICreR ied diseds SeaiipdAdromkeaahspliies SgP to
catadioptric objective 504. [0070]First beam 522 is directed through catadioptric objective 504 and

focused on a pdHiBH'BISARN HBAN HIS B0 INsARRR VMBI ALK RAFSIHY 2atih i BHRERR

504 and beam syy)iterb{8,can diegedervie ihigsjsemnsariehs. {)aralatnsignide oldestbiet04 gritbaye
a large NA. For_exam%Ie, catadioptric objective 504 can have an NA that ranges from abqut 0.90 to

about 1.0, and i SAoBHirrRLIM READF BV P IS SRIRA OBt 40E5H P LIRS0 (6ed -

achromatic oveicgmiiiisigestieloienure fareexample subanageli@m about 200 nm to about 425 nm. In
some embadiments, catadioptric objective 504 improves the cqatin%yand transmissiofrir?ro erties of the

optical syS&H In othell BRBYFIRAHRD SYRIBMINRY IBRLHEBH2YS YRIRITGALAMAR GRS eRUAR RS

design as furtheefiestiveeddrpiow witheiatrcecle dtioniadghd 8@ c2ldnnacbis 5B Mgpedsefinghtidal
one or more relay mirrors confiEqured to gﬂ}i‘rect_first beam 522 from cgtadio‘i‘)tric c:)g]ect've 504 to first
vl

sensor 510. As SRBRRTAS Ry PE AMAFRRIARRISHY iRtk Rfe 04 AHERE PR AL ERYAH P 1ay
[Bgr%r] 5%@@38] are conﬁelrgalpiﬁodf_ irgﬂh&tgzg@mpﬁﬁ%frgm hserrs spiiiwe2 e f?]at@em@u _ rdém?e. |tf
e Image formed on first.sensor. IS used to determine one or more characteristics of wafer
508, Firt aonedigh L BAS THAGGISvi B B HRE R 8} BRI P LErIET SR B 0
device. First senfvicel Qinaadsigisedtias [ERomepsicaippaiadagetagalifdvisneasHraitexample
[0074]Figure 6 illystrates an exemplary pupil image 600.fo m@d on first sensor 510 when sirlgt‘an
annular aperturdMENS 4 ARIIEP APENER b HRYIER SRR BRI FALOATRF brs! DEC URACH e
zero diffraction etflesteRScireudstidéthanraprdecaii, anstifemelihdifoieimpinydectotiqwss to hold

d h in Fi 6. Th il -16- t h ther t I
pased on o s DR RROCRUBRS r B AR Gl b A ecthe MR i S

other suitable shayeh Anaylbe dFhestucenesegseeaislhegsrddor THeppapstienentsaneMdre that the

measurements on large targets. [0075]Apparatus 500 may also include.gne or mare optical elements

Configured 0 iRATSEUBRCHELIR £ AloRERIRH BESLTe SOSTRE SN AREGhIS & 5 BAREL B0

includes a beanswgtéiter AB¢ s diraetstbram dedcleoroieassisptitemay e cefisitibre dkipetingrboas

Refractive objecti.\éﬁ 5%06 can be ar%/ ?lggablg refractive f$b({‘<ecti\4e. For example, in some embodiments,
& §

refractive objectW) § MAfEs"S MO8 THIEHMEASE S discussed in more detail below with
referencg@o3Bigures 13He. {66 6]vatieenixgnijdieicet casdd aaench2 4s hduth yeydhavie @ igpe il as
range from about f425 nnlto abouyt 850 rtrin 5 dir%cted trgguih r%‘éagcti /e objective ﬁBG and tfocus.ed on
a portion of waft 508 SERAHY $EaTS 299L tRENAR ARG ALR l?évH)Pe BRIV BB GRS A
beam splitter 53%papcdrtoteduchsasandcseatonsittdyppiar atipdmdio rmaly ths G undtrdeeomeshionidrée
optical elements Cﬁn(éi/%r?%o direct and coBdi(g%n econé.r %on beam 524 t Isecond sen og 5§h2'
For example, ad'ShowH i FiguPe 5 AbHPALE S 8D e AR AR PR, IEhEE3E Y S8R HIA)°
lens 538. The reftesited petterd hedne 3agst prrttad o6 tercubsteioson&idge firthapattage irbhobes
sensor 512 can he a CCD.or a ther suitable sensing.device.ln one emphodiment, a.pupil image
Simita to e pUB NGRS IRANAEE h TIgUALoD Ay ot T BT SaCer et e
CD measuremeradiationQ)é ane adlireonersison ey gefdargedta | G| tayee iexaoplenspactioreated in
apparatus 500 GRN %Il?oei cléjéil% 2 tsmgésengﬁri r?t14'r:51r{éir sensor 514 can be a CCD or any other
Suitable sensing JeVitde TR Qenger 5 22 & conﬁgure for OV 'measurements and, particularly, for OV
measureffend} of small ter getie Asrehoevide Figuyrdé, thartisi ssarapbe, réfiea Eatamplss it pdés mifogirth
beam splitter 54&)&\”% sSpllr'{[% sgé:ond gam ?024r érerl‘lr%%t&d fFﬁlrrnr V\r/aferr a50 inrt(g) trwo bea8 S: (&ﬂs b%arl]rglsis
directed to second Sensor 512 and e other beam s directed to thitd sensor 514, ﬁ é] none
example, inspedflankspparated k00vntindébayaphymaradptital ediyges Setlveenfmant, d@mating
splitter 540 and third sensor 5 i u i rt of t f ird sen

for OV measur rﬂérg]tesglﬂg? e%iﬁfn%ﬁgﬁgg é%%éﬁ]%%éﬁe%ﬁ%ggﬁ%ﬂ@gﬁg@% I%E'}/(;}nla nSCIuﬁ‘c%e‘g%'r%eﬁ?/
lens 542 and a spatialdigearonfaite stup & arcay feguptalyfo nantkirkeiage Metectib amadtmoirirat blackof
the zero diffraction order. An example of this system is described in U.S. Patent Application

Publication No. -17-



2011/0027704, filed July 29, 2010, which is incorporated herein by reference in its entirety. Figure 7
illustrates an exemplary spot image of wafer 508, including wafer marks, formed on third sensor 514.
The aperture of field stop 543 blocks the zero diffraction order. Images such as the one shown in
Figure 7 formed on third sensor 514 can be used tcBdetermine one or more characteristics of wafer
508, for example, small target OV measurements. [0079]Accordingly, in one example, separating

source radiatiow\nﬁaﬁn@ﬁﬂetmﬂﬁﬂd@&ﬂ@tim&e%na@?o haviee ﬂné@ﬁﬁﬁ@' raNaadrPBEaRei HieRamto
about 425 nm and a second radiation beam having a spectral range from about 425 nm to about 850

nm enhances ofilEA98ForhBR CLeg/ ML Bra 8RS tRalREAPREIRINR AT indpiek deHelisipst by
500 as a whole tHOSMBR¢aLgsinspection apparatus 500 as shown in Figure 500 includes one
radiation source 502, catadioptric objective 504 and refractive objective 506 have matching

parametdf94Yr exampld'eniiERinRIBFEHBLSHIEN distseteBe5A RO G HEsarl o HIREREES: as
example, catadigRéderpRISSiNe A aHE ErfprsiaionispienblRdipacheitinay ecd Bt ed Ganairiphns,

ranges from about 6.6 mm to about 6.7 mm. The optical pass established between the pupil apertures

in illuminator 51939He SRHEINBLERUHREVRISEH SIS HORBIRIE BRa MR E FYBRINRIRE dhgreot,
Catadioptric ObjecHyRI69GE IS sxpesirtcalbidlivsiiasasgpsRiar epEiciabieaiivadiV4dhpb ek ks

used with inspection apparatus 500 shown in Figure 5. As shown in Figure 8 catadic_;ﬁtric objective

804 includes a ¥ BNE SIRMEN 84 18 USASHGHIYRC U HDENEHYS tRs npIRICS BB R BISLS

element. Refraciig ¢leroensidéfceradispnery sreenditadiaiiaibhe afaeda?  Honjexanipkstdiadiation
beam that was split by beam splitter. 520 of apparatus 500 as shown in Figure 5, having a sPthraI
range froBbut 200 A% EABHFBISEERm (S AR bt Flofb BHSTSBEIR B (SRGXEENS),

As shown in Figus@ Smis§iastiveagiementditativelydansusisearmbbpish Sof Morstidaipelempeat G45.,
comprises a reflective convex surface S7 that is positioned to reflect rad?ija;ion eam 822 conditione

by refractive eleRHEHCHNN RHLSHRNBIBREANELY iARBYY & YREFIBIELr IR P88 el ls FRIEN NI A
a surface S6 thakffesupstanidly transparent to light in a desired wavelength range. Transparent

surface portion S6 is centered around the optical axis and has a diameter that can pbe based on the
i of 1HEllon bean BE DTGRP pRE ST 08, oth AUaEa AT B g8b LbrnAee
from refractive ejabernit844brid(andanens8 efiecicerayssef hemmoer camifgdromgsurfaaeried tad
is, radiation beam &22 Céind'tioned by refractive eIeme?t 844 Rasses througg transparent (furface S6 of

monolithic elemgﬂ T ir[;ﬂ@é ﬁgéﬁge%r%%ac!ﬁ;e%ru %?F?Bé f§’u S GAMLABIRME
element 845 recgivesrtheatagiatinilgeflec@chnyreatiiex sfeseidoased edleeiptinarnadiation toward a

target portion of a wafer, 808. Before impinging. on the target portion of wafer 808, the radiation
raversod GlHLce 5 of o RAIG ARV SARC T AL B 4 REACAF % FLAERThG B JPFLALLNGe
surface S8 exit sumtiécraignient 8dér pe pg adiquliar handutfadieeif hayrdrafeatdisreioterotrgf avkest by
surface S9. As a resu(kt i@tadiogtric ok:&'\ictivet%m can be achraomatic. 00533 %ong{%hic element 845
can comprise glﬁgs"’}% P a?n?ﬁ’ ,Cﬁ.lgg i O%(.)J @ﬂ&%@ﬁhﬁ H(? cﬁ&i f@@&%ﬁ%lﬁ%’g
optical surfacesrdapieled ivetfeppliedotiroemntofpagersif ihsditfpitegipar tnubatite exampld: bebreen
Surface Type R%delur%gs |cé<rr118$t%65 %rsoﬁ’eh&fgr{”sf%? r'r?.ﬂprm(ngrzs%%hi%ru Ilsrxlfénrléywell known in the art for
increasing the numerical aperture of projectiortesys. The term “immersion” as used
herein does not mean that a structure, such absirate, must be submerged in liquid,
but rather only means that liquid is located betwdiee projection system and the
substrate during exposure.

[0045] Referring to Figure 1, the illuminator IL receives radiation beam from a
radiation source SO. The source and the lithogcappparatus may be separate entities,
for example when the source is an excimer lasersuch cases, the source is not
considered to form part of the lithographic appssaand the radiation beam is passed
from the source SO to the illuminator IL with thel @f a beam delivery system BD
comprising, for example, suitable directing mirr@sd/or a beam expander. In other

cases the source may be an integral part of thegiiaphic apparatus, for example when
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-0-
the source is a mercury lamp. The source SO andlltin@inator IL, together with the
beam delivery system BD if required, may be reféteeas a radiation system.

[0046] The illuminator IL may comprise an adjuster AD fadjusting the angular
intensity distribution of the radiation beam. Gexllgr at least the outer and/or inner
radial extent (commonly referred to @uter ando-inner, respectively) of the intensity
distribution in a pupil plane of the illuminatorrche adjusted. In addition, the illuminator
IL may comprise various other components, suchnastagrator IN and a condenser CO.
The illuminator may be used to condition the radrabeam, to have a desired uniformity
and intensity distribution in its cross-section.

[0047] The radiation beam B is incident on the pattermagice (e.g., mask MA), which
is held on the support structure (e.g., mask t&bI¢, and is patterned by the patterning
device. Having traversed the mask MA, the radiattmam B passes through the
projection system PL, which focuses the beam ontrget portion C of the substrate W.
With the aid of the second positioner PW and pasigsensor IF (e.g., an interferometric
device, linear encoder, 2-D encoder or capaciteresar), the substrate table WT can be
moved accurately, e.g., so as to position diffetanget portions C in the path of the
radiation beam B. Similarly, the first positiondvilRand another position sensor (which is
not explicitly depicted in Figure 1) can be usedtourately position the mask MA with
respect to the path of the radiation beam B, after mechanical retrieval from a mask
library, or during a scan. In general, movementhaf mask table MT may be realized
with the aid of a long-stroke module (coarse positig) and a short-stroke module (fine
positioning), which form part of the first positien PM. Similarly, movement of the
substrate table WT may be realized using a lorakstrmodule and a short-stroke
module, which form part of the second positioner .PW the case of a stepper (as
opposed to a scanner) the mask table MT may beecteunh to a short-stroke actuator
only, or may be fixed. Mask MA and substrate W rbayaligned using mask alignment
marks M1, M2 and substrate alignment marks P1ARRBough the substrate alignment
marks as illustrated occupy dedicated target pastidhey may be located in spaces
between target portions (these are known as staree-alignment marks). Similarly, in
situations in which more than one die is provideditte mask MA, the mask alignment
marks may be located between the dies.

[0048] The depicted apparatus could be used in at leasbttne following modes:



28.24973 [0085]In one embodiment, aspheric surfaces S5, S6, S7, and S8 can be designed
according to the following aspheric equation: Z(r)- Cr2 + Ar4 + Br6 + Cr' Drio Er 12 Fr 14 Gr 16
Hr18 Jr 20 1-41-(1+k)C 2r2 (Eqg. 1) [0086]wherein [0087]r=x2+y2; [0088]c is the curvature
(I/RDY) of the surface; [0089]k is the conic constartOand -19- [0090]A through J are the aspheric
coefficients. [0091]In one embodiment, using Equation 1, aspheric surfaces 55 and S8 can have the

[0049] 1. In step mode, the mask table MT and the substable WT are kept
essentially stationary, while an entire patternangd to the radiation beam is projected
onto a target portion C at one time (i.e., a sirsgigetic exposure). The substrate table WT
is then shifted in the X and/or Y direction so tlatifferent target portion C can be
exposed. In step mode, the maximum size of the sxpofield limits the size of the
target portion C imaged in a single static expasure

[0050] 2. In scan mode, the mask table MT and the substable WT are scanned
synchronously while a pattern imparted to the ramliabeam is projected onto a target
portion C (i.e., a single dynamic exposure). Thiocity and direction of the substrate
table WT relative to the mask table MT may be deieed by the (de-)magnification and
image reversal characteristics of the projectiostesy PL. In scan mode, the maximum
size of the exposure field limits the width (in then-scanning direction) of the target
portion in a single dynamic exposure, whereas #mgth of the scanning motion
determines the height (in the scanning directidrihe target portion.

[0051] 3. In another mode, the mask table MT is keptregdly stationary holding a
programmable patterning device, and the substasate WWT is moved or scanned while a
pattern imparted to the radiation beam is projectett a target portion C. In this mode,
generally a pulsed radiation source is employedthagrogrammable patterning device
is updated as required after each movement of ubstite table WT or in between
successive radiation pulses during a scan. Thissnebdperation can be readily applied
to maskless lithography that utilizes programmabpkgterning device, such as a
programmable mirror array of a type as referredove.

[0052] Combinations and/or variations on the above desdrimodes of use or entirely
different modes of use may also be employed.

[0053] As shown in Figure 2, the lithographic apparatusfbAns part of a lithographic
cell LC, also sometimes referred to a lithoceltluster, which also includes apparatus to
perform pre- and post-exposure processes on aratéstConventionally these include
spin coaters SC to deposit resist layers, devetopé&r to develop exposed resist, chill
plates CH and bake plates BK. A substrate handlerpbot, RO picks up substrates
from input/output ports 1/01, /02, moves them betw the different process apparatus
and delivers then to the loading bay LB of thedghaphic apparatus. These devices,
which are often collectively referred to as theckraare under the control of a track

control unit TCU which is itself controlled by tiseipervisory control system SCS, which



parameters set forth below in Table 2. TABLE 2 s5 s8 Y Radius (RDY) 47.16811 49.52582 Conic
Constant (k) 47.9979 -0.05977 4th Order Coefficient (A) -0.00023 1.18E-09 6th Order Coefficient (B)
1.80E-06 -2.66E-13 8th Order Coefficient (C) 2.30E-07 4.61E-16 10th Order Coefficient (D) -1.20E-09
-3.00E-19 12th Order Coefficient (E) 0 1.26E-22 14th-Order Coefficient (F) O

[0054]

[0055]

[0056]

also controls the lithographic apparatus via litlagdy control unit LACU. Thus, the
different apparatus can be operated to maximizmutiirput and processing efficiency.

In order that the substrates that are exposed &litthographic apparatus are
exposed correctly and consistently, it is desiréblespect exposed substrates to measure
properties such as overlay errors between two $ayiee thicknesses, critical dimensions
(CD), etc. If errors are detected, adjustments beynade to exposures of subsequent
substrates, especially if the inspection can beedswon and fast enough that other
substrates of the same batch are still to be exipoatso, already exposed substrates may
be stripped and reworked — to improve yield — scdided, thereby avoiding performing
exposures on substrates that are known to be fadiftya case where only some target
portions of a substrate are faulty, further expesuran be performed only on those target
portions which are good.

An inspection apparatus is used to determine thpegpties of the substrates, and
in particular, how the properties of different sinbates or different layers of the same
substrate vary from layer to layer. The inspectpparatus may be integrated into the
lithographic apparatus LA or the lithocell LC or ynlae a stand-alone device. To enable
most rapid measurements, it is desirable thatrtbpeiction apparatus measure properties
in the exposed resist layer immediately after tkgosure. However, the latent image in
the resist has a very low contrast — there is anlgry small difference in refractive index
between the parts of the resist which have beewsexpto radiation and those which
have not — and not all inspection apparatus hatciemt sensitivity to make useful
measurements of the latent image. Therefore measints may be taken after the post-
exposure bake step (PEB) which is customarily thet Step carried out on exposed
substrates and increases the contrast betweeneskpos unexposed parts of the resist.
At this stage, the image in the resist may be refeto as semi-latent. It is also possible
to make measurements of the developed resist imageavhich point either the exposed
or unexposed parts of the resist have been remewdfter a pattern transfer step such
as etching. The latter possibility limits the pbggies for rework of faulty substrates but
may still provide useful information.

Figure 3 depicts a scatterometer which may be irsedme embodiments of the
present invention. It comprises a broadband (wigfet) radiation projector 2 which
projects radiation onto a substrate W. The refidctdiation is passed to a spectrometer

detector 4, which measures a spectrum 10 (inteasity function of wavelength) of the



-2.96E-26 16th Order Coefficient (G) 0 3.48E-30 18th Order Coefficient (H) 0 0 20th Order Coefficient
(J) 0 0 [0092]In other embodiments, a catadioptric objective used with inspection apparatus 500 as

shown in Figure 5 may include other suitable design forms of catadioptric objectives, for example, the
design forms as described in U.S. Patent No. 7,633889, which is incorporated herein by reference in
its entirety. In some embodiments, a catadioptric objective used with inspection apparatus 500 shown

in Figure 5 can beayyFaiaféQpic RRirtbie Swifahietfis uraavihdedinian ryme i%ﬂﬂftf%'er%g@]e
from about 200 nm to about 424 nm. [0093]In some embodiments, a catadioptric objective sﬁystem

used with inspeEfSFCEHFREEEHD EARYInBRIJE SORSERBR CYbRIOFRSHIY BHe £0twHhiFFIRRYS
correct the field cy(yptye/gERteARY IS eaiddieptlinshiadhesIimiaEminrifisPIRRAVE WERar of

catadioptric objective systems that correct field curvature can take the form of any of the

above-described BIHIXBHRARSIER 28,SHMEP AithaPRIATLPA RAdHs SIFRESBle SOl BBBATSHECtION
additional mirrofR&agen@ 0 g egf eheOisRECRIreS 4y CrridiR ol disigaraviadispsobiiee sadamentritom

objective system because field curvature depends on the curvature of optical surfaces. Particularly, the

reflective surfacSaWYIBAIRmIPEr oA e Y r YA At dbEo S AU RIS 1 RV 89 S UK ofin(HYY

Figure 8. Each mér@medsrHectitiiey atitpiorifacesys aleraondsdriace denxponmiena daagdingnicrmra
mirror. Each mirror can have either a spherical or aspherical shape. -20-[0095]In one embodiment,

the sum of the SFISGROERIRYY (RF oFHEAYGHOASI PhilAEHIGEHESRIHEOMELF b h &R Rijaue-

apertures is grepigidtase zeteitdrémeasiirstauriaemaimosricntuatwgns pesitbeiferoanaayerriyfaces
and negative for convex Slé{faces. For second surface mirrors, curvature is positive for conve

surfaces and netfatR/EVEY dOhBIESDrac¥R ARlRA A@d)f&efhé%‘f’?%%gﬂﬂew}%%'ﬂb} Eifksth

system, the mirigif dadopeotigts, iigls endrng & isiaedaatdis opposite to the sign of field curvature
induced by th catadio%'hr{i?cé objective. 00%6 T%%additional mirrors can haye a common axis of rotation
fl

(and the s hit off- tehal e hadssd dp 2 5 SIS the

mirrors are decenteredissddenigted e arelipkine e Mitestalyelsioines tuireer CRNduAR Ate S WB Mgty ek
all and be decentered and tilted in three-dimensional space. In some embodiments, 1n les, of
r

incidence of all PSR atrb @I 4" ans RUESd o il K e o EE i iBRY (RO REbthér ERIESIth s,
a catadioptric oljeatahstemecttaisefiteut amtiondboekadtizisitrarni(s)Retvend oictgss. dijevivid
inducing chromatic aberrations, the combined optical power of g|l. surfaces of the refractive element
and the firt surlBS Ao GBS DA BP AL ABETAEE L BB O SRR <l Bt G s
shown in Figureaddsinosiarizectitissoimaers, bickanWiosl ppweaestatiirgacadsdeiiedvas ¢ivenknses
where c is surface curvature, and n and n' are indices of gefraction from both sides of the surface.
100961 igures ST N AR ATRLAP TS0 el S AFBHRS O EA ARt By
that include a catdldoptdc suhfecive Gndtatdedstdvtomigars tvdanmet e fistdteenaioctrindudeddyed.
the catadioptric objective. [0099]Figure 9 schematically illustrates a catadioptyic objective system 905
ihat inoucies a BB RSP AP o5 B LA RSO SR OB A VTRl B Do
S8) and four miteprgtQ 88, #1890 sgetk AP hatingaeeclieemipirpin Bbirfsde&iB baneeSthaged with
respectively. No refractive elements gre between mirrors 986, 988, 990, and. 992. Here, the ghject can
e positioned aPWHIHE dPALLL Wors e UL L RS R R | e piae e 1fe
radial position of radiation defines the anglerafidlence and the angular position defines
azimuth angle of the radiation. The detector efgmably a two-dimensional detector so
that a two-dimensional angular scatter spectrum siibstrate target 30 can be measured.
The detector 18 may be, for example, an array dD©@CCMOS sensors, and may use an
integration time of, for example, 40 milliseconads frame.

[0058] A reference beam is often used for example to nmeathe intensity of the
incident radiation. To do this, when the radiatimam is incident on the beam splitter 16
part of it is transmitted through the beam splitiera reference beam towards a reference
mirror 14. The reference beam is then projectdd ardifferent part of the same detector
18 or alternatively on to a different detector (sbown).



[0100]An example prescription for designing the optical surfaces depicted in catadioptric objective
system 905 of Figure 9 is set forth below in Table 3. -21- TABLE 3 S# Surf. type Radius Thickness
Material Mode Decenter 0 SPH 1.00E+18 1E+14 _1%_SPH 1.00E+18 4.884033 2 AAS

[0059] A set of interference filters 13 is available téesé a wavelength of interest in the
range of, say, 405-790 nm or even lower, such 8s3B0 nm. The interference filter may
be tunable rather than comprising a set of diffefiters. A grating could be used instead
of interference filters.

[0060] The detector 18 may measure the intensity of geattdight at a single
wavelength (or narrow wavelength range), the intgnseparately at multiple
wavelengths or integrated over a wavelength randgeurthermore, the detector may
separately measure the intensity of transverse et@grand transverse electric-polarized
light and/or the phase difference between the W&nse magnetic- and transverse electric-
polarized light.

[0061] Using a broadband light source (i.e., one with dewiange of light frequencies or
wavelengths — and therefore of colors) is possislech gives a large etendue, allowing
the mixing of multiple wavelengths. The plurality wavelengths in the broadband
preferably each has a bandwidth A and a spacing of at leastA2. (i.e., twice the
bandwidth). Several “sources” of radiation can bierent portions of an extended
radiation source which have been split using fibbendles. In this way, angle resolved
scatter spectra can be measured at multiple waytblerin parallel. A 3-D spectrum
(wavelength and two different angles) can be meakwrhich contains more information
than a 2-D spectrum. This allows more informationbe measured which increases
metrology process robustness. This is describedadre detail in EP1,628,164A, which
is incorporated by reference herein in its entirety

[0062] The target 30 on substrate W may be a 1-D perigitng, which is printed such
that after development, the bars are formed otigelist lines. The target 30 may be a 2-
D periodic grating, which is printed such that affevelopment, the grating is formed of
solid resist pillars or vias in the resist. Theshauillars or vias may alternatively be etched
into the substrate. This pattern is sensitive tmmiatic aberrations in the lithographic
projection apparatus, particularly the projectigstem PL, and illumination symmetry
and the presence of such aberrations will manifestselves in a variation in the printed
grating. Accordingly, the scatterometry data of phieted gratings is used to reconstruct
the gratings. The parameters of the 1-D gratinghsas line widths and shapes, or
parameters of the 2-D grating, such as pillar arwidths or lengths or shapes, may be
input to the reconstruction process, performed toggssing unit PU, from knowledge of

the printing step and/or other scatterometry preegs



-231.923 -136.493 Reflect BEN 3 AAS 116.3648 133.9646 Reflect BEN 4 AAS -137.837 -154.205
Reflect BEN 5 AAS 216.1939 318.6562 Reflect BEN 7 SPH

[0063]

[0064]

[0065]

[0066]

[0067]
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As described above, the target is on the surfadbeobubstrate. This target will
often take the shape of a series of lines in d@rgyatr substantially rectangular structures
in a 2-D array. The purpose of rigorous opticalfrddtion theories in metrology is
effectively the calculation of a diffraction speatr that is reflected from the target. In
other words, target shape information is obtaireeddD (critical dimension) uniformity
and overlay metrology. Overlay metrology is a measusystem in which the overlay of
two targets is measured in order to determine vdnetiwo layers on a substrate are
aligned or not. CD uniformity is simply a measuretef the uniformity of the grating on
the spectrum to determine how the exposure systemheolithographic apparatus is
functioning. Specifically, CD, or critical dimensipis the width of the object that is
"written" on the substrate and is the limit at whet lithographic apparatus is physically
able to write on a substrate.

Figure 5 depicts an inspection apparatus 500 aiggprtb an embodiment.
Inspection apparatus 500 can be a scatteromettgnsysScatterometry system 500 can
sense one or more properties, such as CD and OYumaaents, of a wafer 508. In one
embodiment, inspection apparatus 500 operatesnit@ spectral range from about 200
nm to about 850 nm. Inspection apparatus 500 eansed in EUV lithography and
allows for high productivity and accurate CD and @trology.

Inspection apparatus 500 includes a radiation 0502, a catadioptric objective
504, a refractive objective 506, a first sensor,5difi] a second sensor 512. Radiation
source 502 can be, for example, a broadband (Vigh& radiation source. Radiation
source 502 produces a radiation beam 516. Ingpeapparatus 500 may also include an
illuminator 518 that is configured to condition ratbn beam 516. One example of an
illuminator that can be used with inspection appe®00 is further described below with
reference to Figure 16.

In one example, apparatus 500 produces first atmhgebeams 522 and 524 from
source radiation beam 516. Apparatus 500 is cordd) to direct first beam 522 to
catadioptric objective 504. Apparatus 500 is agqunied to direct second beam 524 to
refractive objective 506. In one embodiment, flbssam 522 has a spectral range from
about 200 nm to about 425 nm, and second beam&®4 bpectral range from about 425
nm to about 850 nm.

In one embodiment, apparatus 500 includes an itlation system including
illuminator 518 and a beam splitter 520 that spbieam 516 into first beam 522 and



1.00E+18 4 'SiO2' 8 ASP 39.20413 1.879349 9 ASP 49.52582 36.06278 'SiO2' 10 SPH 5.890262
-36.0628 'SiO2' Reflect 11 ASP
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second beam 524. Beam splitter 520 can be twoguiar prisms or any other optical
device configured to split radiation beam 516 ifitst beam 522 and second beam 524.

[0068] In another embodiment, apparatus 500 includes &clsable mirror device (not
shown) that is configured to re-direct radiatiomine516 between an optical path directed
to catadioptric objective 504 and an optical pathaled to refractive objective 506.

[0069] In one example, within the optical path to catatliopobjective 504 apparatus
500 may also include one or more fold mirrors oe on more beam splitters configured
to direct first beam 522 to catadioptric objects@4. In the example shown in Figure 5,
apparatus 500 includes one fold mirror 526 and lweem splitter 528 that directs beam
522 from beam splitter 520 to catadioptric objeethd4.

[0070] First beam 522 is directed through catadioptricecttye 504 and focused on a
portion of wafer 508. First beam 522 is then &@#d back through catadioptric objective
504 and beam splitter 528, and directed to firssee510.

[0071] Catadioptric objective 504 can have a large NA.r Emample, catadioptric
objective 504 can have an NA that ranges from alBc@® to about 1.0, and in some
embodiments, an NA of about 0.95. Catadioptriceoliye 504 can also be achromatic
over a wide spectral range, for example, a rang@ fbout 200 nm to about 425 nm. In
some embodiments, catadioptric objective 504 imgsothe coating and transmission
properties of the optical system. In other embashts, catadioptric objective 504 is a
robust monolithic, two element design as furthescdibed below with reference to Figure
8.

[0072] Apparatus 500 may also include one or more relayons configured to direct
first beam 522 from catadioptric objective 504 itstfsensor 510. As shown in Figure 5,
apparatus 500 includes a first relay mirror 530 anskecond relay mirror 532 that are
configured to direct first beam 522 from beam $@li628 to first sensor 510.

[0073] The image formed on first sensor 510 is used teerdehe one or more
characteristics of wafer 508. First sensor 510lmam charge coupled device (CCD) or
any other suitable image sensing device. Firsts@erb10 can be used for CD
measurements or large target OV measurements.

[0074] Figure 6 illustrates an exemplary pupil image 666mfed on first sensor 510
when using an annular aperture. Using an annyart@re separates out the different
diffraction orders such that the zero diffractialer 606, the -1st diffraction order 602,
and the +1st diffraction order 604 are superposedhomwn in Figure 6. The pupil



49.52582 38.56278 'SiO2' Reflect 12 29.34339 29.34339  [0101]Rotationally symmetric aspheric
surfaces S8, S9, and S11 can be designed according to Equation 1 defined above. For example, using
Equation 1, surfaces S8, S9, and SlI depicted in Figure 9 can have parameters set forth below in Table
4. TABLE 4 Surface # 8 9 11 Type ASP ASP ASP-B®Y 39.20413 49.52582 49.52582

aperture can have shapes other than an annulus bagke application, for example, the
pupil aperture can be a circle, segment, dipolg,®l any other suitable shape. Annular
apertures are generally used for CD measuremertsQAh measurements on large
targets.

[0075] Apparatus 500 may also include one or more opélhents configured to direct
second beam 524 to refractive objective 506. Aswsh@n Figure 5, apparatus 500
includes a beam splitter 534 that directs beam f&@#% beam splitter 520 to refractive
objective 506. Refractive objective 506 can be anyable refractive objective. For
example, in some embodiments, refractive objechi9é includes one or more optical
lenses as discussed in more detail below with eefe to Figures 13-15.

[0076] In one example, second beam 524, which may hayeetral range from about
425 nm to about 850 nm, is directed through refracbbjective 506 and focused on a
portion of wafer 508. Second beam 524 is thenecedld back through refractive
objective 506 and beam splitter 534, and direabegsiecond sensor 512. Apparatus 500
may also include one or more optical elements gondéid to direct and condition second
radiation beam 524 to second sensor 512. For gheams shown in Figure 5, apparatus
500 includes a first relay lens 536 and a secotal/ lens 538. The reflected second
beam 524 is directed to second sensor 512 to farrmage. Second sensor 512 can be a
CCD or any other suitable sensing device. In anbagliment, a pupil image similar to
the pupil image 600 illustrated in Figure 6 canftmened on second sensor 512 and used
for CD measurements and OV measurements on langgetsa

[0077] In one example, inspection apparatus 500 can aldlode a third sensor 514.
Third sensor 514 can be a CCD or any other suitsdasing device. Third sensor 514 is
configured for OV measurements and, particularly; OV measurements of small
targets. As shown in Figure 5, in this examplgaaptus 500 includes a fourth beam
splitter 540 that splits second beam 524 refleétech wafer 508 into two beams: one
beam is directed to second sensor 512 and the lo¢laen is directed to third sensor 514.

[0078] In one example, inspection apparatus 500 inclutesar more optical elements
between fourth beam splitter 540 and third senddrdonfigured to focus an image sport
of the wafer on third sensor 514 for OV measuresiefor example, as shown in Figure
5, inspection apparatus 500 includes a relay ldi2sahd a spatial filter or field stop 543
configured for a dark field detection method thktcks the zero diffraction order. An

example of this system is described in U.S. Pat&pplication Publication No.



K 31.33416 -0.05571 -0.05571 A -1.79E-04 1.50E-09 1.50E-09 B 5.92E-07 -9.24E-14 -9.24E-14 C
-1.67E-08 6.23E-16 6.23E-16 D -2.81E-10 -6.70E-19 -6.70E-19 E 0.00E+00 4.22E-22 4.22E-22 F
0.00E+00 -1.34E-25 -1.34E-25
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2011/0027704, filed July 29, 2010, which is incogied herein by reference in its
entirety. Figure 7 illustrates an exemplary spoage of wafer 508, including wafer
marks, formed on third sensor 514. The aperturdietd stop 543 blocks the zero
diffraction order. Images such as the one showigare 7 formed on third sensor 514
can be used to determine one or more characterigfievafer 508, for example, small
target OV measurements.

[0079] Accordingly, in one example, separating sourceatamh beam 516 into first
radiation beam 522 having a spectral range fromuaB060 nm to about 425 nm and a
second radiation beam having a spectral range fibout 425 nm to about 850 nm
enhances optical performance. While preservingvittee spectral range of inspection
apparatus 500 as a whole.

[0080] Because inspection apparatus 500 as shown in Fififencludes one radiation
source 502, catadioptric objective 504 and refvactobjective 506 have matching
parameters, for example, matching pupil sizes, |fatiatances, and NA, in one
embodiment. For example, catadioptric objectivd 88d refractive objective 506 can
both have a pupil diameter that ranges from abdutén to about 6.7 mm. The optical
pass established between the pupil aperturesumiilator 518 and the pupils in each

objective can also be equal.

Example Embodiments of a Catadioptric Objective

[0081] Figure 8 schematically illustrates a catadioptrigeotive 804 that can be used
with inspection apparatus 500 shown in Figure 5 shown in Figure 8, catadioptric
objective 804 includes a refractive element 844 andhonolithic element 845, for
example, a monolithic glass element. Refractivemeint 844 conditions a second
radiation beam 822, for example, a radiation bdaa was split by beam splitter 520 of
apparatus 500 as shown in Figure 5, having a gpeatnge from about 200 nm to about
425 nm, to correct one or more optical aberratisash as coma). As shown in Figure 8,
refractive element 844 includes surfaces S4 andv®bolithic element 845 comprises a
reflective convex surface S7 that is positionedetitect radiation beam 822 conditioned
by refractive element 844. Monolithic element 848ludes a concave surface S8 that is
reflective and a surface S6 that is substantiediggparent to light in a desired wavelength
range. Transparent surface portion S6 is centarednd the optical axis and has a

diameter that can be based on the width of radidiEam 822. In one example, ssurface



G 0.00E+00 1.78E-29 1.78E-29 H 0.00E+00 0.00E+00 0.00E+00 J 0.00E+00 0.00E+00 0.00E+00
[0102]Anamorphic aspheric (AAS) surfaces S4, S5, and S7 can be designed according to the following
equation for the sag of the surface parallel to the z-axis: (CUX )x2 + (Cm ")y2 Z(x, y)= ,+ AR{(1- AP)y2
+ (1+ APV2I2 (Eq. 2) 1+111- (1+100(cux)2x2- (1+-&k& )(CUY )2 y2 + B12{(1- BP)y2 + (1+ BP)y2y
-cRi(i_cp)x2-4- CP1y21 + DR{(1- DP)y2 + (1+ DP)y2y [0103]Wherein [0104]CUX and CUY are the

curvatures in x &glpadespeativilivn FelartP892 o aiiomatarilaisipeic GNSIARE d0fRR0S8 reflects
respectively, and correspond to eccentricity in the same way as k in Eq. 1; [0106]AR, BR, CR, and DR

are the rotationdRySHhRRAME BeAiBABINGL 2R, BiHasH Shd 10aasiaten AL AsH froRfitengshigy
and [0107]AP, BEf&dtivansldarcatesie passEdanenal BERSHRIIGRITHesISpiiAidBISHbRtB4gNd
10th order deformation from the conic. )

and impinges on convex reflective surface S7.

[0082] Surface S8 of monolithic element 845 receives Hukation reflected by convex
surface S7 and reflects this radiation toward getaportion of a wafer 808. Before
impinging on the target portion of wafer 808, theliation traverses surface S9 of
monolithic element 845. In one embodiment, allsragflecting off of reflective surface
S8 exit monolithic element 845 perpendicular tofae S9, and are therefore not
refracted by surface S9. As a result, catadioptvjective 804 can be achromatic.

[0083]

[0084]

Monolithic element 845 can comprise glass, for eplanfused silica (Sig).
An example prescription for designing the opticakfaces depicted in the

embodiment of Figure 8 is set forth below in Table

TABLE 1

Surface
S# Type

S1 Sphere
S2 Sphere
S3 Sphere
S4 Sphere

Thickness
infinity

Radius
infinity
infinity | 29.91889
infinity | -29.9189
infinity | 4

S5

Aspherg

47.16811

1.879349

S6

Asphere

49.52582

36.96539

S7

Asphere

4.149334

-36.9654

S8

Aspherg

49.52582

39.46539

S9

Sphere

28.2497

38.24973

[0085] In one embodiment, aspheric surfaces S5, S6, Sd,S# can be designed

according to the following aspheric equation:

cr?

1+4/1- @+k)c?r?

Z(r)= + A +Bre+Cre +Dr° +Er? + Fr* +Gr® + Hr'® + Jr

(Eg. 1)
wherein

r=x’+y%

c is the curvature (1/RDY) of the surface;

[0086]
[0087]
[0088]

[0089] k is the conic constant; and



[0108]For example, using Equation 2, surfaces S4, S5, and S7 depicted in Figure 9 can have
parameters set forth below in Table 5. TABLES Surface # 2 3 4 5 X Curvature (CUX) -0.00432
0.008629 -0.00727 0.004663 X Radius -231.589 115.8892 -137.589 214.432 Y Curvature (GUY)
-0.00431 0.008594 -0.00725 0.004625 Y Radius -Z3*.923 116.3648 -137.837 216.1939

[0090] A through J are the aspheric coefficients.

[0091] In one embodiment, using Equation 1, aspheric sagf&&5 and S8 can have the
parameters set forth below in Table 2.

TABLE 2

S5 s8
Y Radius (RDY) 47.16811| 49.52582
Conic Constant (k) 47.9979 -0.05977
4th Order Coefficient (A) | -0.00023 1.18E-09
6th Order Coefficient (B) | 1.80E-06| -2.66E-13
8th Order Coefficient (C) | 2.30E-07| 4.61E-16
10th Order Coefficient (D) -1.20E-09 -3.00E-19
12th Order Coefficient (E) O 1.26E-22
14th Order Coefficient (F) O -2.96E-26
16th Order Coefficient (G) 0 3.48E-30
18th Order Coefficient (H) O 0
20th Order Coefficient (J)] O 0

[0092] In other embodiments, a catadioptric objective usld inspection apparatus 500
as shown in Figure 5 may include other suitablegiefrms of catadioptric objectives,
for example, the design forms as described in BP.&ent No. 7,633,689, which is
incorporated herein by reference in its entirety.sbme embodiments, a catadioptric
objective used with inspection apparatus 500 shiowifigure 5 can be any catadioptric
objective suitable for use with radiation havingectral range from about 200 nm to
about 424 nm.

[0093] In some embodiments, a catadioptric objective systesed with inspection
apparatus 500 can include a catadioptric objectnet at least two mirrors to correct the
field curvature created by the catadioptric objexti The catadioptric objective used in
catadioptric objective systems that correct fialdvature can take the form of any of the
above-described embodiments or any other suitaiphe 6f a catadioptric objective.

[0094] The additional mirrors can be configured to correctreduce the total field

curvature of the catadioptric objective system heeafield curvature depends on the
curvature of optical surfaces. Particularly, theflective surfaces of the mirrors
compensate for the effect of, for example, surfa@eas shown in Figure 8. Each mirror
can be either a first surface or a second surflreekample, a Mangin mirror) mirror.

Each mirror can have either a spherical or aspéiesttape.



Y Conic Constant (KY) 3658.553 21.21849 -186.515 -110.559 4thOrderSymmetricCoefficient (AR) 0 0
0 0 6thOrderSymmetricCoefficient (BR) 0 0 0 0 8thOrderSymmetricCoefficient (CR) 0 0 0 0 10th Order
Symmetric Coefficient (DR)000 0
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[0095] In one embodiment, the sum of the average cunmt(#¢ of the additional
mirrors defined at the center of their clear apedus greater than zero: A>0. For first
surface mirrors, curvature is positive for concatefaces and negative for convex
surfaces. For second surface mirrors, curvatur@oisitive for convex surfaces and
negative for concave surfaces. When A>0 for therarsrof the catadioptric objective
system, the mirrors induce field curvature havingign that is opposite to the sign of
field curvature induced by the catadioptric objeeti

[0096] The additional mirrors can have a common axis td#tron (and the beams hit off-
axis patches of the reflective surfaces), or commplane of symmetry (and the mirrors
are decentered and/or tilted in one plane). A#tevely, the mirrors can have no
symmetry at all and be decentered and tilted ireetfdimensional space. In some
embodiments, angles of incidence of all rays ofb@hms are not zero to avoid beam
obscuration.

[0097] In other embodiments, a catadioptric object syst&mn also include optional
refractive element(s) between mirrors. To avoiduging chromatic aberrations, the
combined optical power of all surfaces of the retikee elements and the first surface of
the monolithic element of the catadioptric objeetifor example, surface S6 as shown in
Figure 8, should be close to zero. Here, opticalgroof a surface is defined as c*(n’-n),
where c is surface curvature, and n and n’ arecesdof refraction from both sides of the
surface.

[0098] Figures 9-12 schematically illustrate exemplary ediments of catadioptric
objective systems that include a catadioptric dbjecand at least two mirrors to correct
the field curvature induced by the catadioptricechiye.

[0099] Figure 9 schematically illustrates a catadioptheotive system 905 that includes
a catadioptric objective 904 (including a refraet®lement 944 having surfaces S7 and
S8) and four mirrors 986, 988, 990, and 992 havéfigctive surfaces S5, S4, S3, and S2,
respectively. No refractive elements are betweanons 986, 988, 990, and 992. Here,
the object can be positioned at a finite distanoenfthe objective or at an infinite
distance.

[0100] An example prescription for designing the opticafaces depicted in catadioptric

objective system 905 of Figure 9 is set forth belowable 3.



X Conic Constant (KX) 3652.096 20.4269 -185.578 -107.71 4th Order Asymmetric Coefficient (AP) 0 0
0 0 6th Order Asymmetric Coefficient (BP) 0 0 0 0 8th Order Asymmetric Coefficient (CP) 0 0 0 0 10th
Order Asymmetric Coefficient (DP) 0 0 0 0 [0109]As shown in Figure 9, reflective surfaces S2, 23, S4
and S5 of mirrors 992, 990, 988, and 986, respecti¢dly, can be decentered. Reflective surfaces S2, 23,
S4, and S5 of mirrors 992, 990, 988, and 986 can also be tilted about the x-axis (an axis perpendicular
to the plane of the page of Figure 9). For example, surfaces S2, 23, S4, and S5 can be decentered
and tilted accor(;II_i'rz‘l‘%ltj)E tge parameters set forth in table 6 below.

S# Surf. Radius Thickness Material | Mode Decenter
type

0 SPH 1.00E+18 1E+14

1 SPH 1.00E+18 4.884033

2 AAS -231.923| -136.493 Refleat BEN

3 AAS 116.3648| 133.9646 Reflect BEN

4 AAS -137.837| -154.205 Reflegt BEN

5 AAS 216.1939| 318.6562 Reflect BEN

7 SPH 1.00E+184 'Si02'

8 ASP 39.20413 1.879349

9 ASP 49.52582 36.06278 'SiO2'

10 SPH 5.890262 -36.0628 'SiO2’ Reflect

11 ASP 49.52582 38.56278 'SiO2 Reflect

12 29.34339 29.34339

[0101] Rotationally symmetric aspheric surfaces S8, S &il can be designed

according to Equation 1 defined above. For exammeng Equation 1, surfaces S8, S9,

and S11 depicted in Figure 9 can have parametefsrde below in Table 4.

TABLE 4
Surface # 8 9 11
Type ASP ASP ASP
RDY 39.20413 49.52582 49.,52582
K 31.33416 -0.05571 -0.05571
A -1.79E-04 1.50E-09 1.50E-09
B 5.92E-07 -9.24E-14 -9.24E-14
C -1.67E-08 6.23E-16 6.23E-16
D -2.81E-10 -6.70E-19 -6.70E-19
E 0.00E+00 4.22E-22 4.22E-22
F 0.00E+00 -1.34E-25 -1.34E-25
G 0.00E+00 1.78E-29 1.78E-29
H 0.00E+00 0.00E+00 0.00E+00
J 0.00E+00 0.00E+00 0.00E+00

[0102] Anamorphic aspheric (AAS) surfaces S4, S5, andad®7e designed according to

the following equation for the sag of the surfaeeafiel to the z-axis:

(CUX)2 + (CUY)y?
1+,/1- (L+ KX )(CUX)?x? - (1+ KY)(CUY)?y?

+BR{(1L-BP)x + (1+ BP)y?}’ + CR{(1- cP)x2 + (1+ CP)y?}" + DR{(1- DP)x + (1+ DP)y2)’
Wherein

CUX and CUY are the curvatures in x and y, respebtj

Z(x,y) = + AR{(1- AP)X + (1+ AP)y?F

(Eq. 2)

[0103]
[0104]



-23- TABLE 6 Surface # 2 34 5 Type BEN BEN BEN BEN ADE(in degrees) -2.09478 3.199903
-2.40523 5.551253 [0110]in one example, the average sum of curvatures of mirrors 986, 988, 990,
and 992 is greater than zero, which means mirrors 986, 988, 990, and 992 induce field curvature with
a sign opposite to the sign of the field curvature indki&ed by catadioptric objective 904. Accordingly, the
field curvature of catadioptric system 905 is corrected or at least reduced. [0111]Figure 10

schematigaibsplepicts & setaioRrtiGpbiamiRKSIENHAARaRCRrding 10 AAGIBR! enBadimestond to

Catadioptric system 1005 includes a catadioptric objective 1004 (including refractive element 1044)
and two mirrorsCRSES KIS BBR a-RAMGNEAY AT bfiBefade curvatures of mirrors 1086 and 1088 is
greater thefogpro to CONRCIER resiicaifesnialréett CubiativieanddgathiataaigaieptieohieClive, HIRA.
[0112]In this example, catadioptric objective system 1005 includes refractive element 1094 and

refractive elemeid 898" REtEAGRIOENAHRA B ANE (88ifoABH between first mirror 1086 and second
mirror 10@f oRefractiveagiempntdifoa g @Pi@@%@ﬁ@mrmwrwmwﬁﬁ&&ogﬁ thed4tQ88

can be decentered and tilted. [0113]Figure 11 schematically depicts a catadioptric objective system

1105 according $9'aAdihandrhBEURFLS: AR HaRIRAC QRN $908 includes catadioptric objective 1104
(includinggedgctive elgrpeakaifshe anditey e nitrens2 1RGfdddB sand s Eah dbhicess 14 88gdAs9, eand

1190 can be decentered and tilted. The average curvatures of mirrors 1186, 1188, and 1190 are

greater than zef®@hRAEBMGHT REIJSLBPELY PlRRIE feld curvature attributable to catadioptric
objective 1104. TABLE 5

Surface # 2 3 4 5

X Curvature (CUX) -0.00432 0.0086290.00727| 0.004663
X Radius -231.589 115.8892137.589| 214.432
Y Curvature (CUY) -0.00431 0.0085940.00725| 0.004625
Y Radius -231.923 116.3648137.837| 216.1939
Y Conic Constant (KY) 3658.55321.21849| -186.515| -110.559
4th Order Symmetric CoefficientO 0 0 0

(AR)

6th Order Symmetric CoefficientO 0 0 0

(BR)

8th Order Symmetric CoefficientO 0 0 0

(CR)

10th Order Symmetric CoefficientO 0 0 0

(DR)

X Conic Constant (KX) 3652.09620.4269 | -185.578 -107.71
4th Order Asymmetric CoefficientO 0 0 0

(AP)

6th Order Asymmetric CoefficientO 0 0 0

(BP)

8th Order Asymmetric CoefficientO 0 0 0

(CP)

10th Order Asymmetric CoefficientO 0 0 0

(BP)

[0109] As shown in Figure 9, reflective surfaces S2, 28, &d S5 of mirrors 992, 990,

988, and 986, respectively, can be decenteredled®iek surfaces S2, 23, S4, and S5 of
mirrors 992, 990, 988, and 986 can also be tiltaouathe x-axis (an axis perpendicular

to the plane of the page of Figure 9). For examglefaces S2, 23, S4, and S5 can be
decentered and tilted according to the parameg&tf®rh in table 6 below.



[0114]In this example, catadioptric objective system 1105 includes refractive element 1194, 1196, and
1198. Refractive element 1194 is positioned in the optical path between mirror 1186 and mirror 1188.
Refractive element 1196 is positioned in the optical path between mirror 1190 and mirror 1188.
Refractive element 1198 is positioned in the opticagath before mirror 1190. [0115]Figure 12 depicts a
catadioptric objective system 1205 according to an embodiment. Catadioptric system 1205 includes a
catadioptric objective 1204 (including -24- refractive element 1244) and for mirrors 1286, 1288, 1290,
and 1291. Mirrors 1286, 1288, 1290, and 1291 can be decentered and tilted. [0116]In this example,
the average of theBLR/&ures of the reflective surfaces of mirrors 1286, 1288, 1290, and 1291 is
greater than zero to corregpfa@duce thedield cufvajures induged by catagioptric pbjective 1204.
[0117]Catadioptric objecliygsystem 120gean also gEfjde Tefigefve elengifg 1294, refractive
element 1296, refractive[elgigent 1758 6 6aFacVeRenENd IS Refepetyesiement 1294 is

positior_led in the optical pggbgeégjeen mirror 1286 and 1288. Refractive element 1296. i.s posif[ioned in
the opticghpaih between BHEOh Leg0l @M BNITRr A7 88 RETREUNPRIFIRCHb R8s 98 tess ind Ry,
optical path between mirror 1291 and mirror 1290. Refractive element 1299 is positioned in the optical
path before mirisrareaieERan merenosimeeans BiReiadie 88Rcand 99218nugaréeld curvature
schematically ilyiratesigd M ADIRREVEIdR Y that faf %W%%@ﬁﬁ%ﬁ%@&ﬁ@%ﬁé&@@

shown in Figure 5. As shown'in Figure 13, refractive objective 1306 includes three lens groups: back
lens group 134623diddeterdirgbuphedigldgarraitRes griepiamBpsienthROexisnseEesiedqnat least
entrance pupil gfghjestve 1306, and S6 is an aperture stop of objective 1306. [0119]In this example,
back lens group 1346 includes lens 1352 and lens 1354 forming a doublet. Lens 1352 has a surface

S3 and alQiHHce S4. LFHAYre3EA seRemplicd v Aepiata aurriadieBlricrlie sy 16185 B tiRgdin

a strong negativgdaviyed {8 Jemityal SUTREIIGSHRN s In3Bs GuaBPat ARG D RGHR Ly
includes a doublet 1356, a triplet 1358, a doublet 1360, and a doublet 1362. Doublet 1356 comprises

lens 1364 havingng iRt seS el Lnant Btaharddne IsHRRGRNE d08ce S8R BeaaRef
S9. Triplet 1358 yeiHRS-AnPAR 208 iANaAIBEEGR P L0GE AiyRiiiRCocrs to RSl F Faytad e

surface Sll and a surface S12, and a lens 1372 having surface S12 and a surface S13. Doublet 1360
includes a lens i§akfieidingrsasureatdeaed iy catadierkic obigdd @0dns 1376 having surface S15 and

a surface[@l_@] Doublejl 364 iBQB’rﬂPfe? !f%ﬂédﬁ@%ﬁi@%}@cﬂ@@9§%§1Ima@rﬁéﬁ8<§@‘8 Ashaelens
1380 having surface S18 and a surface S19. 5(4)) 21]Regarding triplet 1358, lens 1368 and lens 1372

can be positive b ahigEAstiVe76/ea1eBE H0REgaRRITRHY 8 reHHA@MbisuRASHONSSs hefneen first

comprises calCiyyibiorided GRfi2 s deiiRi LR OB ES RTRRN ERME. B0WRAYY (ipsitolaeinaake
flint, or a -25- lanthanum dense flint. Lens 1372 comprises a heavy flint material having an index of

refraction that iS§RONEMITERN ARRE: 1Misrora dQ86RAEiIAAESesdmmEieresiand dle8w objective 1306
to reach pyrpeg) apochrorpatie ahesEMiNARERG REpicts a catadioptric cbje system 1105 according to

another embodiment. Catadioptric system 1105 iredudatadioptric objective 1104
(including refractive element 1144) and three migrd186, 1188, and 1190. Mirrors

1186, 1188, and 1190 can be decentered and tilteel.average curvatures of mirrors
1186, 1188, and 1190 are greater than zero. Tmditton helps correct or reduce field
curvature attributable to catadioptric objectivé®4.1

[0114] In this example, catadioptric objective system lifudes refractive element
1194, 1196, and 1198. Refractive element 1194 s#tipaed in the optical path between
mirror 1186 and mirror 1188. Refractive element @19 positioned in the optical path
between mirror 1190 and mirror 1188. Refractivemaat 1198 is positioned in the
optical path before mirror 1190.

[0115] Figure 12 depicts a catadioptric objective syste@051 according to an
embodiment. Catadioptric system 1205 includestadoaptric objective 1204 (including



[0122]In this example, front lens group 1350 includes a back meniscus lens 1382 having a surface 520
and a surface 521 and a front meniscus lens 1384 having a surface S22 and a surface S23. Front lens
group 1350 decreases the NA from the object space to the entrance of the middle lens group 1348.
For example, front lens group 1350 can decrease 19A-from about 0.95 in the object space to about
0.25-0.4 on the entrance of middle lens group 1348. [0123]In one embodiment, front meniscus lens

1384 comprisesr@rhrNiée CERWCHRIES k) adirp o T rantheBurZiRb @r adanibanunvidense fhes,

having an index of refraction greater than about 1.75, for example, about 1.85. In some embodiments,

front meniscus [£A88 3ZPBoRINiLE9 L CRABRAPERME aA AMLIRMnber that ranges from about 45 to
about 503k menisqusiifeeAIPPIROMNY IageradedYYHENS IPFiRIRIKBYEIR aive all RS IRl

example, an Abbe number less than about 30. Lens 1382 can also have a high index of refraction, for

example, about 4298 He&fnterfboRifee it RHEGHRR 188VEH eorediier MBGuleld svayaties

simultaneously grineégne¢ eataardpkaelopesausethe difference in the Abbe numbers is large. For
example, if front lens 1384 comBrises SLAH58 Ohara having an Abbe number of about 44 and back

lens 13828 dfprises SFBIAAARY SrPRIGSIYRIABEES? drdlr SR RIS FIBARINB LR/ SeiS L4
equal to about 18frfeli¢é]dratiant o 9bjeehvrsidccehmia HuBiakIMva HeS @IBRE AMTYNMRETr6ative

have low pupil aberrations and low sensitivity of these aberrations from a taé%%t %%)rtion of a wafer

1308, which carflIRIPRVE &% HicBeaIeRER: B ARFEILAIMPRTNGUFLE rdidgt2SSsitRsiractive

accuracy. Additigleatiynthezgeriinpstinteneg hetweeshedefiastweabiantive apdovafer H3Rdis1288.
improved. In some cases, g‘g Worki%distance,is increﬁstgcsl about twice that oéﬁJrevious refractive

objectives. FurtfitsTRANERE D5REHES &L AR Wea0 PRMEPE M BYHIR e H AR S er

apochromatic ahegetigrefasRatienmigre 29bispasmhetoyipithr jangivecdnalmhirometigiaberration
of using a refractive objective according to an embodiment. As seen in Figure 14, the focus shift is
zero at three different wavelengths-an improvement over previous refractive objectives. [0125]An

example prescripiamffe eaigning éhesasftic ® susiates Objedtaative objective 1306 depicted in Figure

131 sel JBpibelon I Table 1o 26 TARKE Y SHSRdls USSR G A, IRy

with inspection apparatus 500 as shown in FigurAssshown in Figure 13, refractive
objective 1306 includes three lens groups: back tgpup 1346, middle lens group 1348,
and front lens group 1350. In this example, Sahigm@trance pupil of objective 1306, and
S6 is an aperture stop of objective 1306.

[0119] In this example, back lens group 1346 includes I8%2 and lens 1354 forming a
doublet. Lens 1352 has a surface S3 and a surthckefs 1354 has surface S4 and a
surface S5. Lens 1352 and lens 1354 can fornpagstiegative doublet for Petzval sum
correction.

[0120] In this example, middle lens group 1348 includemablet 1356, a triplet 1358, a
doublet 1360, and a doublet 1362. Doublet 1356p@m®s lens 1364 having a surface
S7 and a surface S8 and a lens 1366 having a sus@nd a surface S9. Triplet 1358
includes a lens 1368 having a surface S10 andfaceug11, a lens 1370 having a surface
S11 and a surface S12, and a lens 1372 havingceu#a2 and a surface S13. Doublet
1360 includes a lens 1374 having a surface Sl4annface S15 and a lens 1376 having
surface S15 and a surface S16. Doublet 1362 iasladens 1378 having a surface S17
and a surface S18 and a lens 1380 having surfs®ar@lla surface S19.

[0121] Regarding triplet 1358, lens 1368 and lens 1372bmapositive lenses, and lens
1370 can be a negative lens. In one embodimem, 1872 comprises calcium fluoride

(CaR). Lens 1370 comprises a heavy crown, a heavy, finlanthanum flint, or a



2.845672 NFK51A_SCHOTT 5 10.786 35.24481 6 infinity 9.994649 7 83.898 14 NLAK10 SCHOTT 8
16.315 9.331054 KGFK70O_SUMITA 9 -46.065 0.25 10 132.997 7.814527 SF6_SCHOTT 11 -16.390

-25-

lanthanum dense flint. Lens 1372 comprises a héawymaterial having an index of
refraction that is greater than about 1.75. Themabinations of glass materials allow
objective 1306 to reach super apochromatic aberratrrection.

[0122] In this example, front lens group 1350 includesaekbmeniscus lens 1382 having
a surface S20 and a surface S21 and a front menesces 1384 having a surface S22 and
a surface S23. Front lens group 1350 decreasedlAhérom the object space to the
entrance of the middle lens group 1348. For exanfmint lens group 1350 can decrease
NA from about 0.95 in the object space to aboub@2 on the entrance of middle lens
group 1348.

[0123] In one embodiment, front meniscus lens 1384 coreprisheavy crown material,
a heavy flint, a lanthanum flint, or a lanthanunmske flint having an index of refraction
greater than about 1.75, for example, about 1185some embodiments, front meniscus
lens 1384 comprises a material having an Abbe nurtiiz ranges from about 45 to
about 50. Back meniscus lens 1382 comprises aylitiatvmaterial having a small Abbe
number, for example, an Abbe number less than aBdutLens 1382 can also have a
high index of refraction, for example, about 1.16.such embodiments, front lens group
1350 can correct or reduce coma and simultanealgstyot produce axial color because
the difference in the Abbe numbers is large. B@meple, if front lens 1384 comprises
SLAH58_ Ohara having an Abbe number of about 44 tzauk lens 1382 comprises SF6
having an Abbe number of about 27, the differemc&bbe numbers is equal to about 18.

[0124] Refractive objectives according to the above dbsdriembodiment can have low
pupil aberrations and low sensitivity of these aigons from a target portion of a wafer
1308, which can improve OV measurement accuracy evith moderate wafer stage
position accuracy. Additionally, the working dista between the refractive objective
and wafer 1308 is improved. In some cases, th&kimgrdistance is increased about
twice that of previous refractive objectives. et refractive objectives according to the
above described embodiments provide super apochimatzerration correction. Figure
14 is a graph showing the longitudinal chromatieredtion of using a refractive objective
according to an embodiment. As seen in Figure hd, focus shift is zero at three
different wavelengths—an improvement over previmigactive objectives.

[0125] An example prescription for designing the optiaaffaces of refractive objective
1306 depicted in Figure 13 is set forth below ifl€ar.



5.5 LAFN7 SCHOTT 12 26.587 7.562402 CAF2_SCHOTT 13 -65.796 0.946029 14 21.522 14.8615
CAF2_SCHOTT 15 -54.370 2 NSF57_SCHOTT 16 158.282 1.564944 17 15.704 10.85286

CAF2_SCHOTT 18 -28.913
-26-

TABLE 7

S# Radius | ThicknessGlass
1 infinity | infinity
2 infinity | -20
3 -39.784| 1.989715 SF6_SCHOTT
4 -15.186| 2.845672 NFK51A SCHOTT
5 10.786 | 35.24481
6 infinity | 9.994649
7 83.898 | 14 NLAK10 SCHOTT
8 16.315 | 9.331054 KGFK70_SUMITA
9 -46.065| 0.25
10 132.997| 7.814527| SF6_SCHOTT
11 -16.390| 5.5 LAFN7_SCHOTT
12 26.587 | 7.562402 CAF2 SCHOTT
13 -65.796| 0.946029
14 21.522 | 14.8615 CAF2_SCHOTT
15 -54.370| 2 NSF57 SCHOTT
16 158.282| 1.564944
17 15.704 | 10.85286 CAF2_SCHOTT
18 -28.913| 2.272571 SF6 SCHOTT
19 52.739 | 0.25
20 12.413 | 5.393754 SF6 _SCHOTT
21 16.702 | 1.325545
22 4.865 4.080317 SLAH58 OHARA
23 4.605 1.919652
24 infinity | O

[0126] Figure 15 illustrates another embodiment of a ctiiva objective 1506 that can be

used with inspection apparatus 500 as shown inr€igu As shown in Figure 15,
refractive objective 1506 has similar architectaseobjective 1306 shown in Figure 13.
However, instead of using lenses comprising £a$ in the prescription described in
Table 7, objective 1506 uses lenses comprisingréicial crystal fluorite, for example,

KCAFK95_ SUMITA. Using an artificial crystal fluae can improve temperature
sensitivity of refractive objective 1506, which adls for a wider temperature range
during operation and transportation. An examplespription for designing the optical

surfaces of refractive objective 1506 depictediguFe 15 is set forth below in Table 8.



2.272571 SF6_SCHOTT 19 52.739 0.25 20 12.413 5.393754 SF6_SCHOTT 21 16.702 1.325545 22
4.865 4.080317 SLAH58_0OHARA 23 24 4.605 infinity 1.919652 0 [0126]Figure 15 illustrates another
embodiment of a refractive objective 1506 that can be used with inspection apparatus 500 as shown in
Figure 5. As shown in Figure 15, refractive objectivé/t506 has similar architecture as objective 1306
shown in Figure 13. However, instead of using lenses comprising CaF2 as in the prescription
described in Table 7, objective 1506 uses lenses comprising an artificial crystal fluorite, for example,
KCAFK95 SUMITA. Using an artificial crystal fluorite can improve temperature sensitivity of refractive
objective%%b',zv@nich allows for a wider temperature range during operation and transportation. An

506 depicted in Figure

example prescription for desigipfaedng ahtisal SutiaeRn Iy Efassive objective 11

15 is set forth below in Tabl&8. -2 “infinity | -20
3 -39.7842| 2.5 SF6_SCHOTT
4 -16.577 | 2.851353 NFK51A SCHOTT
5 11.27606 35.84004
6 infinity | 10.58609
7 108.0921 14 NLAK10 SCHOTT
8 16.96712 9.862779 | KGFK70 SUMITA
9 -42.0926| 0.25
10 2525.946 8.769319| SF6_SCHOTT
11 -16.821 | 3.5 LAFN7_ SCHOTT
12 24.73418 7.328727 | KCAFK95 SUMITA
13 -86.3655| 0.25
14 19.28516 16.1353 KCAFK95 SUMITA
15 -61.545 | 4 NSF57 SCHOTT
16 367.0742 0.387075
17 13.47913 9.896863 | KCAFK95 SUMITA
18 -24.9802| 3.5 SF6_SCHOTT
19 40.69156 0.25
20 9.830512 4.364051 | SF6_SCHOTT
21 12.95261 0.374343
22 4.403276 3.800801 | SLAH58 OHARA
23 4.077927 1.553261

[0127] The refractive and catadioptric objective emboditeatiscussed above may be
used in inspection apparatus 500 depicted in Figuoe in other scatterometers or in any
other devices using refractive or catadioptric otiyes.

[0128] The inspection apparatus 500 as depicted in Fiumay be a stand-alone
inspection apparatus or may be incorporated in® ltthography apparatus LA or
lithographic cell LC of Figures 1 and 2, respediive

[0129] Figure 16 illustrates one embodiment of an illuniora system that can be used

with an inspection apparatus such as the oneritest in Figure 5. As shown in Figure

16, a radiation source 1602 produces a radiati@amb&616.

In

some embodiments,

radiation source 1602 can be an optical fiber tiRadiation beam 1616 then passes

through an illuminator 1618. In some embodimentiminator 1618 includes an

achromatic lens doublet 1603, a rotatable polarif5, and a pupil defining aperture

1607. In some embodiments, lens doublet 1603 eacohfigured to provide chromatic

compensation in the broad spectral range from aBpodtnm to about 850 nm. In some



TABLE 8 surface Radius Thickness Glass 2 infinity -20 3 -39.7842 2.5 SF6 SCHOTT 4 -16.577
2.851353 NFK51A_SCHOTT 5 11.27606 35.84004 6 infinity 10.58609 7 108.0921 14
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embodiments, lens doublet 1603 may include a,Qaks and a SiPlens. Further, in
some embodiments, lens doublet 1603 may be posdiatong the optical axis and can
be adjustable for different discrete wavelength#fn some embodiments, rotatable
polarizer 1605 can be a Rochon prism made fromMgF

[0130] After exiting illuminator 1618, a relay mirror opél system can direct the
radiation to a catadioptric objective 1604 andfeaive objective (not shown). In some
embodiments, as shown in Figure 16, the relay moptical system may include a first
spherical relay mirror 1626a, a first flat fold nor 1626b, a second spherical relay mirror
1626¢, and a second flat fold mirror 1626d. Afecond flat fold mirror 1626d, the
radiation beam passes through a beam splitter tct6@&tadioptric objective 1604.

[0131] In some embodiments, pupil aperture 1607 is pregeah the plane of the
entrance pupils of both catadioptric objective 1604d the refractive objective by
achromatic relay mirrors, for example, first spbakirelay mirror 1626a and second
spherical relay mirror 1626d.

[0132] Although specific reference may be made in thig texthe use of methods and
apparatus in the manufacture of ICs, it should deustood that the inspection methods
and apparatus described herein may have othercapphs, such as the manufacture of
integrated optical systems, guidance and detecpatterns for magnetic domain
memories, flat-panel displays, liquid-crystal deggs (LCDs), thin film magnetic heads,
etc. The skilled artisan will appreciate that,he tontext of such alternative applications,
any use of the terms “wafer” or “die” herein maydmnsidered as synonymous with the
more general terms “substrate” or “target portioespectively. The substrate referred to
herein may be processed, before or after exposurimr example a track (a tool that
typically applies a layer of resist to a substratel develops the exposed resist), a
metrology tool and/or an inspection tool. Wherelapaple, the disclosure herein may be
applied to such and other substrate processing.tdairther, the substrate may be
processed more than once, for example in orderetate a multi-layer IC, so that the term
substrate used herein may also refer to a substhae already contains multiple
processed layers.

[0133] Although specific reference may have been made ebtw the use of
embodiments of the present invention in the contdxoptical lithography, it will be
appreciated that the present invention may be usemther applications, for example

imprint lithography, and where the context allovgsnot limited to optical lithography. In



NLAK10 SCHOTT 8 16.96712 9.862779 KGFK70O_SUMITA 9 -42.0926 0.25 10 2525.946 8.769319
SF6_SCHOTT 11 -16.821 3.5 LAFN7_SCHOTT 12 24.73415 7.328727 KCAFK95_SUMITA 13
-86.3655 0.25 14 19.28516 16.1353
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imprint lithography, a topography in a patternirgyide defines the pattern created on a
substrate. The topography of the patterning demeg be pressed into a layer of resist
supplied to the substrate whereupon the resistuiedcby applying electromagnetic
radiation, heat, pressure or a combination thefBoé. patterning device is moved out of
the resist leaving a pattern in it after the resistured.

[0134] The terms “radiation” and “beam” used herein encassp all types of
electromagnetic radiation, including ultraviolet\(Jradiation (e.g., having a wavelength
of or about 365, 355, 248, 193, 157 or 126 nm) extdeme ultra-violet (EUV) radiation
(e.g., having a wavelength in the range of 5-20,ram)wvell as particle beams, such as ion
beams or electron beams.

[0135] The term “lens”, where the context allows, may rééeany one or combination of
various types of optical components, including aefive, reflective, magnetic,
electromagnetic and electrostatic optical compaent

[0136] While specific embodiments of the present inventiawe been described above,
it will be appreciated that the present inventioaynbe practiced otherwise than as
described. For example, the present invention rakg the form of a computer program
containing one or more sequences of machine-readastructions describing a method
as disclosed above, or a data storage medium g¢emiconductor memory, magnetic or
optical disk) having such a computer program sttinedein.

[0137] The descriptions above are intended to be illugganot limiting. Thus, it will
be apparent to one skilled in the art that modifices may be made to the present
invention as described without departing from tbepe of the claims set out below.

[0138] It is to be appreciated that the Detailed Des@ip8ection, and not the Summary
and Abstract sections, is intended to be usedtergret the claims. The Summary and
Abstract sections may set forth one or more butatioexemplary embodiments of the
present invention as contemplated by the inventoafsd thus, are not intended to limit
the present invention and the appended claimsymay.

[0139] The embodiments of the present invention have besaribed above with the aid
of functional building blocks illustrating the imgrhentation of specified functions and
relationships thereof. The boundaries of thesectfanal building blocks have been
arbitrarily defined herein for the convenience lo¢ tdescription. Alternate boundaries
can be defined so long as the specified functiond eelationships thereof are

appropriately performed.
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[0140] The foregoing description of the specific emboditsenwill so fully reveal the
general nature of the present invention that otbars by applying knowledge within the
skill of the art, readily modify and/or adapt foanous applications such specific
embodiments, without undue experimentation, withadgparting from the general
concept of the present invention. Therefore, sadhptations and modifications are
intended to be within the meaning and range of\vedeints of the disclosed embodiments,
based on the teaching and guidance presented heleis to be understood that the
phraseology or terminology herein is for the pugogdescription and not of limitation,
such that the terminology or phraseology of thes@né specification is to be interpreted
by the skilled artisan in light of the teachingsl gyuidance.

[0141] The breadth and scope of the present inventionldhmmi be limited by any of the
above-described exemplary embodiments, but shaildefined only in accordance with
the following claims and their equivalents.



22 4.403276 3.800801 SLAH58 OHARA 23 4.077927 1.553261 [0127]The refractive and catadioptric
objective embodiments discussed above may be used in inspection apparatus 500 depicted in Figure
5, or in other scatterometers or in any other devices using refractive or catadioptric objectives.
[0128]The inspection apparatus 500 as depicted indigure 5 may be a stand-alone inspection
apparatus or may be incorporated into the lithography apparatus LA or lithographic cell LC of Figures 1
and 2, respectively. [0129]Figure 16 illustrates one embodiment of an illumination system that can be
used with\gmainspeatiaadpparatus such as the one illustrated in Figure 5. As shown in Figure 16, a
radiation source 1602 produces a radiation beam 1616. In some embodiments, radiation source 1602
can be ad.opticAlfibesgrtiRacdiapanabes iol 6 pBahiin getssesnime elghianall pariaaeiels 08 anwadenethe
embodiments, il d omatic lens doublet 1603, a rotatable polarizer 1605,
and a pupil deﬂiﬂ%%%@h%@ﬁ#n@o r%‘fﬁ yodiments, lens doublet 1603 can be configured to
provide chromatic compensation in the broad spectral range from about 200 nm to about 850 nm. In
some -28- embodifferitsMéiaiiapupisters PRtk Ige tae eceir aidnaain RAGIO I qeus@eeNth and
some embodimenite; RS HOHIRIHGHA3 may be positioned along the optical axis and can be adjustable
for different discrete wavelengths. In some embodiments, rotatable polarizer 1605 can be a Rochon
prism made from M F 0130]After exiting illumjnator 1618, a relay mirror optical syst m can direct
the radiation to a c PO ARIBCHY AR A ERT QA r@ﬁj‘e%ﬁé‘ﬂﬁo A9 1§ %ﬁt\eﬁom the
embodiments, aﬁa’@@,wn in Figure 16, the relay mirror optical system may include a first spherical relay
mirror 1626a, a first flat fold mirror 1626b, a second spherical relay mirror 1626¢, and a second flat fold
mirror 1626d. After S condefrI%t foIdn irro ?26(9@[ g,[tlon beamdogs%ﬁs th c? (631 %%8n Iltter
1628 to catadioptric objec%ve 2664" tg.uLLﬁgi R Some em odlm%W pup aper ure iS prolec 2d'in
the plane of the entrance pupils of both catadioptric objective 1604 and the refractive objective by

achromatic relay marSagsive elpigttyareonpaerrhlocipg ehithadiiazma i dedess i spthavalesiand

mirror 1626d. [0132]Although specific reference may be made in this text to the use of methods and
apparatus in the manytagiHee S tsimylisdoendersioad $babie IBRRRSIOBYNGE0ERERE third
apparatus described herein may have other applications, such as the manufacture of integrated optical
systems, guidarlﬂ%ﬁhd detection patterns for magnetic domain memories, flat-panel displays,
liquid-crystal displays (LCDs), thin film magnetic heads, etc. The skilled artisan will appreciate that, in
the context of sattealspeaativn axpmwﬁliw?afamailmse oﬁ/memmmmafmv] aydleEt Harﬂiermeynlpeises a
considered as s, with the mo sub or "tar ortion' ctl

The substrate B el HIGY B0 JroRLebe HbIeer B S D b e g AN B
tool that typicalIytmtphleataﬂmyeeabmdsimamasmﬁth@lﬁe@dajevewmahelmemmed nasa@ur&memslagy
tool and/or an "}ﬁ ctl?n too S ﬁ Ilcable th dISC| sure herein me(?(nbe ap [%hed t{) S ({1 ¢
other substrate pr cessmg tgoﬁ i 'ssu%%i1 mayoog1 8\808 More tRAN onee wa er
example in ordetntmoremealmhldgfhﬂ;mclm,o@e:%bat the term substrate used herein may also referto a
substrate that already contains multiple processed layers. [0133]Although specific reference may have
peen Mmade abOXRABASH O EARHING B ahne RIRTRRBNGRIN 11ABe FAMSI AN AR e
lithography, it will preciated that the present invention ma used in ot er appl catlons

example imprint I|tho<T:;raprgjy and where the context allows, is not limited to optical lithography. In
e oublet configured to be adjustable alonggital axis;

a rotatable prism polarizer;
a pupil-defining aperture; and

a mirror relay optical system configured to imabe pupil-defining aperture into a
plane of an entrance pupil of the catadioptric dcibyje and into a plane of an entrance
pupil of the refractive objective.



-29- imprint lithography, a topography in a patterning device defines the pattern created on a
substrate. The topography of the patterning device may be pressed into a layer of resist supplied to
the substrate whereupon the resist is cured by applying electromagnetic radiation, heat, pressure or a
combination thereof. The patterning device is mové®out of the resist leaving a pattern in it after the
resist is cured. [0134]The terms "radiation” and "beam" used herein encompass all types of
electromagneticTiaglipiipRcisHsiishARRY 1YY L radiaiion (g Ay A ysAueleasi gl REAB it
365, 355, 248, 193, 157 or 126 nm) and extreme ultra-violet (EUV(), radiation (e.g., having a ) ]
wavelength in tiB§dhefP6e5NJ0MRH)E S8 GRICREFMRRITBS HEslbhERRA Q56 (58 gH%Q B KleGriRdieairs.

[0135]The term gigjaetiveheig the eariestalsujscinay redpetgiwsly one or combination of various types
of optical components, including refractive, reflective, magnetic, electromagnetic and electrostatic

optical camponents. [0136]While specific embodiments of the present.invention have been described
ahove, il be L BN A RoE AL o i S AR RS gt D B
For example, thdepeesenthindentayeomatakiebi entoratiet e dab@ainter program containing one or more
sequences of machine-readable instructions describing a method as disclosed above, or a data

storage rpediu i r ' ' i i

prooram Brored M iR e B FaeM e
it will be apparewateoiscdsiké s nedngsing i sdiffoagiens may be made to the present invention as
described without departing from the scope of the claims set out below. [0138] It is to be appreciated

that the [??ta”eq'ﬁ)@fi"ﬁéﬁﬂ@@ﬁb?ﬁﬁﬂsﬁﬁré’tnu@ PR Y MRS SR BERRS HIRN & 1 dbigclarkiaRSge

used to interpret the claims. The Summary and Abstract sections may set forth one or more but not all

exemplary emb88fnkIRdf dhRensbasifeRGeRhSReFIAMRAAL WY derant AR fhantr sh spesEahot
intended to ”mitrﬁ?ﬁé@ééﬁtth'é{teﬁﬁ%béﬁﬁtﬁﬁg? @g@ﬁr&%ﬁ&é Heeyomeap RIS e sreedinentst
ed apov

of the present invention have been describ e with the aid of functional building blocks
illustrating the iAPREARSAAEGPBFEREEMIEESunctions and relationships thereof. The boundaries of these
functional building blocks have been arbitrarily defined herein for the convenience of the description.
Alternategyoundahiesespebtatetippeisodeng asdine spedifiedifunekacs andppatioshipstrdigofesarao
appropriately performed. -30- [0140]The.foregoing description gf the specific embodiments will so fully
reveal the qenel RIS ! 1AL BTN PR B RO By A R DB I ORi e
skill of the art, readily modify and/or adapt for various applications such specific embodiments, without
undue eXperimereatimspeitiont alpanaiug fobroldie dhnahereondepactite ppessatuavientdonfigured to
Therefore, such i ificatior i Within t ' nd range of
equivalents of tﬁ?gﬁﬁg@% seaér%%ggi)n&?gﬁ%?(ﬁ@%é%%’?f@g%%%%%ﬁlﬁQ%u?(?gﬁmc?e&gﬁ%%%ﬁted herein. It is
to be understood that the phraseology or terminology herein is for the purpose of description and not
of limitatidf; sucHhIIRBGEPMRARIGEHIHP 5HiCl3EBIdgWBETRE SR ER e FOISTEN G LIRS BRSinterpreted
by the skilled artisan in light of the teachings and guidance. [0141]The breadth and scope of the
present invention shgtigehbeylivtitcHdwr irsitthacdbavr-Arstsbasdexemplary embodiments, but

should be defined only in accordance with the following claims and their equivalents. -31- What is

claimed is: 1. An inspection apparatus for optica etermining dimensional parameters of a wafer
e eeation ampd i TG, BRI (R0 AR e SRS SRR N A R I 0
produce secondoather thooh kreiore theadieak of theadchopirécatidectwel configured to direct the second

beam to reflect from the wafer; a first sensor configured to detect a first image created by the reflected

second beam; a reféqgii&g I@W?@Wﬁﬁﬂ%\%%dﬁ@d%{fﬁfét H?)%Hpéﬁd beam to reflect from the wafer; and

11. The inspection apparatus of claim 1, wherein:

the triplet of the middle lens group comprisesanfrpositive lens, a middle negative

lens, and a back positive lens, and

the back positive lens comprises a heavy flint.



a second sensor configured to detect a second image created by the reflected third beam. 2. The
inspection apparatus of claim 1, wherein the illumination system further comprises a beam splitter
configured to split the first beam into the second beam and the third beam such that the second beam
is configured to provide critical dimension measure®dents of the wafer and the third beam is configured
to provide overlay measurements of the wafer to monitor a lithographic process. 3. The inspection

apparatugpf claiMelinsiBRIorPapY A aes D OEREM O MUR FRAIBHBIh§ U kRIS IRdSHRKIS EBANHaKERT O
be adjustable alé)%rég an optical axis; a rotatable prism polarizer; a pupil-defining aperture; and a
&

mirror relay optit@F4GRHACBHRHGINES ARG S UFHALRMIRIPSPRture into a plane of an entrance
pupil of the catadioptric objective and into a plane of an entrance pupil of the refractive objective. -32-
4. The inggectionhappraspdics o Apipaktiiy tbe clomplzingre eanhapdtie eontiguoes tospitisbe fiostr
beam into the second beam and the third beam that are directed to the catadioptric objective and the
refractive object'f@&%%pectively. 5. The inspection apparatus of claim 1, further comprising a third
sensor configured to detect a third image created by the reflected third beam. 6. The inspection
apparatudbf claliesingpecsipnaappasetus difedagivd 2Znedwreimenthirios thafet Isakitbnainddarsimgshe
third image. 7. The | ' [ in the second beam has a first spectral
range and the tﬁ%ﬁ Hggﬁ ascﬁ%%ﬁcngm?g%ﬁ%t@;%;sn%?ﬁich is different than the first spectral range

such that an operating spectral range of the inspection apparatus includes the first and second
spectral rehges T8ETHSRAPIRI AP APk U of @12, WiHERSH #1SIAB PR ciRiFRGHparsigeRNt in an

configured to deigRine ahistieaAINRIAOR B semeart plithgvafer using the firstimage. 9.
The inspection apparatus of claim 8, wherein the inspection apparatus is configured to determine a

second criéical dime}psion megasurement using the second image. 10. The inspection apparatus of
claim 1, whereir tHe RAN&iQ JSB}B/&iQQrEB Res: a front lens group having front and back meniscus
lenses; a middle lens group having a first doublet, a second doublet, a triplet, and a doublet in order

from a front to a baakrohthemefguotipehavjactirenbaddlizdk e ggosgshaving a negative doublet. 11.
The inspection apparatus of claim 1, wherein: the triplet of the middle lens group comprises a front

positive lens, a midgle, nega RIS AL REX MABYEHRNS :AEbEBE MREKPRRIIMNE JrrRsLaBIHIsER 2

heavy flint. -33- 12. The inspection apparatus of claim 1, further comprising at least two mirrors
configured to reB{f&Y fi@@cufintie mdackdbing sedeaatvspattedbfitdive. 13. The inspection

apparatus of claim 12, wherein the at least two mirrors comprises four mirrors. 14. The inspection

apparatus of claim 3 avRespis @akip MERiPhthetieasidwsisnirrors has an anamorphic aspheric
reflective surface. 15. The inspection apparatus of claim 12, further comprising a refractive element in

an opticai ath qﬁwe tvlf mirrorstof thg qt leai twq mirrars. 16. A refractive objective comprising: a
front lens gfoup Ving 716 eaﬂgjgg&e Sl 18 Efre'zr;]l'middle lens group having a first doublet, a
second doublet, a triplet, and a doublet in order from a front to a back of the refractive objective; and

the triplet of the middle lens group comprisesanfrpositive lens, a middle negative
lens, and a back positive lens; and
the back positive lens comprises a heavy flint.
18.  An objective system comprising:

a catadioptric objective; and

at least two mirrors configured to reduce fieldvaiure induced by the catadioptric

objective.

19. The objective system of claim 18, further compgsan refractive element in an optical

path between two mirrors of the at least two mgror

20.  Alithographic apparatus, comprising:



a back lens group having a negative doublet. 17. The refractive objective of claim 16, wherein: the
triplet of the middle lens group comprises a front positive lens, a middle negative lens, and a back
positive lens; and the back positive lens comprises a heavy flint. 18. An objective system comprising: a
catadioptric objective; and at least two mirrors coddigured to reduce field curvature induced by the
catadioptric objective. 19. The objective system of claim 18, further comprising a refractive element in

an optical path betwaqn Mt BB SHRCHIS P emsh e Galr esSI giefalifae@iaphic apparatus,
comprising: -34- an illumination optical system arranged to illuminate a pattern; a projection optical

system arranged to project an image of the pattern onto a substrate; and an inspection apparatus
ranged to opticall] QLRSS ciFGERIoRE EiaTEABEh o SULCHLIERRES HlotaecARSiBaRilS o
comprising, sabslznanaridn system configured to receive a first beam and to produce second and
third beams therefrom; a catadioptric objective configured to direct the second beam to reflect

from the substrate; _ . . _a fi(st: figur first | d
peam; 8 renacAue Ao CHoE SONLCILS B et i s el okl SRIEIRTERE BFFE
a second sensosWostfigigrethedrrnectiarsappatiiinagerwisig by the reflected third beam. 21.A
method of determining substrate parameters, the method comprising: directing a first beam through

a catadioptric objective onto the fHRRIFRIfoPHSHIRA BEHFHRRAM helere féﬁméa%sé!ﬁét’fét‘g dHiRRg
e

a first image of the substrate using the reflected first beam; determining a first parameter of
substrate using the first®¢RYE AN HRIEd Mg AR BALEHEEM through a refractive objective onto the
substrate such that the second beam reflects from the substrate; forming a second image of the

substrate using the reflected seeanstigarnt abjedetermunnguwseaondifsrameienadl Beausuiastratect
using the second ima%F. -35- 22. The method of claim 21, wherein: the first parameter is a first critical
dimension measurement’ a ﬁH%%tE%Wd parameter is a second critical dimension measurement.

a first sensor configured to detect a first imageated by the reflected

second beam;

a refractive objective configured to direct thedhbeam to reflect from the

substrate; and

a second sensor configured to detect a second irnegmed by the

reflected third beam.
21. A method of determining substrate parameters, théhoa comprising:

directing a first beam through a catadioptric obyeconto the substrate such that the

first beam reflects from the substrate;
forming a first image of the substrate using tHieeoted first beam;
determining a first parameter of the substrateguhie first image,;

directing a second beam through a refractive objecinto the substrate such that the

second beam reflects from the substrate;
forming a second image of the substrate usingdfieated second beam; and

determining a second parameter of the substratg tise second image.



23. The method of claim 28, further comprising: forming a third image of the substrate using the
reflected second beam; and determining a third parameter of the substrate using the third image. 24.
The method of claim 21, further comprising producing the first and second beams from a third beam.
25. The method of claim 24, wherein producing the3first and second beams from the third beam
comprises splitting the third beam into the first and second beams using a beam splitter.

22.  The method of claim 21, wherein:
the first parameter is a first critical dimensiorasurement; and
the second parameter is a second critical dimemsgasurement.
23.  The method of claim 28, further comprising:
forming a third image of the substrate using thlecéed second beam; and
determining a third parameter of the substrategugie third image.

24.  The method of claim 21, further comprising prodgcihe first and second beams from a

third beam.

25.  The method of claim 24, wherein producing the fastl second beams from the third
beam comprises splitting the third beam into thst fand second beams using a beam

splitter.



