Catadioptric Illumnation Systemfor Metrology Field [001] The present
invention is generally directed to optical systens, and nore particularly
to catadioptric optical systems. Background 10021A |ithographic apparatus
is a machine that applies a desired pattern onto a substrate or part of a
substrate. A lithographic apparatus cam be used, for exanple, in the

manuf acture of flat panel displays, integrated circuits (ICs) and other
devices involving fine structures. In a conventional apparatus, a
patterning device, whiCitadmwptticellhshinntion SysemdonMutiltogyr a reticle, can be
used to generate a circuit pattern corresponding to an individual |ayer of
an | C, flat panel display, or other device. This pattern can be transferred
onto aldjelgr part of the substrate (e.g., a glass plate, a wafer, etc.), by

i maging onto a |layer of radiation-sensitive mater.i al ée g., reS|st)
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gener at n. The patterning device can
additlgﬁgf %ﬁéeﬁp%rwgﬁpghéhgg&%ﬁied to generate other patterns, for
exanpl e a color filter pattern or a matrix of dots. Instead of a mask, the
patterning device can be a patterning array that conprises an array of
indivi&%ggg§u%%ntrollable el enents. The pattern can be changed nore quickly
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in resist tection of a fault does not always lead directly to its cause.
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addi ti %nttér%nrgl%ewce canzaddltlonally or alternatively be used to generate other patterns, for example

a color filter pattern or a matrix of dots. Instead of a mask, the patterning device can be a
patterning array that comprises an array of individually controllable elements. The pattern can be
changed more quickly and for less cost in such a system compared to a mask-based system.
[004] After patterning the substrate, measurements and inspection are typically
performed. The measurement and inspection step typically serves two purposes. First, it is
desirable to detect any target arcas where the pattern in the developed resist is faulty. If a
sufficient number of target areas are faulty, the substrate can be stripped of the patterned resist
and re-exposed, hopefully correctly, rather than making the fault permanent by carrying out a
process step, e.g., an etch, with a faulty pattern. Second, the measurements may allow errors in
the lithographic apparatus, e.g., illumination settings or exposure dose, to be detected and
corrected for in subsequent exposures.

[005] However, many errors in the lithographic apparatus cannot easily be detected or
quantified from the patterns printed in resist. Detection of a fault does not always lead directly to

its cause. Thus, a variety of off-line procedures (i.e., procedures cartied out in addition to normal



processing of the substrate) for detecting and neasuring errors in the

| it hographi c apparatus are known. These may involve replacing the substrate
wi th a nmeasuring device or carrying out exposures of special test patterns,
e.g., at a variety of different machine settings. Such off-line techniques
take tinme, often a considerabl e anmount? reducing production tinme and during
whi ch the end products of the apparatus will be of an unknown quality until
t he measurenment results are nade available. In-line neasurenent and
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[009] Using scatterométry the structure giving rise to a reflected spectrum is
reconstructed, e.g., using real-time regression or by comparison to a library of patterns derived
by simulation. Reconstruction invelves minimization of a cost function. Both approaches
calculate the scattering of light by periodic structures. The most common technique is Rigorous
Coupled-Wave Analysis (RCWA), though radiation scattering can also be calculated by other
techniques, such as Finite Difference Time Domain (FDTD) or Integral Equation techniques.

Summary
[6010] Known scatterometers, however, have one or more drawbacks. For example,

conventional scatterometers only detect one wavelength at a time. As a result, spectra with more
than one wavelength have to be time-multiplexed, which increases the total acquisition time

taken to detect and process the spectra.



[ 0012] According to an enbodi ment of the present invention, there is
provided a netrol ogy tool, conprising an objective to deliver radiation to
a surface and to receive radiation redirected by the surface; a detector to
receive the redirected radiation fromthe objective; and an illum nation
systemto deliver the radiation for redirection to the objective, the
illum nation system conprising a catadioptric optical system Use of a
catadioptric optical systemcan facilitate a tool handling a w de range of
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and

metrology method, comprising: delivering radiation to a surface using an objective; receiving
radiation redirected by the surface using the objective; detecting a parameter of the surface using
the redirected radiation from the objective; and delivering the radiation for redirection to the
objective using a catadioptric optical system.

[0015] Further embodiments, features, and advantages of the present invention, as well as
the structure and operation of the various embodiments of the present invention, are described in

detail below with reference to the accompanying drawings.

Brief Description of the Drawings
[0016] The accompanying drawings, which are incorporated herein and form part of the

specification, illustrate the present invention and, together with the description, further serve to
explain the principles of the invention and to enable a person skilled in the relevant ari(s) to

make and use the invention.




spectroscopi c scatteronmetry. [0019]FIG 3 schematically depicts another
exanpl e scatteroneter. [0020]FIG 4 schematically depicts a sensing and
al i gnnment systemincluding a catadioptric optical objective in accordance
wi th an enbodi nent of the present invention. [0021]FIGS. 5-8 schematically
depict various catadioptric optical systenms in accordance w th enbodi nents
of the present invention. [0022]FIG 9 schenmatically depicts rays
traversing the catadioptric _optical systemof FIG 8. [0023]FI G 10
scherratl(m,lgl |y deplGtlsdepictna Bihpepplis projgystipe appasspas asgerdingtto ep ambediment dfy om a
very hh&hnﬁfﬁﬁéj cal aperture to a | ow nunerical aperture. [00241FI G 11
schematically depicts an illum nation branch of a scatteroneter according
to an ¢Md8HI ment FUHS.2hetoi 20Vehemairally 0§2&]thd @Binciilesscthegeiresobilctyndlepi ct s a
cat adi Q t{i c._condenser tl ens according to an enbodi nent of the invention.
Ig%émic?pg’csﬁ% TPER 1y depicts a catadioptric condenser |ens according

'E gofzig] ¢ouaofli ment Fuf. 3tRRerhaticAIN H&icts another example scatterometer.
[0020] FIG. 4 schematically depicts a sensing and alignment system including a
catadioptric optical objective in accordance with an embodiment of the present invention.
[0021] FIGS. 5-8 schematically depict various catadioptric optical systems in accordance
with embodiments of the present invention.
[0022] FIG. 9 schematically depicts rays traversing the catadioptric optical system of
FIG. 8.
[0023] FIG. 10 schematically depicts a catadioptric optical system that transforms from a

very high numerical aperture to a low numerical aperture.

[0024] FIG. 11 schematically depicts an illumination branch of a scatterometer according
to an embodiment of the invention.

[0025] FIG. 12 schematically depicts a catadioptric condenser lens according to an
embodiment of the invention.

[0026] FIG. 13 schematically depicts a catadioptric condenser lens according to an
embodiment of the invention. '

[0027] The features and advantages of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the drawings, in
which like reference characters identify corresponding elements throughout. In the drawings, like
reference numbers generally indicate identical, functionally similar, and/or structurally similar
elements.

[0028] In the specification, reference to "one embodiment"”, "an embodiment”, "an
example embodiment”, etc., indicates that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment may not necessarily include the
particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or characteristic

is described in connection with an embodiment, it is submitted that it is within the knowledge of



[ 0027] The features and advantages of the present invention will becone nore
apparent fromthe detail ed description set forth bel ow when taken in
conjunction with the drawings, in which Iike reference characters identify
correspondi ng el ements throughout. In the drawi ngs, |ike reference nunbers
generally indicate identical, functionadlly simlar, and/or structurally
simlar elenents. [0028]1n the specification, reference to "one

enbodi ment”, "an enbodi nent", "an exanple enbodinment”, etc., indicates that
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WI, and a projection system erein depicted in FIG 1, the apparatus is
of a trarmHPesihgappirpas peFIg. 1 comprisss andllwamates {li.acsuppart seictuse Mot s in t he
pr oj ect | i t : l: jve
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suppor tKr& excimer laser or an ArF excimer laser). The illuminator IL may include various types of
optical components, such as refractive, reflective, diffractive, magnetic, electromagnetic,
electrostatic or other types of optical components, or any combination thereof, for directing,
shaping, or controlling radiation.
[0032] The support structure (e.g., a mask table) MT is constructed to support a
patterning device (e.g., a mask) MA having a patterning device pattern MP and connected to a
first positioner PM configured to accurately position the patterning device in accordance with
certain parameters.
[0033] The substrate table (e.g., a wafer table) WT is constructed to hold a substrate (e.g.,
a resist coated wafer) W and connected to a second positioner PW configured to accurately
position the substrate in accordance with certain parameters.
[0034] The projection system (e.g., a refractive projection lens system) PS is configured
to project the radiation beam B modulated with the pattern MP of the patterning device MA onto

a target portion C (e.g., comprising one or more dies) of the substrate W. The term "projection



patterning device (e.g., a mask) MA having a patterning device pattern MP
and connected to a first positioner PMconfigured to accurately position
the patterning device in accordance with certain paranmeters. [0033] The
substrate table (e.g., a wafer table) W' is constructed to hold a substrate
(e.g., aresist coated wafer) Wand connected to a second positioner PW
configured to accurately position the substrate in accordance with certain

paraneters. [0034] The projection system(e.g., a refractive projection |ens
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emitting diode arrays, grating light valves, and LCD arrays

[0037] It should be noted that the pattern imparted to the radiation beam B may not
exactly correspond to the desired pattern in the target portion C of the substrate W, for example

if the pattern includes phase-shifting features or so called assist features. Similarly, the pattern



eventual |y generated on the substrate nmay not correspond to the pattern
formed at any one instant on an array of individually controllable

el enents. This can be the case in an arrangenment in which the eventual
pattern formed on each part of the substrate is built up over a given
period of tinme or a given nunber of exposures during which the pattern on
the array of individually controllable el ements and/or the relative
position of the substrate changes. [0038] Cenerally, the pattern created on
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entiti s forfeRimplcabpit248hEN3, 1 518 afd UZEem SOht sadidiofsoue prolvAlseradiation havdhg
cases, the source is nat considered to form.part of the |ithographic
appar afavaifas a?%mtét%ﬁtgé%dpmgtlﬁa%géd%%ﬁr e B e e%‘%l?@n{nhe

T um nafedd; 1kb ni, bichd €78hd, ffiedt ﬁlﬁﬁﬁﬂl,ga}%héa!teis\o by, 5 Feﬁ%t@(?s ﬁﬁlr,flﬁtrlle%t Rgy for

exanple, suitable directing mrrors and/or a beam expander. In other cases
t he sous et I8@t3aY niveatdeast Arkemadr ab tnast 360 nnh dliernativelyaibp rashiatiop arevidest byf or

exanpl e en the r SO J C h

1o e b SEHRE el oL B 0 A e OR 2P B 378 B,y
be ref efigseBb(n 28 nevst 30 rah | 40 MosyBt5amn, 4t G411 50hen,idt hnost 225too, at noseRP0a@pri se
an adjuster AD_to adjust _ the angul ar infensit istrjbution of the

" ad: at PoA BRAMTAET e paiatiap ﬁ%avaéwaefsfe@évéﬁu@%éﬁévmy%%a&mq3&5%?&@
outer Jpdh9E pinNNET b 7adm exliePti2€ gammonly referred to as d-outer and
d-inner, ‘respectively) of the 8 intensity distribution in a pupil plane

t he
| PU of [0048]i | | umlhesoirce$D andthadithpgraphic dpparatigimaydre, sepdrate icntitiasi ¥4t or | L can
conpri Vari ot : nt. i r. ndenser
T s R e S Y e R N B R s R it
desi r edoranpdrosfithe hithag@phioagpsatuy ardi the Fadiation Meam B istpassed GesrtiesdurarS@to t he

patterni ng device leyel. The illumpnator |IL, or an addifional co ent
Peso0 Meofuhimalor i tihe al0g alpeat APRTLty S BR s Eie. PadrasnIoRogei | nt o
a plur %i&ét&g%in%%n@ﬁﬁ%e&rﬁ%%pa@ﬁ&. If OhelfRtREThes0iR@OI0 BRIy S 3R Ghtad8ihand dth one
or a plurality of the individually controllable elenments of an array of

i ndi vi thedithggramhe anplatagis, forekamplamdien the sppregiSthis i roerery damep. rikespwre §Pat i ng
can, fqr I t he. radj at | It = I n
the pr g“édeﬁ’ié%%%@?‘f’gﬁ ’g(%ﬂ}e%gv@g%{éng‘%%g‘g%e%gy%@?@a? ?F(;I%H&Igeﬁd&aﬁ gglr ati onobeam'

enconpassradimtionaysgemnot |imted to, the situation in which the beamis
conprised of a plurality of such sub-beans. of radiation 0042] The.

Cor ot RO am Brhe HorifasS L B CsPngise ob SR EDAD R STl he PHE B Y

(e. 9., qEpitiliobr thabhdiltidneh8l o (HRPattQRinsURPRE lev’l. IG6REMIE af Rakt-the SRREK t abl e)

MI, and is nodul ated by the pattérni ng device MA in accordance with a

pat t er andvpr inpervpdigl exitend Groserprl heefereadiie ap privpicd @pd ednngs, resngetivelgicdtheon beam B
passes through the projection systemPS, which focuses the beam B onto a
target portion C of the substrate W



[ 0043] The projection systemhas a pupil PPU conjugate to the illum nator
pupil 1PU Portions of radiation emanate fromthe intensity distribution at
the illum nator pupil 1PU and traverse a patterning device pattern w thout
being affected by diffraction at a patterning device pattern create an
image of the intensity distribution at8 the illum nator pupil IPU
[0044]Wth the aid of the second positioner PWand position sensor |F
(e.g., an interferonetric device, |linear encoder, or c@gamtlve sensor),

 the sulbnensdy distriimtien wa pepil peneBleaf thesdinminaiargan e ejuster Imadditipnpihsi t i on

di ffer 5 GAM, larly,
the fi rﬁlsl{lm%%é? %aﬁgr hlbﬁﬂ@éan O'gﬁgl?lﬁlgr gflﬁ% (g’né’hserijl ggfrlt@%ﬂvﬁu) ?(I:Iﬁ I's E%nd%&}
expl i ciC. Thddpintihgtdr ¢an HeluGed m)condlnom&leu&hahdnd)eamau hastecd desppaburtifoonity he

Do L S8 SE R SRS B B AL M RRETS,

[ 0045] h@a@ditlmeahﬂeoneﬂmgdm@ With itf'@n%tlbl@m)@ lafragded W6 HividR (4l raﬂﬁﬁo@sezmeal i zed
with the aid of a | ong-stroke modul e (coarse positioning) and

shor t - 51t apBraliy of wbchaames thyd i, fgisragple. irh bhassesiates Hith one of Ehgluﬁhlt)é?f

oslI t
Iroea: i Ize Edslle%ilua@ #Hnlrtll%{léék%{? Slggl\é&ggp%‘n fita ﬁ’t dd? g?%lrygc{orﬁ%‘il%iee A%ﬁed@%}n%h form
part oﬂlmetmswsdc:bfﬁacu@l grotiig ¢annfer eRNIple, ﬂvetulsml todsadothe saddatop heam (s s@dpposed

to a scanne t he s ort .structure, cted.tq a short-stroke
act uat BrTGH g the gres @ET%‘I’F?’%& , bejps \}ﬁeflflnggad}fg‘&l ‘gtr%cggloﬁg’twflhe beam B can
al t er nahdovigayd, Baldiré harnimhitey! thahoEnaad B, whith the bedie indingeised &bl guang/sfr t he
patternlng devi ce can have a fixed position to provide the required

rel at i yeehrighdeens of radiahorhn arrangenent can assist in liniting the size of
the ap us. , able in
t he nnﬁm; gl:t ure o?&apié{laﬁ;g%mfbgfgg %t\s{)% %rﬁgﬁtgégsfﬁtﬁl?ghr?%g?er{uh gﬁlggtérga’t e table
WI anduntakle MAoyvhtch iisomeld y@ thersuf®ricsimciues (igx enpsh talbld) MT,cand 3¢ madwated bathebe
arrange nmoved rel atlvetothe su th
SUbot ¢ ENEDRB AR C RS Mt K e N dus P e i oGRS, o W

acr ossMA, thé radliabibh 5taf Bipabdey tlﬁ@lg&ttﬁé’iprojéeh@ﬁsytstém B9 QdhdPRbses thicbgard®/i ce MA
and substrate W may be aligned using patterning device alignnent marks M,
MR andoétﬁﬁ‘éﬁfrgéttl@f%q%ﬁﬁ@ﬁtsu*h%‘ﬂ?s PI, P2. Although the substrate alignment
mar ks 2 as [ piley may be
| ocat egﬁl nfspacegﬂlébb?&e &S’zsifreglg%émé gﬁﬁigggtc sg&gltrl]gﬂ th&Z%u scrpbe | ane
al i gnmBottionmoksiliati@i ermdnatd fyom ithe lsiensjatdismlgutlon av\kheclhnnmai@r piranPbhanddi e i s

1 ana TRt bt G B P S ing 0B R B X G Dk PR i

can bepgfer@cieipan axdond thovatchsitiadistib@gm)at tHe ilfahmatuapil B and/ or

patt erni na devices tables. In such ' rTLI|tI | e stag machj nes, the

addi t i 471 t abl e¥itkdbe ﬁéOG%éeqqadﬁa$1awéP ionsss6F IF (%38 can be
carri eﬂn&!f@rmﬁ&nea@wfé nﬂgﬁn&ﬂ@} BRcitabilice Qo indBbSirt BBl WERLESe ar ¢ bei ng
used for exposure 004 he I'I't hodraphi c ap yarat us can al so be of a type
wher ei moatd haastely eporspias te Eisitionetli erby targetpodams bn diwvetied! thy radmtion mrer si on

l'i qui d, AL el a efracwenn as to
i aoe ShuRkah® Bt Bl P A b osi b Siaso€ihish BPRCERIERY S, £ on
l'i qui dd@;ﬂae@insmcbe) @Reiveet t*o@cﬁir&telry p@ﬁlﬁﬁﬁﬁlelpattélhﬁlgmehh@M@ﬁ/ﬁ‘ﬂl@e@ﬁﬂa@ at us,
for exanple, between the patterning device and the projection system

| mer s FftS’rPaﬂbeﬁ]i*ﬁ @%@01&?@%4 §-2 kHERMNCChaniqabregigvat pm; aﬁ&%éﬂér% of HERidrer i cal
apertugg,of projection systens. The term"imersion" as used herein does
not nmean that a structure, such as a substrate, nust be subnerged in

| i qui d[00d6L r at hbranwmhlyplnﬂamemdnaof the mmmwmmmmam:mm Wéhpheol ection

o rbodt AR 2t TiERE oAb (oo Do BRIl » sPa I giEc MR TR ReniBE L, P00l ar
shape, waphifor@piryofvhé ArsBpssdiiciar PP Siladlyf matdreene of ﬂaé @6bsthRNGIPWT maf | t S

perimeter. In another exanple, the substrate has a poltygonal tshape .g., a
rect anagreg} @Hgfygalong -stroke module and a short-stroke module, which form part of the secon



10 [ 0050] Exanpl es where the substrate has a substantially circul ar shape

i ncl ude exanpl es where the substrate has a dianeter of at |east 25 nm at

| east 50 nm at least 75 nun, at least 100 mm at |east 125 mm at | east
150 mm at least 175 mm at least 200 mm at |least 250 nm or at |east 300
mm Alternatively, the substrate has asdi aneter of at nost 500 mn, at nost
400 mm at nost 350 mMm at nost 300 mm at nost 250 mm at nost 200 nmm at
nost 150 min, at nost 100 mMm or at nost 75 nm [0051] Exanpl es where the
subst r gieitioaeiVy ithakase ef g steppae Casaapguosedrto aiscanhnen) theexpppt stsucivire ML mey | east
one side, at |east sides or at |east 3 sides, of. .the subsir has._a

| engt h WfeoRpeqieeiea Sso%'ﬁﬁrglﬁacpjé‘?fgton 5 O ey E‘f gf‘%&tw@d’e@ﬁ?reglta&fig%%tthe?ﬁﬁmcm
at | easg cdidAteeiBtively/dd8miohal RO B cable, @hild B3 Sbjedabble Bhd/bORL Bhttdrning deticone
side of the substrate has a Iength of at nmopst 1000 cm at nost 750 cm at

nost 50@ndaye afixedrasitvgdo pravidstthesgpirabyslative mevemenit SUCHEAHARZNRE C4Ppst 75
cm [00 : t i : L pS

comi cortiosy BRI EheNRE b tkABtUS ASY firiles dicthaltl Sihictl O, LRSbERicRle
consi stinnle mimSacturSioClat BndaliyplSisChe GesitiGagfthe subBtrata tebld WAsandthe substrate

can be: a IlLl/V co un m,conduct or. r..a silicon wafer ceram c
subst r&r@,&%ongﬁyé@?r’%i%qﬂﬁje’tx&? a’é‘?&i S %%‘h @ 2y bg Wﬁqgga%ﬂﬂ%mé) ﬁ%dslie%‘g'? ggoc an be
t r ans pahe Bibsfrhtekabl o N &Lk AR heayiBitrat€ RbRIET ca®be plos izt wathcdystem to

[ 0054] The thickness of the substrate can vary and, to an extent, can depend

on t he sseibdhesabsraiealVacross itahy suptanHabesopstanttelocymensi ons. The t hi ckness
can be @hi%eaSt S%%t&ﬁleig%%le\g@e%k adQuBRatev ﬁl@)ﬁ@é al?gggd Qéﬁl% géttelnﬁﬁé Bevd3Q0 gm

at | eas 0 gm 00 gm or at least” 600 gm Alternatively, the
t hi cknedignont haks Mis M2aind sobgtrabealignmensmark9 80, RfmAlthoughdlbe s@s08tegm  at  nost

2500 gm,. at nost . 1 m.,.at_jgst 125 t t. 1 finl t 800
gm at %Pe%tdaarbﬁﬁ ?gjtzgaﬁdg'fst[rg % O5F Y C%fh%%% ? argf‘g% gﬁlﬁngggeya?g%% @E%;g%ﬁlg m

[ 0055] Tépaces bosidea tRgdt pbrione (hése ahelmivh Batritslaps digamatmalis). Gimilaty, af t er
exposure, in for exanple a track (a toql that typi c(zeltlyl\ngl ies a layer of
resi st sigationsimwhichiporg Hian @ag dicdpBrovied e Sirsratteining davice MARe paTIgEYE: ool |
and/ or - cLd N%ZOHH kSites| ayer is provided on

t he sub%?}cggggﬁg%)ﬂ%gqbf%%ga{% e %ﬁ%%ﬁ?ggﬁfﬁﬁﬁ?%&st hough the description
is dirdf0#d to | iThedighepiphic apperapscaebaiell oo haandwvadnalstageberperci n a

fr om ¢ reo R s B PhGuy bk RO S PhE hbeartht BTG et

can be tpsles &mttRdiseningaraiay oflpich@ainy sttpyrRs belawied eat o ore. g mors tHbis mailes,

di spl ay devices, etc. .
one or more other tables are being used for exposure.

[0048] The lithographic apparatus can also be of a type wherein at least a portion of the
substrate can be covered by an "immersion liquid" having a relatively high refractive index, e.g.,
water, so as to fill a space between the projection system and the substrate. An immersion liquid
can also be applied to other spaces in the lithographic apparatus, for example, between the
patterning device and the projection system. Immersion techniques are well known in the art for
increasing the numerical aperture of projection systems. The term "immersion" as used herein
does not mean that a structure, such as a substrate, must be submerged in liquid, but rather only
means that liquid is located between the projection system and the substrate during exposure.
[0049] In one example, such as the embodiment depicted in FIG. 1, the substrate W has a
substantially circular shape, optionally with a notch and/or a flattened edge along part of its

perimeter. In another example, the substrate has a polygonal shape, e.g., a rectangular shape.



11 [0057] The depicted apparatus of FIG 1 could be used in at |east one of
the foll owi ng nodes: [0058]1. In step node, the support structure MI and
the substrate table WI are kept essentially stationary, while an entire
pattern inparted to the radiation beamis projected onto a target portion C
at one time (i.e. a single static expdgure). The substrate table WI is then
shifted in the X and/or Y direction so that a different target portion C
can be exposed. In step node, the nmaxi num size of the exposure field limts

the si 48030 the Eapgples pbereitimnsubstraiabisc suhstantislly girenlanshapecinelugoeipmples

[ 0059] r r gt e W
are sc g’?]hr? %aerc}hg gﬁd(% H?@ﬁ%ﬂg P%ﬁiv?ﬁel? Pg&égaﬁgﬁ g@ﬂ l# lr%%%rlg? grgg’ta% D::t('?i ﬁt?gr adi %tlfgag]th ﬂgieam IS
pr oj ectned, aiihdast E25tramgattlegzot 30 am, & 1€ast €75 mns anighse 200y matyiacleast 1668 uime Jor aflThe

vel oci direction of the substrate table WI rel ative to the support
UEr oot it TP iy KAl NS s Eenndn et hnor B et A Boer s
char actu@st $30 M, &f mb80P irfh, € bloSHD5BYEA M3t 200 MBC AR ASH ninh @t ARY 1M Si ze

of the exposure field limts the width (in the non-scanning direction) of
the tamMyBLOrFHROBIOIY A a singl e dynami c exposure, whereas the | ength of the

scanni tion t erni ' i e sc ] ' ' f the
t ar get T%)or i on. Fgf)la H%Qﬁ%ﬁ&%%aﬁﬁag@%rggg{éo{lﬂ’ee% U%%gfrlémasl- Sfrn E@tﬁ % ll?)g I's kept
essent ivdieteyat d¢aatt angrsateyatiedst? sidesorpt Bgstanides) o tiatubstrate gy ademgth ef atdewdt t he

et 3 R Yo 3y BY 5081 ES B R JRRLLSE Rl

gener abkyc@. pul sed radi ati on source is enployed and the programmabl e
patterg(imrjsgl device is updated as required after each novenent of the

subst r abl e {¥rlegst ang sidepfie sulsifatediss p leagihrfiahmogn 080 cBle 8t et 7% e, scan.

Thi's. maeoqisoBBRY 8:hoU 350 nDE o £ASA] i ARBIGEL0lh, TP EaTsLirt NOgT aphy ¢ hat

utilizes progranmbl e pattefning such ‘as 'a programmabl e m nor array
of a ty¥B3hs r ef bromtxhamplebibe subsfra@ol [igla waentionugasescamiqrndetorsvafer.

essentially.the, sa ) | se .mode except that e .subst M Ls scanned
Cor at | VB i TR o8 0BT e SRR B B 05 SR SGRe Y 5 Y ant
speed W ahd th AR Thesubs@ite bAEHARTBW E3mpded ¥bflidahduytos ateral dikknsvaegents is
updat ed as.the beam B scans across the substrate Wand exposes it.

A
subst aREREEq SpbetES ghss puhsirale; i pastic sebsateq s ubgiente ¢aa; bstiTagppasa (e
synchr @@F%ﬁﬁn@exggg}&n SediheoRattern on the array of individually
abl e el enent ’

control S, can be used. 2 [0062]5. In pixel grid imging
nmode, WHISdh can Tke thavkhesswé thewsbstigia dae vhiytdandgioap kkientappadeptubomnthe Fl G 1,

the pattern forned on substrate Wis. realized by subseguent..exposure of
Spot o PR "B b Do  BERENEHE A aRion St S Pl G 3R O s B ARl e ce
MA. Theo@xmosiachss POT SmhaV@ssngiant ieattl490 Lhe aslede SN @R or DMeastldddlynat € Wt he
spots are printed in substantially a grid. In one exanple, the spot size is

| ar ger AligEtivelpithe tickness of fhefubsiralsi saeibe g mgst 5900 Mmugimasablume d st ne
exDOSUQ?O(?;,Pﬁ,t %%ds@'ﬂﬁy S )ﬂo&glzwhﬁﬁgi Ihbﬁst%%ée HII‘B 2P 36 }&qﬂ%s%(ﬂf"ﬁlh,er nis

realized. et ween the exposur e shes t ht ensi ty Istri butl on over
t he spetmostSO ami, etdnost 400 pm, or at most 300 pm.

e

[0055] The substrate referred to herein can be processed, before or after exposure, in for
example a track (a tool that typically applies a layer of resist to a substrate and develops the
exposed resist), a metrology tool, and/or an inspection tool. In one example, a resist layer is
provided on the substrate.

[0056] It is to be appreciated that, although the description is directed to lithography, the
patterned device MA can be formed in a display system (e.g., in a LCD television or projector),
without departing from the scope of the present invention. Thus, the projected patterned beam

can be projected onto many different types of objects, e.g., substrates, display devices, etc.



[ 0063] Combi nati ons and/or variations on the above descri bed nodes of use or
entirely different nodes of use may al so be enpl oyed. Exanpl e
Seatteronmetery Apparatus [0064] FI GS. 2A-2C schematically depict principles
of angl e-resol ved and spectroscopi c scatteronmetry according to an

enbodi ment of the invention by which one or nore properties of the surface
of a substrate Wnmay be determi ned. In an enbodi nent, referring to FIG 2A,
the scatteroneter conprises a radiation source 2 (e.g., a broadband (white
| i ght) [088T]ati on Beukegieled apprraths off Kl i sould deasédoin ableass oac efths folkivangy The
reflected,radiation is passed to a sensor 4 (e.g., a spectroneter detector)
whi ch rfB%%‘?ﬁres a spectrum 10 (intensity as a function of wavel ength) of the
specul q0058f | ect adid ael AbdQ the supph éthicture M Band the sisistrie tableWar arpkefti | e
giving rise to the detected spectrum may he reconstructed, e.g.,. b

Ri gor oussseeBalby Baionate WAHS Yy sptae Rafterh BpRdricd da theragjpiandheam 1 pr te@dﬁ%h‘?‘i son
with a tbfg?ﬂ(;lrﬁfr%f%lpé abodBtiAt 6L §Bﬁ§lts[s tic @)g)(ﬁmmﬂe@u@t@étaﬁgwgs tkén shiffed

gener al e reconstruction, e general formof the structure i s known
and sone theaX and/oeY sliractionasdbatediferorhtirgeimogidyeC ofn béwxppsade bissieppypodeileh t he

. mad | ' Ly .a f f b
et or BT PR < SR RP SRR A RBTEN S RoRenl Ep B E Sy e 2

nor mal -stfciedparee. scatt erometer or an oblique- incidence scatteroneter.
Variants of scatteronetry may al so be used in which the reflection is

measur d803 a r argh AN Hiege.dle Bppart sruipe Mibord b gubstrateditie W rgscqnned
refl eCtsjyﬂéhrﬁiou@y%lﬁﬁl pattBg! iﬁlthIftec?to RNA8iaAbn VENMESRGbhed ontB 98k fortiod C

schematicall'y dépicts 'a scattferonmeter according to an enbodi nent of the
pr esent(i.¢.rasinglé dynamiRaehipesiron Thervelpety dnd direpidat efithosnbsaie tableoWilgelative toct ed

by illymnpation syst 11-14 and f d en . ' rget on
subst r AP RPb AL b 4 RBPninET BE R, QD Sahif Ry FOL R 0T,
obj ect icheradteriftits ofithipadjcationByitea PSapedchnnddé, MRy makimuansiendirbe agosurat 13

95. An itmersion. s teronmeter .may. even have a | ens

least 0.9 or. at least.O t
with a lddmits the vagéf(mﬁhs DERraGANRIng QRO eﬁﬁﬁéﬂf%@f’&wn@ agpgledypanicat e t hen

transm QhgRaPAE 4 ¥ the€bdagihl ¥R tisH UERRRINSStht REZh&(iHBE 8€naAl in
or der te%)(ﬁ%%\ghré theascat t%&ﬂ spectrum det gct ed. Tlﬁe det elgttg(r 4 1is I(;I(%gt ed in

t he baclreglian) efthedarpefmiortiqn. ane of the | ens 15 or the pupil plane my

i nstea re-imgged w X [ .

pupi | gPQ@é IS {Tﬁéﬁpal u%%e%ﬁ&%ﬁegﬁﬁﬁ'%rgﬂrugﬁf%wpgsﬂ ?EélLl e%%ﬁggglrsgﬁoa%rlyéir? kﬁﬁ? i nes
t he anggoghiminabiedanemingidvichend tigidubstrapotble W islgiovabsr scirmed xihilatah angl e
of the radiation. T%r&di,até)on _sour_cedrz rraé be part ocE tpﬁ scatteroneter
or may PSIFRIPPHELE i frtiaien beah APTOeriet OHe AATatPor e -ABHE m8fe gener at or .
10067118, g erpasidaiition SrrdSt 86bRYed Sdthé }ﬁfbfgﬁﬁnﬁlﬁélﬂé gﬁt&lmiﬂg&@séqu so that

a two- dinensional angular scatter Spectrum of the substrate target can be
measur agdatdthes rgauiesshadier aachagovigment of thesubapite tablmWarerdy bevearmcesssigR oS

sensors, .:an ve | | L I I 1L | i seconds
per fr éﬁ%%lo%d%i%@%&'ﬁhﬁg%g%gpogg%ﬁpg% H%pﬁa%ﬁ;%@fa %toolfigsslczf:g as% tered
r adi at il@iogedph tisdt nglizes\peopehrminghll phtsrning kledve, wastedsengbframambe)mirton array

intensity separaftelc%/l %& nmul ti pl e wavel engths or the intensity integrated
over aRAVEIcERgHATFLGROVeur t her nore, the detector may separately measure

the intgasity of 4t CHEVBESRaRIAE ! LsenfRly theINKY 8 H@shBEd dxlcptRRdt @id zed
radi ati on and/ or the phase difference between the transverse nagnetic- and

t r ansv enkstrate] Was gdagn letive toghe m@idulpied peam of radiation B at a substantially constant

speed and the pattern on the array of individually controllable elements is updated as the beam B
scans across the substrate W and exposes it. A substantially constant radiation source or a pulsed
radiation source, synchronized to the updating of the pattern on the array of individually

controllable elements, can be used.



100691Usi ng a broadband radi ati on source (i.e. one with a w de range of

radi ati on frequencies or wavel engths - and therefore of colors) is
possi bl e, which gives a |arge etendue, allowing the mxing of nultiple
wavel engt hs. Several "sources" of radiation nay be different portions of an
extended radi ati on source which has bézn split using fiber bundles. In this
way, angle resolved scatter spectra nay be neasured at nultiple wavel engt hs
in parallel. A 3-D spectrum (wavel ength and two di fferent angl es) nay be
measur é062hhi ch edntraichgridnegingwodaabichran haperdormep usipe therlithegraiis al | ows

Tore i . . ) h
Fobust ALCEE OG) 3 BE pARAR it R BRIR U FARER B SR PLRERRS o

sensi t ispags fodmad pakapetgencrathr thatart dirkogt apd pattaptiog dedcd MALEhe enposéd gatsed,

for exanple, focus, dose or oyerlay. | be a grating which is printed
Such’ T BATe byl amshtre PhoubNee W B hoRmar gL el bl “The
bars nye atdnipld)dd 6t 3izdi8 18E&HRG d fich of BPrinted %:He_ii%ﬁ‘dﬁ bitRuSCahdRF MARHy data

of the printed grating can used by processing uni U to reconstruct the

t ar get S¥RPSHErSPYlErid: Binviatying iniensity ¢fdhe wnots nytashe petferuisaentizedfebetwgen then.  ne
or nor gxrgc%l[}%r@%&%E%@iﬁlgeggiﬁééjgﬁgpﬁm‘gﬁhe S@g{g ‘%Eeékl ne w dt hs and shapes, 14

may be I ruction proce rom know edge of the printing
step ap@l6df ot heCombmtti@rsandfor yarptioseasihs abdletdesardvied weldys drusaddertiirdpal |y,

informgtion_ indicative of the paraneter under investigation ny derived
di rec?ﬁ&ffeir%m He® ‘ﬁﬁﬂaé’lal?ﬁg{ele&p@tq&, e.g. by a technique such as Principle
Conmponent Anal ysis. [0071.1The illum nation system of the scatteroneter SM

can be regarded as formed of two parts: a first part, represented by | enses
11, 13Exemplasceteromeleynb@iat’® i mage 2' of the radiation source 2, while a

second nt, re e : i j I i.gh= .

i mages [t g}i nt effﬁg%% %%ﬁglél%g&l%?# %1%@C%gf%g%ﬁéqﬁfwfgg’[}%ekﬁ%ﬁoﬂé
enbodi seatteronstryiak¢anding &t arembaplameniof thelisckatid:?by whiphene deolorerprogeetidsiafst  part
of the_illumnation.s mand.is i.maged into.the back.fqc ane of the
i gh e BT e SR MR iR it eess S R At  on
node,  f@ittcRbIaR|cOmPASHY haadibtidnshRaRi(08., a Sttatiddgwhieé lifhPraditien satice),
measurenent, e.g. overlay. Because the illum nation aperture blade 12

bl ocks hishedirsets radiationnfoz subsierie Bh dihe soflspiod ediafianig passed toRRechRRA 6581 2t he
Sour ¢ oMdbRieicP #hE R hfhich s QRCL BRdr AN o Rthity AL ARENdn L H BB Pdr L De

desired target area. ation reflecte y structures outside the target
ar ea mthe speudae reftictd radiaticne Feoathisatatayitersyrudateanr pidfde givorggjsedo thealetcetiop 19

is provided at the internedi ate | e 2' of the radiation soyrce 2. The
5ol bhmdhn e EiT b3 by KRG GouPlodivd RS SR8 oot 1 ¢
spot  Wihidtsiof ofiby céthpiiBbewith aMirdri 6f GiGlatdbedtasad hdwatin PIGI. RBtani SC.
diffracted outside the geonetric spot, ensuring the spot projected onto the

subst r ¥t geneal.fer thp grepnsiidictiogs shergeacral foom of the sirectiysis inawinandsspes j el d stop 19
also a i i : SRR de 12 in

t he bagéé?lg%gslam%)%@gﬁﬁoﬁhﬂgbﬁgegﬁgmﬁlpEﬁ%%%? v?ﬁ%ﬁsm%fgur ri ng";!Vr atg ﬁgh?’l | um nation
node. Thivmgoaly afedwpesmdias antoktarcture sobaddataminekd frdve thtistdtteasnétgrdata der s on

t he de r 4. wever, by usi an_apodized field sto i .. one in which
the tr MIBLT on 1 ForeerRpkr BRY By PO e o oatram e O TR ot ep wi se,
an opt gFiEh&adcaitembiet. WaeiBnts bf @itérdaib@Y hal alsd bt Aged ifRgechithapfleaith igngul ar
resolution of the diffraction orders can be obtained. Catadioptric Optical

Syst enteaEyl dranse of eeglerrltarsindonrufangtha thsr i themilectonat 3 siagiespgiset er

i ncl Ud‘SPaPangé‘BP\g&%% jh¢ optical system [0075] The catadioptric optical
system may Be used asS a special objective in a UV-visible

[0066]) FIG. 3 schematically depicts a scatterometer according to an embodiment of the
present invention. Radiation emitted by a radiation source 2 is collected by illumination system
11-14 and focused onto a spot covering a target on substrate W via an objective 15 and partially

reflective mirror 16. The objective 15 has a high numerical aperture (NA), in an embodiment at



scatteroneter for critical dinmension (CD) and overlay neasurenents as, for
exanpl e, depicted in and descri bed below with respect to FIG 4. 15

[ 00761The catadi optric objective nay be used together with the illum nation
system of the scatteroneter as, for exanple, depicted in and descri bed
below with respect to FIG 11. 10077113 an enbodi ment, the catadioptric
optical systemmay include (i) a mrror systemto provide a high nunerical
aperture and achromatism and (ii) a nearly afocal refractive elenent to
cor r ectlegn 6.9 anteas Odise An aminersson ssaitdromstec map pven| 007 8 1ohs sathackhumpdricilc

optical systemip a scattero er. can have several desirabl. .

char act @[t ¢S ﬂlﬁf‘ldwé‘@é eétggily&ﬁ%gftﬁg? &F%g %égmg%l?aéjf@paﬁ?ﬂﬁ%{)’g a very
hi gh nuaRthiES 88 indPLEteUEr 4 BWedker 3 havleQhe Q4ABI st ddTIhe itefloBb)s and
operate in a w de spectral range (such as or exanple, approximtely 193

nanonetleealed io thobwkrupissted pinihplanerpidbricns bhor the eepiblpRipnRY Bs5pd Pesr system
can proguce; |f gg,lagp (BhLOTY il fh*a%e&%? Iy "B g%&@%@;&nm Sh¥h RN -

Mor eover, “a ca c optical systemcan i optical surfaces
in the radiabpasiidarcimatiativandptinesdh¢ mgle cltinvidertce eandthesiogiltepositenalefingstibe eby

reduci ng. or, mnim.zi ng,.scatteri and ghost i e oduced in the sensing
br anch.a%fiﬂ'rlqlﬁ‘gglﬁﬁfél,er dl@éﬁ“aﬁiﬁ%ﬁﬂ%“@8%"%?%§fna¥§§%%’ﬁloﬁ%l§ 5 arcffgmné?terd:irrrrneal}{si ons
and wei GiblyaRamEoftradisRnVRsth af Badsice e alift@inqieeéretos. 100791An achronati c,

hi gh nunerical aperture catadioptric optical system.in accordance with an

enbodi ifA€7lof t hdn g exbedinienty Bisrdetsator ifct Bitpedimsnent) dxiedphier held ™ur f ace and
a conc ad{ﬁ'le?ﬁ&ﬁ? sttt %@tﬁ@ﬁ I%gg e%ﬂﬁgrarté)tafg%Fﬁn\b% rffdaSirkd OFRARELAOF 4 may

radi ati on fromt convex spher surface.” [0080]FIG 4 depicts a

scat t erbeyiireyamylst ek ©f CCR ordaMQScwswre ped vy heveangntsgetion smeoff, fohe
surface of Eug tr.@tse 4%0. gcatter onetry system 400 is conparable to the one
shown iHAEPE *3MUEECORCRHIDME ™ el ements 11, 13 and 14 of FIG 3 are

conpar gbb@]t o el Rt ctd2d mad Ideasurd4he iRAsi0f ofstdfierdll rafiatiod &rd yimglobj ecti ve
15 of FIG '3 tgn&y be or include catadioptric optical sys_tferan48? of FI 4,
[ 0081] Syavelsrethdor rasovaWavlGngHFEREE) Hihg HEFSHN aesrately &t mEltpleatevslengths ohtbeudes
a cat adj | %é@gn Emfhd el i IVinElle 4.
cat adi g%@?%@%%@%&%l%ﬁé@%@ I n%‘%g:giétg a oﬁ?l?g c{ﬁgﬁrgﬁnﬁﬁgg%. S. , a
beam sph¢ itesity efftamaversipegrictiv-eandytsmneverseadectrithpol atided madiationand o Fhe ing

branch, ..and catadi optric optical syst 480 ar escr,i bed | npr e detail
bel ow. ﬁlgﬁgﬁﬁ%?gw%ﬁn%%mf "B Igﬁ%;}?ﬂx—sar@?éa&w%seﬁ?cg% "}%(i/l tzee%r%fgﬁt%'t h features
on a sybedgjat e 49Gingldroadbagd Falittiod samed (iienohdiglEis a aidd ahgandfivadiatdon sour ce

412 (such as _a wide band light emtting djiode (LED)). .that ovides, a first
beam offrqqaencitsi iwavelangths s aidtheistors AECQlpFEL S Postlf FticTygives & arge cienduc,

allowing the mixing of multiple wavelengths. Several “sources” of radiation may be different
portions of an extended radiation source which has been split using fiber bundles. In this way,
angle resolved scatter spectra may be measured at multiple wavelengths in parallel. A 3-D
spectrum (wavelength and two different angles) may be measured, which contains more
information than a 2-D spectrum. This allows more information to be measured which increases
metrology process robustness.

[0070] The target on substrate W is selected so that it is sensitive to a parameter of the
lithographic process to be investigated, for example, focus, dose or overlay. It may be a grating
which is printed such that after development, the bars are formed of solid resist lines. The bars
may alternatively be etched into the substrate. The scatterometry data of the printed grating can
used by processing unit PU to reconstruct the target to derive from it a value for the parameter

under investigation. One or more parameters of the ideal target, such as line widths and shapes,




16 spectral range between 450 nanoneters and 600 nanoneters. The first beam
passes through optical elenents 430 and 432 and then inpinges on an optical
el enent 434. The first beamis then directed through or adjacent objective
470 and focused on a portion of substrate 490. The first beamis then
redirected (e.g., reflected and/or refltacted) back through optical el enment
434 (e.g., via objective 470 if the first beamis directed to the substrate
via objective 470). A beamsplitter 436 directs the first beamthrough a

f ocusi mepy berisput 5Qthg mcbob&tamiglppiopm froasinovdedgetofithe Imimtiog step anddor garsor 454

(e.qg., ev ce rat e 490 rovi ded
by SenseHREIR SOURE WS EY Sl B RRBeplagRHI o3hEritiess

substr ah&aﬁ%hé@ﬁﬁ&iﬂd&wﬁ@ﬂﬁtdﬁlg fkvname Redt@ransete) dath, 8.0/18€a REldQicamth bdhe

f eat ur e ali ned portions of substrate 490 according to known
scatte B‘H‘"E'P RIS ch as the scatterometry techni ques descri bed

above. Jmf sensi fnge hnﬁﬁﬁdhoh@%taﬂ%?ﬂ@@cat{ekdfﬁ@taaém&l M?&%e&é@foﬁﬁ&%’f as a
tungsten illum nation source having an interference filter) that provides a

second tWeaatoh firgdgaeticpissentad byrenseabhb| 18, fM%a@@t@médlb@amgﬁa% ofithlsandwi dt h of
appr oxi, Y. f I

bt oxt im ol TAAREL feonAp. S by |y 1S RRTENR o BB Shses

t hr ough5 apbgesdlhe inteemmadists id246, 2' 4&3 thed@bstrdd®/.and | ens 432. Optical el enent

434 th rects_the econd beam t hr ugh obj em 47 nd onto an
al i gneg&ﬂgitl on B'fa”s Tl AgPUTIFRRO @?&Hﬁﬁ@%ﬁl‘% H{nii TBPathe
al i gnedrpRNillkAMa®dn SURE matieind2ed andlidivhacioesl pmﬁﬁ%fﬂﬁrtﬁg&gmq@hseg Tye system

470 and optical elerment 434. The second beam passes through beamsplitter
436, | dhsninagon a@p@mﬁ@i@e Jafmes gn dllyreingtionmodeafrl exdnapie pppilargdemigatien, second

det ect A ﬁ?@ V, n ge of

t he al ?‘glﬁazeﬂsﬁﬁfggrﬁlte?%ﬁn%? (ra tée'ggg%tq%a%% ?@%g}e lngﬁ(% %3'?' (gatlahdre gg on the
sur f ac blooks sufesdfithd @aﬂﬂ(’freq[;&ﬁ:&@]oﬂﬂmermwtch athel iradpe\of | ;hmhad ioa e dubsterpd iscal

syste cl al ele 434 and obje t 470.

Cht s Birensed gpt OB pRALS il OF B dERed R Gy Rad e e PART e
(such BgtsRie @k tatsBBarBARGTBARE foikPinkBS Laa0RBRY ﬁﬁtﬁ)Thve&% éﬂﬁa@l stdp 19%st em 400,
catadioptric optical system 480 has | ow obscuration in t he sensi ng branch

(such aEvifsgmebilerieanegiaisinagy 2r ofdhqeayliatipn sqyaes % hap feld séipnidhis devigbland
ht | t
ghoot Pl gHefl et bl BRI LERNAFIUE BthuBER 8 Inefliebddl 121 0

nuner i caliatapdidt usrchff(a&:uadkouanie thogeometripdpet, eaquping diengpbdigryjcte@Ontonthd. 95) and
does not, use.refractive elenents. As a result, objective system 470
oper at 8% ﬁ'?@ﬁ%?slsé?a@\ﬁél’o%? "de spectral range (such as about 193 nanoneters

to 105@graponet ertﬁnotecﬂ{ﬁat[tﬁgﬁéhlsfbp% a%taeglagamw-paéa%@} i MEagbbpmeh and
t he sensing branch bot h share catadi optric optical system% In an

enbodi ARgiture bladeald @ﬁbﬁ? ba@kcﬁ?ﬁai plane efitbe high lqna rlaétthuﬁﬁm@mg;ﬂ@rlﬂlymmatmn n the

R b g e G R R M e A

si tuat éldwiemrabyvuﬂmgml dpodized fcldbh®purednbin whishrile |traﬁ$lﬁﬁ’[ frﬁlaltram;pamst toof the

cat adi optri tem 480. A first surf royp .of . surfaces) in
he-al PO b Bthet ah 5% Sttt wone b be e et deRcudy Ribeiin i D6 s
reflecPlaﬁ@mﬁwﬂ‘gaﬁ@rdsauﬁ&eots@@aifﬁzg:tleﬁ@ﬁfeﬁcaﬂilae obfamigx reflective surface can
be partly reflective (such as, for exanple, 80%reflection) or have a
spectral -dependent reflection that provides radiation distribution between
t he se anpl e, the convex reflective
surfacgﬁt:anpgncdgﬁiégg%mg&n%d@%g%pggatte’;%e to cause it to have (i)

r ef rac{G0véd] pr opehtan&mbbdnndnt;@hﬂceﬁtetmmat&gmehdes # athdadptrnogticalnyttam. al | gnrrent

branch (i) refl ertlesf r the el ectro netlc dla

fromt l‘l@gg]enm ngrlt % FYREM PPN q}‘?élsﬁ I5ghie ‘ﬁ%ﬁ(‘fﬁlq% E 400,
cat adi gtﬁttéﬂoﬁle&mfdr@ﬁhcaﬂ yiﬁhaﬁloﬁii@m@ﬁd SHPRY M@émmm R EMhAE] &Bxc‘té@l ihhe

al i gnment branch. Alternati vel the catadioptric optl cal system 480 can be

used i Pchdesgrihed belomavitlprasgect fod IGdds a sensing branch. [0086] Additi onal
catadioptric optical systenms in accordance with enbodi nents of the present

invention are described and illustrated bel ow, for exanple, in FIGS 5-9.
In each of the enbodi nents depicted in FIGS. 5-9, collimted
el ectromagnetic radiation froman illumnation systemis focused onto a

smal | spot (such as approximately 10 microns) on a substrate (e.g., a

waf er). Each enbodi nent can be used for scatteronetry, and each enbodi nent
has an extrenely wi de nunerical aperture (such as a nunerical aperture of
approximately 0.95) and operates in a w de spectral range (such as about
193 nanorret ers to 1050 nanonet er s) [0087] FI G 5 dep| cts an exarrpl e

T 1 N . Y. v ) A I



aberrations (such as coma). As shown in FIG 5, correcting plate 610

i ncl udes an aspherical surface s2 and a spherical surface s3. Radiation
conditioned by correcting plate 610 passes through a hole 614 in aspherical
concave mrror 612 and i npinges on spherical convex mrror 616. Spheri cal
convex mrror 616 conprises a sphericals reflective surface s6 that is
positioned to reflect the radiation conditioned by correcting plate 610.
Aspherical concave mirror 612 receives 18 the radiation reflected by
spheri qaf76]ef | ectlihe eatadibpigic @bRotiveAaphies used kogetiee avth thd illomina6d? systempof ses an
aspherical reflective surface s7 that faqcuses tr]i s r.adi ati on t ar get
por t i orfhgfcaiterametehas, fof ¥ amplsy deey @,ndgﬁscé‘ glaw pih rgspectiad) mcﬁed by
aspher i[ggt7)r ef | eqf by EmBatimesehs Catadiof®RicpeM sidied biay ifoluddPEShirtdsyfem
depicts an exanple catadioptric optical System 700 in accordance wth a

f ur t herto prayéstsi atigh numgricshangrfurerangjachrogatignt andi(opt peagly gfacebigfradipeelamend o

i ncl ud rrecti rical convex mrror 716, and a

nonol i ftﬁF@“‘%ﬁ?gé%&ﬁ&e}gn%ﬁ%@%ﬁ%ﬁ%%o‘?@% rTecting plate 710 conditions a beam
of el eq0oT8yagnet iAccatalibpatic optichbsysenriaatscatreometenandaopiaveal dabyahle at | ons
(such as coma), rrecting I%te 710 i ncludes an as herihc | sur.face s2.

[ 0091] SHGFFRLics i FEAmBlPr GG oA YEEm o8 BRK 1 e DIEBARBEF e surf ace
S4 t hatypk$url @Rich b BOExhRpleCifREimbiRE, ®HSGhA OpRaRah hGvid@gicalil 9Mhgeqagdht i oned
by cor ragcti ng@pl ate 7{0. pI n Ptpﬁe errbgydi n@nt dg%?ct ed in %IIG 6, ggqiher_i cal
convex af fer evanpls appropiowitaly dhbernomelersiori0ae sanmanasersiihasidition & cyjpdieririe| enent
712. F i r i thi . efl ective
porti éﬁiﬁggﬁ SgSt%rfgns% a?g%tlg%g rg%)({ﬁgirﬁ()h% gfr? g%ar %ntt?rl‘ng{)ﬁf(tg# %‘éﬁlalg m&% %?/éi ed around

t he ;)pEMmabvei)sd itaalivgp ﬁ:irflept'a;abiymnhasémtlm fewer cg:tioslwﬁe@s iiro?na Isersingebraicht he

i nput beam a result, surface s sses a beam comin om correcting

bl ht e Poapato § sreitcsial SpheioR PR e s SRR e SHAEE o

el ectr Qﬂﬁ%@%&&cé@ﬂi tBd $ABing @fw&hﬁ.imeanhye,@Qfafaaﬁiphngomﬂcaltsﬁ_stzmapaﬁaﬁﬁ

t hrough the transparent portion of surface s5 in nonolithic glass el enent
712 andlithensiong esd waizBperEnaEe to soRveationdl praeromElErs.[ 0092] Monol it hic gl ass

el enent i ncl : Iobdih6Ee 9l ass
el ementlo% reCe?&\ﬂ}gaéhx,?:H@l?&ﬁ%@ﬁgﬁﬁ:&ﬁ%@?ﬁtﬁ{ﬁpﬁ%} ??asggtglgﬁf\?/%(don@? trg%r 716
( sur f acéthst)enshodimant btk prashitinveatiomincbides pvenvex sphesicg stirfprand aconfave he
substrate. .Befor.e inpi.ngi on.th arget .portion of the substrate, the

" ad at PORCFA O S8 OStiP TS TS SR B RBREteHE S ROdTom AT REDEELY | ect i ng
of f of sagpheric reflective surface s5 exit nonolithic glass elenent 712

substantial ly perioendi cularly to surface s6, and are therefore .
subst al®088] | y noFIG & demestetisiaiieremen s systars 40\ haheansepierone ORMQER RIBPSTES

opti cal LM oga| Lo islccifRl SnAHBNE in FIG.
cat adi (())Ff)?n:éissc Ogto?ggl?sﬁgfﬁf{ﬁgmﬁ%%% fnﬁirggg%%rggﬁgles %Nl t a%qﬁ?tgﬁ%her erTbO(le} ment. As
shown BnFét eample, elements oyt 13 anddptof F&G. Sayrs compBableitmclenents 420,¢32s Bt #iiy
plate g%g{%?ﬁ g%@hgarr fy?gll)jegthrrévl%)%f ﬁérf rrnag %‘g br f%glluaes Qaﬁg(iiz)f):uall: ogt?cr‘l:t g%&:mn}lgd’ &r 812,

and a
FIG. 4.

[0081] System 400 has an alignment branch and a sensing branch and includes a
catadioptric optical system 480. In the embodiment depicted in FIG. 4, catadioptric optical
system 480 includes a optical element 434 (e.g., a beam splitter) and an objective system 470.
The alignment branch, sensing branch, and catadioptric optical system 480 are described in more
detail below.

10082} The alignment branch is used to align system 400 with features on a substrate
490. The alignment branch includes an illumination source 412 (such as a wide band light
emitting diode (LED)) that provides a first beam of radiation. In an example, the first beam has a



19 [0094] Correcting plate 810 conditions a beam of radiation to correct one
or nore optical aberrations (such as coma). Correcting plate 810 includes
an aspherical surface sl and a surface s2. As illustrated in FIG 7,
correcting plate 810 is positioned in a hole 814 of aspherical concave
mrror 812. [0095] Spherical convex mrsor 816 conprises a spherical
reflective surface s3 that is positioned to reflect the radiation
conditioned by correcting plate 810. In the enbodi ment depicted in FIG 7,
spher i épgctrebravgxbafivesnot>0gmaometersgsd 6PGnuwmsters The fifwh bears pasgés thiogplent 820.

Radi at | g0 Ok OB %Y A RS bRl 81 8 B3| (BDASS4 O SRNLLGAL convex

mrror eric concave mrror e€s aspheric

r ef | ecthienelizcted doeugdor adgpéie bbeativer470laad focusedsunrd portorsdl snbsteasptPet Thal

concav irror 812 receives the radigtion reflected by spherical vex

vt or T earn (et 199EE0eq fr b GRS O FUTSI) Bk JuRpEpabiopeignent 42

MeNi scysy . viaQBRéit £manine87& beitalid/giestdd b teSubsittd Ag Bbjeaivdngop Aseamnd
surface s6. The radiation reflected by aspherical concave mrror 812 passes

t hr ougBPlétes A dirgpoths disy bagm thapyah pleppsaredrasd>Arang bean pplitter 152, gad dgnf ace s5
and se ng 4 18| ed at

ol t hor Cr BULAER 450 (0 £ uiated QAERRU AL ek ORLBI B 20 P 800
i s achpomidaddy sp09834; liGised talapnclystead 00 mtithrspexafic portisyssifanbsmatt 498t adi optri ¢
opti cal tem?9 in .accordance with a furthe nbodi t.. Catadi.optric
opt 1 cal®BIE: o odte peasPE BRAER fibrbloisg i Hebridls FEBEFCRTE HieghptShimt of y
0. 95 apfsuMatrits 4bMactordifieroMMe®h sedttefoh thdhdifuas) Ridds TR Rhiterd@trpanomet er s
to 800 nanoneters. Catadi ogﬁ'{rl c optical system 900 creates a snall spot

(such #&shnigaes deggihsl abovgpbg seasing brapelt walugdproan itlgmingtion soauee418 (grh as a
0099 . bl : . . tive

sur'f abSi5agh AR AR EBhad PR o DB YT B BoPROCA 160 DER & | Ve

sur f ac eaddatdn. mranephmple| the kenvad befbbas ebagdwidth of appenseatcly 710, napometbisiadd ar y

|l ens 9 and an illum nation sour conjugate, to the s on supstrate
010, | e el Rae e RS iay S8 pi o e SRR b Bl
subsi dipadny ph8&sthRB0h apiskal 8BmEsts 976) 42b.en3es300:0Q 18RS 2 abph@PSEmaRA3ATRRAEr | C
surface, Lenses 970 function to correct aberrations (such as com) of

cat adi @peqts Biegprond hpam (hipugh Gpptive syteast Brapdwalp fclignethpatioral subgide gr oup

970. i Gl i i at i - flect
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r ef | ectlsowghfobpdctias pistanm 4] andelied elevens4i¥4 Tbese@di] bpassesestlimoogigieaspher i cal
f ti f 20, is f bstrate 910. T 0 radiati

tr avor SR I 00 pndE g and i 3L B4R ngr bt roRnd Seieetre o "
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optical system 900 is achromatic. [00100] Catadi optric optical system 900
can be4¥iktgt isysedderdeiset foatness op ghersurfaces ofsubsipitd98: e '

[0084] As mentioned above, catadioptric optical system 480 includes optical element 434
and objective system 470. Catadioptric optical system 480 is achromatic in a wide spectral range
(such as about 193 nanometers to 1050 nanometers). When used in system 400, catadioptric
optical system 480 has low obscuration in the sensing branch (such as approximately 15% by
radius). It has smaller dimensions and weight, and only a few surfaces thereby reducing scatter
and eliminating ghost images. When used for sensing, objective system 470 can have a high
numerical aperture (such as, for example, approximately 0.90 or 0.95) and does not use refractive
elements. As a result, objective system 470 operates properly over a wide spectral range (such as

about 193 nanometers to 1050 nanometers).



910. In the sensing node, catadioptric optical system 900 works as a high
nuneri cal aperture Fourier objective, wherein radiation propagates in the
opposite direction of that shown in FIG 8. Specifically, radiation will be
redirected by the surface of substrate 910, traverse through catadioptric
optical system 900, and inpinge upon g7CCD | ocated in a plane conjugate
with the back focal plane of catadioptric optical system(i.e., the pupil

pl ane). Radiation spots |ocated at different points on the CCD correspond
to bearf808%] radi dh hwembatmescthe dligimelitibiack atd mgémmgmmummm&m of
substrate 910, Usi kno catteronetry techni que th S ;san be
ised t GUBRPYPPPENHRES J0P- B 4B STIPRTEIGN SH PO AE RIS A0L PRy S
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embodiment. As shown in FIG. 5, catadioptric optical system 60 1nc1ude a correcting plate

610, a spherical convex mirror 616, and an aspherical concave mirror 612.

[0088] Correcting plate 610 conditions a beam of radiation to correct one or more optical

aberrations (such as coma). As shown in FIG. 5, correcting plate 610 includes an aspherical

surface s2 and a spherical surface s3. Radiation conditioned by correcting plate 610 passes

through a hole 614 in aspherical concave mirror 612 and impinges on spherical convex mirror

616. Spherical convex mirror 616 comprises a spherical reflective surface s6 that is positioned to

reflect the radiation conditioned by correcting plate 610. Aspherical concave mirror 612 receives



[ 00107] This optical design functions simlar to the designs depicted in
FIGS. 8 and 9, but has just one aspheric surface (aspherical reflective
surface s3 of first nmonolithic glass element 1210) and a w der spectral
range (about 193 to 1050 nanoneters). [00108] For exanple, radiation enters
catadioptric optical system 1200 through refractive |lens group 1230. The
radi ati on passes through refractive | ens group 1230, and then through the
central, transparent portion of reflective surface s8. [00109] The radi ation
passi nghafadistighreflaeted by sphatical reflast pasveiate gfo isphemicalfconefve sotrpyel2sur f ace s8
is refl fl. I surface recei ved . I
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convex mirror 716.

[0092] Monolithic glass element 712 includes surfaces s4, s5 and s6. Surface s5 of

monolithic glass element 712 receives the radiation reflected by spherical convex mirror 716

(surface s4) and reflects this radiation toward a target portion of the substrate. Before impinging

on the target portion of the substrate, the radiation traverses surface s6 of monolithic glass

clement. Rays reflecting off of aspheric reflective surface 85 exit monolithic glass element 712

substantially perpendicularly to surface s6, and are therefore substantially not refracted by

surface s6. As a result, catadioptric optical system 700 is achromatic.

[0093] FIG. 7 depicts an example catadioptric optical system 800 in accordance with a

further embodiment. As shown in FIG. 7, catadioptric optical system 800 includes a correcting

plate 810, a spherical convex mirror 816, an aspherical concave mirror 812, and a element 820.



of the invention. FIG 11 essentially shows the illumnation systemof the
scatteroneter which supplies radiation to the objective 15 (which as
di scussed above nmay be, or include, a catadiopric optical systen).

Referring to FIG 11, the illum nation systemincludes an illum nation
fiber 1300 to bring radiation froman gptical source 2 (not shown) to the
illumnation system The illum nation system further includes a condenser
|l ens 11 and relay |lenses 13 and 14. [00114] To enable the illum nation
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lens group 970. Optical element 960 directs the radiation from lenses 970 to reflect off of plane
reflective surface 930. The electromagnetic radiation then reflects off of aspherical reflective

surface 940, passes through spherical refractive surface 920, and is focused on substrate 910. The



[ 00120] Optical fiber 1300 extends into the hole 1380 of the second bl ock
1320 and term nates at outlet 1330 of the optical fiber 1300. In an

enbodi ment, the outlet 1330 ends at the interface 1340 between the first

bl ock 1310 and the second bl ock 1320. The outlet 1330 of illum nation fiber
1300 acts as an input illum nation soutce. In an enbodi nent, optical fiber
1300 conprises a cylindrical hollow pipe with a reflective internal surface
to deliver illumnation radiation. In an enbodinent, the outlet 1330 is
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Mode different points on the CCD correspond to beams of radiation redirected at different angles from
the surface of substrate 910. Using known scatterometry techniques, these spots can be used to
analyze features of substrate 910 (such as CD and overlay).
[00101] For example, FIG. 9 depicts three redirected beams 913, 915, and 917
(corresponding to redirected rays at about 0, 30, and 72 degrees from the surface of substrate
910) propagating through catadioptric optical system 900 in the sensing mode. The redirected
beams create a Fourier pattern in the pupil plane of catadioptric optical system 900.
[00102] Aspherical mirror 940, plane mirror 930, and refractive spherical surface 920 can
be made from a monolithic glass optical element 912. Monolithic glass optical element 912 can
be fabricated from a glass (for example, Si0,) that transmits in a spectral range from
approximately 193 nanometers to 1050 nanometers. In this example, plane mirror 930 comprises
an annulus with refractive spherical surface 920 positioned in the center of the annulus.
Monolithic glass optical element 912 is oriented to cause an illumination spot on substrate 910 to
be concentric with plane mirror 930 and refractive spherical surface 920. Optical clement 960
can be fabricated from the same material as monolithic glass element 912 and assembled by
optically contacting it with monolithic glass element 912,
[00103] FIG. 10 depicts an example catadioptric optical system 1200 in accordance with a
further embodiment. Catadioptric optical system 1200 includes a first monolithic glass element
1210, a second monolithic glass element 1220, and a refractive lens group 1230 cascaded
together. Monolithic glass element 1210 transitions from a numerical aperture of approximately
0.95 to numerical aperture of approximately 0.4 (and back). Cascading monolithic glass elements
1210 and 1220 transitions from a numerical aperture of approximately 0.95 to a numerical

aperture of approximately 0.02.
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[00104] First monolithic glass element 1210 includes a refractive surface s2, an asphernical
reflective surface s3, a plane reflective surface s4, and a refractive surface s5. As illustrated in
FIG. 10, refractive surface s2 is positioned in the center of plane reflective surface s4, and
refractive surface s5 is positioned in the center of aspherical reflective surface s3.

[00105] Second monolithic glass element 1220 includes a reflective surface s7 and a
reflective surface s8. Reflective surfaces s7 and s8 each include a central, transparent portion.
[00106] Refractive lens group 1230 includes optical surfaces s9, s10, s11, s12, s13, and
s14, which are positioned and shaped to correct one or more aberrations (such as coma).

[00107] This optical design functions similar to the designs depicted in FIGS. 8 and 9, but
has just one aspheric surface (aspherical reflective surface s3 of first monolithic glass element
1210) and a wider spectral range (about 193 to 1050 nanometers).

[00108] For example, radiation enters catadioptric optical system 1200 through refractive
lens group 1230. The radiation passes through refractive lens group 1230, and then through the
central, transparent portion of reflective surface s8.

[00109] The radiation passing through the central, transparent portion of reflective surface
s8 is reflected by reflective surface s7 and then received by reflective surface s8. Reflective
surface s8 focuses the radiation into a focused spot of radiation that passes through the central,
transparent portion of reflective surface s7. That is, second monolithic glass element 1220 is
configured to provide a focused spot of radiation.

[00110] Refractive surface s5 of first monolithic glass element 1210 is positioned to be
concentric with the focused spot of radiation from second monolithic glass element 1220.
Consequently, radiation from second monolithic glass element 1220 enters first monolithic glass
clement 1210 substantially perpendicularly to refractive surface s5. Reflective surface s4
receives this radiation and reflects it toward aspherical reflective surface s3. Aspherical reflective
surface s3 focuses the radiation onto a focused spot on a substrate (not specifically shown in
FIG. 10). Refractive surface s2 is positioned to be concentric to the focused spot on the substrate,
thereby causing the radiation to exit first monolithic glass element 1210 substantially
perpendicular to refractive surface s2.

[00111} Because radiation enters and exits first monolithic glass element 1210
substantially perpendicularly to refractive surfaces s5 and s2, catadioptric optical system is

substantially achromatic, i.e., having a spectral range of approximately 193 to 1050 nanometers.
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[00112] A metrology tool, such as a scatterometer as discussed above, may operate in
wide spectral range (e.g., approximately 193 to 1050 nanometers) with a high numerical
aperture. However, such a metrology tool may have effectively a shorter spectral band (e.g., 300-
800 nm) because the illumination system for the metrology tool is unable to provide the wide
spectral range. This is due to the chromatic limitation of refractive elements in the illumination
systein.

[00113] FIG. 11 shows a schematic view of a scatterometer according to an embodiment
of the invention. FIG. 11 essentially shows the illumination system of the scatterometer which
supplies radiation to the objective 15 (which as discussed above may be, or include, a catadiopric
optical system). Referring to FIG. 11, the illumination system includes an illumination fiber 1300
to bring radiation from an optical source 2 (not shown) to the illumination system. The
illumination system further includes a condenser lens 11 and relay lenses 13 and 14.

[00114] To enable the illumination system to provide a wide spectral range, an achromatic
condenser lens 11 with input NA> 0.05 that can effectively collect light from high NA
illumination fiber 1300 should be provided.

[00115] According to an embodiment of the invention, a catadioptric optical system is
provided as condenser lens 11, hereinafter the catadioptric condenser lens. It performs the
function of a condenser lens but is achromatic and operates in wide spectral range from about
193 to 1050 nm. Design parameters of the catadioptric condenser lens can be selected in order to
have minimal central obscuration. In an embodiment, the obscuration of the catadioptric
condenser lens may match that of the objective 15. For example, the obscuration may be less
than or equal to that in the objective 15. In that case the catadioptric condenser lens would not
introduce additional losses of radiation in the system than that would be provided by the
objective 15. In an embodiment, the obscuration may be up to 20% more than that of the
objective. In an embodiment, the obscuration is approximately 15% or less by pupil radius.
Relay lenses 13 and 14 may be fabricated as doublets from CaF, and/or SiQ; and provide
matching of illumination field size downstream of the catadioptric condenser lens and the size of
the pupil of the objective.

[00116] FIG. 12 schematically depicts a catadioptric condenser lens 11 according to an
embodiment of the invention. The catadioptric condenser lens 11 includes a first transparent

material block 1310 and a second transparent material block 1320. The first block 1310 and the
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Table 1 - Exanple optical prescriplon for a catadioptric condenser
reflective surface 1370 is conical with K = -0.8431, the dianeter
fiber 1300 is assuned to be 200 EIM the material of the

dianeter is 4.8 mm[00123] The desi gn shown and described in FIG 12 and
Table 1 has a central obscuration

second block 1320 may be separate optical parts fabricated into a single piece at an interface
1340 or may be a monolithic element of transparent material. The material of the first block 1310
and/or the second block 1320 may be fused silica (Si0;), calcium fluoride (CaF,) or glass.
[00117] The first block 1310 comprises a spherical mirror 1350. In an embodiment, the
first block 1310 has an output surface 1360 (e.g., a flat surface) in which there is a cavity that
forms the spherical mirror 1350. The cavity may be, ¢.g., silvered. In an embodiment, the cavity
may be filled with a material. The material in the cavity may be different than that of the first
block 1310, in which case silvering may not be necessary.

[00118] The second block 1320 comprises a reflective surface 1370. In an embodiment,
the reflective surface 1370 is aspherical. In an embodiment, the reflective surface 1370 may be
embedded in the second block 1320 as shown. This may be produced, for example, by contacting
a silvered first part of second block 1320 with a conforming second part of second block 1320
having surface 1390. The second part of second block 1320 may be of a different material than
that of the first part of first block 1310, in which case silvering may not be necessary. In an

embodiment, the surface 1390 may be the reflective surface 1370.

[00119] The second block 1320 further comprises a hole 1380 extending into the second
block 1320 from the surface 1390 of the second block 1320. In an embodiment, the hole is
cylindrical.

[60120] Optical fiber 1300 extends into the hole 1380 of the second block 1320 and

terminates at outlet 1330 of the optical fiber 1300. In an embodiment, the outlet 1330 ends at the
interface 1340 between the first block 1310 and the second block 1320. The outlet 1330 of
illumination fiber 1300 acts as an input illumination source. In an embodiment, optical fiber
1300 comprises a cylindrical hollow pipe with a reflective internal surface to deliver illumination
radiation. In an embodiment, the outlet 1330 is between the mirror 1350 and the reflective
surface 1370 and in an embodiment, about midway or closer to the mirror 1350.

[00121] Radiation from the outlet 1330 is reflected from mirror 1350, propagates through
all or part of the first block 1310 and the second block 1320, and then reflects from reflective
surface 1370 to create a collimated beam of radiation 1400 passing through the output surface
1360. Because the beam is refiected around the mirror 1350, the beam 1400 has a central

obscuration. In an embodiment, output surface 1360 is substantially perpendicular to the

lens is W fusegd silica, and the out put beam 1400



of about -15%to match the obscuration in the objective 15. Design
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[00125] In an embodiment, referring to FIG. 13 which is similar in many respects to FIG.
12, the optical fiber 1300 is removed from the hole 1380, which is filled with an optical medium
(e.g., a transparent material such as glass or a liquid) with a higher refractive index than the

material in second block 1320. The outlet 1330 is adjacent to or contacts the radiation exit of the



26 CLAIM5S 1. A netrology tool, conprising: an objective to deliver
radiation to a surface and to receive radiation redirected by the surface;
a detector to receive the redirected radiation fromthe objective; and

an illumnation systemto deliver the radiation for redirection to the
objective, the illumnation systemcongrising an illum nation system
catadioptric optical system 2. The netrology tool of claiml, wherein the
obj ective conprises an objective catadioptric optical system 3. The

met r ol dgte 1388 Thés, dedtioha 330wbisned wavd guideta ddlivgyilltmolatips radiaioate peiohet er .
4. The brology tool of claim1, wherein the illumnation system
catadio%ﬁ ic optical system conprises: a first reflective surface
positioned and configured to reflect radiation,; a second reflective
sur f acecpReisidoned and configured to reflect radiation reflected fromthe
first reflective surface as_a collimted beam the second reflective

sur f acel08E&6lng arCasaskontiie eptical systemy feramsiolesy toal, sechras@isaaticEnine!as: Bah t he

second ef Lieglib e ol AfiSis ithaiments e HRADR inRhTIUPLNESSHSENAAGbrOM ¢ he

aperture towar irst reflective surface and having an outlet, between
t he fi risshoukf beantdexseod ulidt deg handbdeh eresentottly maf lof etampde enlyfaad@pot t o suppl y

radi ation to the first reflective syrface. .5. The netr.olo t oal .of claim
1 e BT PRl Sall b aPre s sSFRE? pangpt T taHous ippSah 1 o

first sphiddaiiicanBehnat HRredl RIBAI dBgdrtin@Romithespifiitda Sbopelot et it entioANTIr Ses a
channel aperture through the first solid transm ssive elenent part. 6. The

met r ol cYgmplsopnedr regrgiteatures immfampedernt descrbedharein may cambincd fthry reglace

radi atiQn of (R fAfré Yol ARREMILTRLE ¥ed Reih 0ot RnABNATRISIptic 27
optical system described above for the objective 15 may be used in the illumination system if
suitable modified to output a collimated beam.
[00127] A person skilled in the relevant art(s) can modify and re-optimize the above-
described embodiments to better comply with a fabrication process of or optics included in the
sensing and the alignment branches. For example, convex spherical mirrors 616, 716, 816, and
1350 (of FIGS. 5, 6, 7 and 12, respectively) can be replaced by concave or aspherical mirrors.
These, and other modifications, of the above-described embodiments will become apparent to a
person skilled in the relevant art(s), and are intended to be within the spirit and scope of the
present invention.
[00128] Furthermore, it is to be appreciated that the description may set forth one or more
but not all exemplary embodiments of the present invention as contemplated by the inventor(s),
and thus, is not intended to limit the present invention and the appended claims in any way.
Thus, the breadth and scope of the present invention should not be limited by any of the above-
described exemplary embodiments, but should be defined only in accordance with the following

claims and their equivalents.



7. The netrology tool of claiml1, configured to obscure approximately 15%
or less of the radiation by pupil radius. 8. A catadioptric optical

system conprising: a first reflective surface positioned and configured to
reflect radiation; a second reflective surface positioned and
configured to reflect radiation refleated fromthe first reflective surface
as a collimted beam the second reflective surface having an aperture to
all ow transm ssion of radiation through the second reflective surface; and
a chanddAIMS ucture extending fromthe aperture toward the first reflective
surface and having an outlet, between the first reflective surface and the
second reflective surface, to supply radiation to the first reflective
surface. 9A rhbeolegt @di, opiapiisingpt i cal system of claim8, wherein the second
reflective surface forms or is on a surface of a first soljd transm ssive
el ement par 2 O‘LJf@.W&m delpver rdinhigpo SHE@CF e toggratertagiption refieaged WHBF ei n t he
first ggfigctive surface forms or is on a surface of a second solid

transm ssive el enment part adjacent the first solid transm ssive el enent
part. 11. Tideteetar tadeenptathe raslpesteditadijion &mahe objgétinefandaher ei n t he channel
structure c ' . nnel t us hr . the fikrst.sqolid.transm ssive
el enment par gn mfdﬁﬁgwﬁes%ggrpggfi%lﬁ'{%?{éleé%cﬁ?t%:oglfg}sjlggltréecﬁll 1(])}0 %‘?3?%8@?6’ %ﬁer ein the
out | et jllisniadticrsystaihebinpeieinh ah Waeninitid dyitemicadioptictopdadrysanve el enent part
and the second solid transm ssive elenent part. 13. The catadioptic
optical systemof claim9, wherein the first and second solid transm ssive
el ement, par trie ﬁfe&o@gy tdoPBSCIRin B WHRAGH 'tl{embgecﬁﬂ% dngrsBNSO&EVE cRARSRAL - 14
The catadioptric optical systemof claim3, wherein a fluid surrounds the
channebptgal systam-e, ext ends between the first and second reflective
surfaces, and is located at |l east within an outer |ateral boundary of the
first reflective surface or the second reflective surface. 28 15. The

cat adi 8pt r i Thepicirclaby s bedtuiaf 1,cétmicin the nhatroldpgnodanpsdagerogmetn opti cal fi ber
extending in or formng the channel structure. 16. The catadioptric
optical systemof claim8, wherein the first reflective surface conprises a
convexqr ef | gaé méoloby R EF claitn1, Wikl el btidCsySRi GaldicphRi pcall cl aim 8,
wherein the beam fromthe second reflective surface passeS through a

sur f ac8yssubLomptiRedl | y per pendicul ar to the beam direction.

a first reflective surface positioned and configured to reflect radiation;

a second reflective surface positioned and configured to reflect radiation reflected from
the first reflective surface as a collimated beam, the second reflective surface having an aperture
to allow transmission of radiation through the second reflective surface; and

a channel structure extending from the aperture toward the first reflective surface and
having an outlet, between the first reflective surface and the second reflective surface, to supply

radiation to the first reflective surface.

5. The metrology tool of claim 4, wherein the second reflective surface forms or isona
surface of a first solid transmissive element part and the channel structure comprises a channel

aperture through the first solid transmissive element part.

6. The metrology tool of claim 1, configured to transmit all wavelengths of radiation from

the range of approximately 193 to 1050 nanometers.



18. A metrol ogy nethod, conprising: delivering radiation to a surface using
an objective; receiving radiation redirected by the surface using the

obj ective; detecting a paraneter of the surface using the redirected

radi ati on fromthe objective; and delivering the radiation for redirection
to the objective using a catadioptric aptical system 19. The netrol ogy
nmet hod of claim 18, wherein the objective conprises a catadioptric optical
system 20. The netrol ogy nethod of claim 18, wherein the objective is
part of7.a sdknstoieyévl of 2lbim Thevnfigtred togyscuetahpxmhatelly 45 ¥ drdess whdeei n

del i Veri@gﬁtgﬂf radi at.i on conprises. reflecting radiation using a first

r ef | ectPYETEUPFRIPE "B he cat adi optic optical system and reflecting
radiation reflected fromthe first reflective surface using a second
reflective surface to forma collinated beam the second reflective surface
havi ng &an apefatiiertiipopfigabysterh AEMPYEREN of radiation through the second

reflective %Lf{r%targﬁecti?w surfac@’gﬁfiﬁé)&d%ng b RtedSh redctfaBiabihends from the
aperture toward the first r ective surface and has an outlet, between the
first refl ectsesandsefidotivesufude phsiticned end cordighesdttp veflostmraiation reflsctsd fpmy
radi at Itﬁ)enﬁrtsP retﬂgaixfels{n%cerag falcgﬁltnlla\{gd l:'»selejl{nt fe%econd reflective surface having an aperture
to allow transmission of radiation through the second reflective surface; and
a channel structure extending from the aperture toward the first reflective surface and
having an outlet, between the first reflective surface and the second reflective surface, to supply

radiation to the first reflective surface.

9. The catadioptric optical system of claim 8, wherein the second reflective surface forms or

is on a surface of a first solid transmissive element part.

10.  The catadioptric optical system of claim 9, wherein the first reflective surface forms or is
on a surface of a second solid transmissive element part adjacent the first solid transmissive

element part.

11.  The catadioptric optical system of claim 9, wherein the channel structure comprises a

channel aperture through the first solid transmissive element part.

12.  The catadioptic optical system of claim 9, wherein the outlet is at an interface between

the first solid transmissive element part and the second solid transmissive element part.

13.  The catadioptic optical system of claim 9, wherein the first and second solid transmissive

element parts are portions of a monolithic solid transmissive element,

14.  The catadioptric optical system of claim 8, wherein a fluid surrounds the channel
structure, extends between the first and second reflective surfaces, and is located at least within

an outer lateral boundary of the first reflective surface or the second reflective surface.
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15.  The catadioptric optical system of claim 8, further comprising an optical fiber extending

in or forming the channel structure.

16.  The catadioptric optical system of claim 8, wherein the first reflective surface comprises

a convex reflective surface.

17.  The catadioptric optical system of claim 8, wherein the beam from the second reflective

surface passes through a surface substantially perpendicular to the beam direction.

18. A metrology method, comprising;
deltvering radiation to a surface using an objective;
recelving radiation redirected by the surface using the objective;
detecting a parameter of the surface using the redirected radiation from the objective; and
delivering the radiation for redirection to the objective using a catadioptric optical

system.

19.  The metrology method of claim 18, wherein the objective comprises a catadioptric

optical system.
20.  The metrology method of claim 18, wherein the objective is part of a scatterometer.

21.  The metrology method of claim 18, wherein delivering the radiation comprises:
reflecting radiation using a first reflective surface of the catadioptic optical system; and
reflecting radiation reflected from the first reflective surface using a second reflective

surface to form a collimated beam, the second reflective surface having an aperture to allow

transmission of radiation through the second reflective surface,
wherein a channel structure extends from the aperture toward the first reflective surface
and has an outlet, between the first reflective surface and the second reflective surface, to supply

radiation to the first reflective surface.



