-1 METHOD AND APPARATUS FOR ANGULAR- RESOLVED SPECTROSCOPI C LI THOGRAPHY
CHARACTERI ZATI ON FI ELD [00011 The present invention relates to nethods of

i nspection usable, for exanple, in the manufacture of devices by

l'i thographic techniques and to nethods-bf nmanufacturing devices using
I'ithographic techni ques. BACKGROUND [0002] In a manufacturing process using
a lithographic projection apparatus, a pattern (e.g. in a mask) is imged
onto a subaETHODIARD APPARAFES FORANGULARRRESGIVED SPEETROSCOPIC

radi ation-sensitive material (resist) by the changes of either optical
properties or surface WQQR@PH#C@GFEM@AHQ& Alternatively, the
i magi ng step nay use a resistless process such as etched grating or
nano-inprint technology. Prior to this inmaging step, the substrate may
under go VEELPUS procedures, such as primng, resist coating and a soft bake.
After exposure, the substrate may be subjected to other procedures, such as
a post - exlpoBlir e bakkhe HT%B) inveetiasl rojataste meghods pliinspécsionmgable, for example,
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Such a pad&geyggn%ﬁﬁﬁgragﬁ&tgaﬁl udgdergo various processes such as etchl ng,
ion-inplantation {dopirng), netallization, oxidation, chem cal-nmechanical

pol i shing, etc. all intended to finish off an individual | ayer. |If several
| ayers ar ,n(mi then the whole procedure, or a variant thereof, wll
have to b&c‘ or each new | ayer. Eventually, an array of devices

will be PoSRENt ON ki SR EprbUaE ftihg o TRRMRHIRYORSIIGH SpdaRRik, separ at ed

from one another by a technique such as dicing or saw ng, whe
i ndi vi duapattdml(letgem a wask) beimaged etd a)subatratathat orat l@@mamalbcbqvoreplbusa la}@trc.

[ 0003] The asur enent an er. dev pnent .of the resist
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(PEB), development, a hard bake and measurement/inspection of the imaged features. This
array of procedures is used as a basis to pattern an individual layer of a device, e.g. an IC.
Such a patterned layer may then undergo various processes such as etching,
ion-implantation (doping), metallization, oxidation, chemical-mechanical polishing, etc.,
all intended to finish off an individual layer. If several layers are required, then the whole
procedure, or a variant thereof, will have to be repeated for each new layer. Eventually, an
array of devices will be present on the substrate (wafer). These devices are then separated
from one another by a technique such as dicing or sawing, whence the individual devices
can be mounted on a carrier, connected to pins, etc.
[0003] The measurement and inspection step after development of the resist (or
substrate surface in the case of etching), referred to as in-line because it is carried out in the
normal course of processing production substrates, typically serves two purposes. Firstly, it
is desirable to detect any target areas 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. Secondly, the measurements



may allow errors in the |lithographic apparatus, e.g. illum nation settings
or exposure dose, to be detected and corrected for in subsequent exposures.
However, many errors in the |ithographic apparatus cannot easily be
detected or quantified fromthe pattern& printed in resist. Detection of a
fault does not always lead directly to its cause. Thus, a variety of off-

| ine procedures for detecting and neasuring errors in the |ithographic
appar at usmay glldanentsys in tHeaRBodrBdhi¢ appatates, eepllReiingidnhetthigh ot egiogunsidobe, a
measuring device or carrying out exposures of special test patterns, e.g.,
at a var i tetbg dsteciefl ppé pemectedhion ihaibsequent Ry osuses Flogtever, many efredHiitifues t ake
tinme, oft I I I . the
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out at the sane tine as production exposures, for detecting and measuring
errors i nlinefsogedures deradshicting ppdmgesysing grrers i dhealithggieplic appaatus pedoapn.
Scatterongtry i s.one exanpl e of an ti.cal netro techni gue that can be
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the properties of scattered light at a fixed angle as a function of

wavel engtline tagwiquey takstinee, aften » aosadeabile gnouodirng whieh thesend pserigts of

deuteriu or halo based light source.such as a xenon.arc |lapgp. The fixed
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a fixed wavel ength as a function of angle of incidence, usually using a

| aser as mrodusitioglespasavas) fongetectingpnd seagniirg erf@e 0vihe Titleo gsaphic anpaeatep, eieng ri se
to a reflectﬁd sPechrun1is reconstructed, e.g., using real-tinme regression
or by conpifi%sBYE% Iibrary of patterns derived by simulation.
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calculate the scattering of Iight by periodic structures. The nbst common

t echni queused fRiigdine nxcas@emphte df Vhvandarvatlys iThefcRENAYQ mafrossgheriomghry scatteri ng
can al so be cal cul ated by other techniques such as Finite Difference Tine
Domai n ( 95F I ntegral Equation techniques. [0008] A problemw th known
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time taken : .
xenon, deuterium, or halogen based light source such as a xenon arc lamp. The fixed angle

can be normally incident or obliquely incident.

[0006] (2) Angle-resolved scatterometry measures the properties of scattered
light at a fixed wavelength as a function of angle of incidence, usually using a laser as a
single wavelength light source.

[0007] The structure giving rise to a reflected spectrum is reconstructed, e.g., using
real-time regression or by comparison to a library of patterns derived by simulation.
Reconstruction involves minimization of a cost function. Both approaches calculate the
scattering of light by periodic structures. The most common technique is Rigorous
Coupled-Wave Analysis (RCWA), though light scattering can also be calculated by other
techniques such as Finite Difference Time Domain (FDTD) or Integral Equation
techniques.

[0008] A problem with known angle resolved scatterometry techniques is that they
only detect one wavelength at a time so spectra with more than one wavelength have to

have those wavelengths time-multiplexed, which increases the total acquisition time taken



-3 to detect and process the spectra. hi spectroscopic scatteronetry, an
extended light source with a large etendue is used. Since a small grating
must be illumnated with a small spread in angle of incidence, a |ot of
light fromthis extended source is wast®d. This results in low light levels
on the detector that lead to long acquisition tinmes, which have a negative

i npact on throughput. If short acquisition tinmes are chosen, the neasurenent
resul ts nipgldtect zﬂﬂtprb@s§ﬂféQb@GtraSUi\MRYoscbﬁQ@&]tteAﬁﬁ@fﬂlaﬂ@kt‘ﬁndddthgm%uicé)e
advant ageous, for exanpl e, provi de a nethod of nmeasuring overlay and
grating swapa lq@g@ etpdusris u%eﬁuﬁmcag sepeB eratigs aypirhe tiyniapad vathigwmathwreadur i ng
nanufacture eV| 88U i r i of an
angl e resltr)lla\r/1 smecclz Gt A Opgf hp%IE ﬁgg] tﬁ%rtl%& Igg& (mr‘% ? ocg{&1 Tg éjﬁ‘ﬁ?ﬁm’%
(numer i Cal'lglﬁl&ﬁﬁétslﬂhfthe H&B&or tﬁiapue@@tol 16fig sat@isbradlaey, athichtsave @triegatb@n al so be
measured in order to be corrected or conpensated for. [00101 Enbodi nents of
the presempartanehrqughputalf shert aprts dothamesare sheseat the sncagugmpnigestlts maighir i ng
angl e- resolé tggectra at nmultiple wavel engt hs simultaneously, of carrying
out i mrer$toRsE tterometry and a focus neasurenent nethod for an angle
resol ved scatteroneter, and of measuring intensity noise of a radiation
source with a 2-D detector array. Furthernore, enbodi nents of the present

i nventi onSUMMARYonpass applications of the hardmare i ncl udi ng measuring
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may be made in this text to the use of the apparatus according to the
i nvent i onalignmehg doeing fraoufaceirodf de@ses iising hthokrkphis teshpiiques end measvdement ood

t hat suc ara has many oth bl.e. appl.i catjo r example, it
may be eﬁﬂa gﬁ (ﬁﬁis B{%P ﬁWﬁﬁ%@%b?ﬁ&@a 6%?1?8* BV@#@%B gui dance

and dete hf?l@ncﬂ%&%rg)sleﬁé) PréyBARRL dySteABRIrR i JTR! n&é | @8 alsbibdUh&hséred $t ldetli SPl ay
panels, thin-filmmagnetic heads, etc. The skilled artisan w || appreciate

that inlpﬁecounﬂe&orcmmpnmahmhﬁnernat|ve applications, any use of the terns

retlcle fer thls t ext should be considered as.bein
repl aced 910 rror nyediars of i RSseh et S gr eSSt g s

portion”, caheNPesileySirig anéie—resolved spectra at multiple wavelengths simultaneously, of

carrying out immersion scatterometry and a focus measurement method for an angle
resolved scatterometer, and of measuring intensity noise of a radiation source with a 2-D
detector array. Furthermore, embodiments of the present invention may encompass
applications of the hardware including measuring overlay through the measurement of
asymmetry of scattered light and measuring small line shape variations via Rayleigh
anomalies and high diffraction orders of scattered light.

[0011] Although specific reference may be made in this text to the use of the
apparatus according to the invention in the manufacture of ICs, it should be explicitly
understood that such an apparatus has many other possible applications. For example, it
may be employed in the manufacture of integrated optical systems, guidance and detection
patterns for magnetic domain memories, liquid-crystal display panels, thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the context of such alternative

applications, any use of the terms "reticle", "wafer" or "die" in this text should be
considered as being replaced by the more general terms "mask", "substrate" and "target

portion", respectively.



[0012] In the present docunent, the terns "radiation" and "beamt are used to
enconpass all types of electromagnetic radiation, including ultraviolet
radiation (e.g. with a wavel ength of 365, 248, 193, 157 or 126 rin) and EUWY
(extreme ultra-violet radiation, e.g., 4having a wavel ength in the range
5-20 nm), as well as particle beans, such as ion beans or electron beans.
BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0013] Enbodi nents of the invention wll
now be degeribed, by tMe@yreSint SN thO s “MidiafiohehRT ‘Gram tate GRE to

acconpanyi ng schematic drawi ngs in which corresponding reference synbols

i ndi cat e @epmpaseHdyrRg o slecBomaghetia radiation; incbwing ulfrpyjaletrafiatiopi(egswih a

| it hographic, prgj i0 ratus at .ma sed to erform.a. net hod
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scat t er onRivaig a WARIGIgtHndHE Pande ENI ih)S ad WEIl aepatisle HRPAE At 8s PhibeshPbe Of
measuring an angle resolved spectrumin the pupil plane of a high NA | ens
accor di nceleasroarpeambodi nent of the invention; 100171 Figures 4a and 4b
depict the use of an enbodi nent of the present invention in determning
overlay; [0018] Figure 5 depicts the use of a non-polarizing beamsplitter
for couplgrEPbESeRIPACN OF BiE PRAWNRGSON beam according to an enbodi nent
of the invention; [00I91 Figure 6 depicts a wavel ength multi pl exer according
to an enblédidrent of Embédimientseitheonyentio0Xd]l neivcher desqribdpby ey af examailengt h

derul ti pl exer .accardin o an enbodi ment of .the invention; [00211 Figure 8
dopi ot 5" sy B e 1 R EPRRUIER BB e e RGPS Ean
embodi menferfnck REmbOY Gtfié R cortdPSAlind pAHr88 iP@hamd 9b depict a shaped
obscuration in an inspection beam according to an enbodi ment of the

i nvent i on[00140023] Hiigured ddpiaieplitigraphidereettan dppagaisdhatandyf eerusad to
diffraction.orders. o scattered slgoectra ?cco.rdi ng to an enbodi nent of the

i nvent i orPSOF A4 et Accarding il Epodmet o G IBHERWON wi th two il 1 umi nati on
spots acc@jfl)ng to g NP IBRMarlonlhg; | Nvention; -5

[0016] Figure 3 depicts the general operating principle of measuring an angle

resolved spectrum in the pupil plane of a high NA lens according to an embodiment of the
invention,

[0017] Figures 4a and 4b depict the use of an embodiment of the present invention
in determining overlay;

[0018] Figure 5 depicts the use of a non-polarizing beam splitter for coupling off a
portion of a radiation beam according to an embodiment of the invention;

[0019] Figure 6 depicts a wavelength multiplexer according to an embodiment of
the invention,;

[0020] Figure 7 depicts a wavelength demultiplexer according to an embodiment of
the invention;

[0021] Figure 8 depicts a knife edge at an intermediate object plane according to an
embodiment of the invention;

[0022] Figures 9a and 9b depict a shaped obscuration in an inspection beam
according to an embodiment of the invention;

[0023] Figure 10 depicts a detected image of different diffraction orders of
scattered spectra according to an embodiment of the invention;

[0024] Figure 11 depicts a scatterometer with two illumination spots according to

an embodiment of the invention,



100251 Figure 12 depicts an ellipsoneter according to an enbodi nent of the
present invention; 10026] Figure 13 depicts a scatteroneter for detecting
imges in the pupil plane and the inmage plane according to an enbodi nent of
t he present invention; and 10027] Fi gur® 14 depicts an grating overlay of
twice the pitch of a grating. DETAILED DESCRI PTI ON [0028] Figure 1
schematically depicts a lithographic projection apparatus useable in a

met hod acg@isgli g t opigircQIRRAICEER clPhsohRfer aPdRMhE @an JRBoBRRAT GLtHS pOIRT | Ses:
10029] a radiation systemEx, IL, for supplying a projection beam PB of

r adi at i onngentign; DUV radi ation), which in this particular case also conprises
a radiati source..LA; 100301 a fjrst obj.ect table (mask,tabl MI' provi ded
G th o reldShol der Figfte I GieaRhy seeliiSinefR ratelpenE FaddtE psr BRRG PRABL L ed ¢ o
a first Qﬁ@[rﬁé&%gﬂ&}& REWGE thah eneGiMat 6F %eB%bﬁt'iH&En‘ﬁgniﬁﬂ mask with respect
toitemPL; [ 1] a second object table (substrate table) W provided with
a subst r a0e27] hol derFigae 1Haledictsgpnagratirigsavedte oft(ies the pitch e§a gtatingat ed sil i con
waf er), and connected to a second positioning device for accurately
positioning the substrate with respect to itemPL; [0032] a projection
system ("pEPAGSED HEIENPTIORL (e.9. a refractive lens systen) for inaging
an irradiated portion of the mask MA onto a target portion C (e.qg.

conpri si Ng028he or rRiperedi eh¢maticailp ety stlitligeapMc pOE38pn Agpadrgnsusteblect ed,
the apparatus i.s of _a transn]'as(gi ve tyge. ge.?. Eﬁs a transm ssive nask).
However , *}‘ﬁeé@ﬂé?céﬂr‘,hngfo Hugnardmeperidhe MVEgne LDF GRPAYPRCOMRIISCExanpl e (e. g.
wth ar tive mask) i y : not her

ki nd of G[Bgi'??er ni ng dev?rcd;&?a&%{dgggtg}s{%g’ %’%&é‘ﬁﬁﬁ’ﬁ%#%ﬁ?‘“gﬁgﬁo a type as
ref err ed adiatiboieeg. DVOBHhtiol) ewhioh ircthid phrfi@ilag. casmnalex compisek asatijtiqgnr oduces a
beam of radiation. This beamis fed into an illum nation system

(i llum na8ff LAs, either directly or after having traversed conditioning
means, S S a beame . @Pllﬁ“ i b y
conpri se%g!c)}?ﬂzsti ng neanés(ﬁ%ﬁlgﬁjg?ﬁébelf I(l?lfasgket? e out%r;gbglﬁgw 5érﬁna| lrlnagéekr%orlgééilf% ext ent
( commonl yhaldéihg o medk IMA && gbe mtitke), aad dofirecredes a firgppsicivhingldgyicefort he i ntensity
distribution in the beam In addition, iit will generally conprise various
ot her corAseWatespostifpngiie gipsk gvithqesgetdedtem Rlsand a condenser CO. In this

way, the [Bﬁﬁﬁn PB i npi ngj g&of?&]oﬁjga tHe bsuwérate table) WT provided with a substrate

holder for holding a substrate W (e.g. a resist-coated silicon wafer), and connected to a

second positioning device for accurately positioning the substrate with respect to item PL;
[0032] : a projection system (“projection lens”) PL (e.g. a refractive lens
system) for imaging an irradiated portion of the mask MA onto a target portion C (e.g.
comprising one or more dies) of the substrate W.

[0033] As here depicted, the apparatus is of a transmissive type (e.g. has a
transmissive mask). However, in general, it may also be of a reflective type, for example
(e.g. with a reflective mask). Alternatively, the apparatus may employ another kind of
patterning device, such as a programmable mirror array of a type as referred to above.
[0034] The source LA (e.g. an excimer laser) produces a beam of radiation. This
beam is fed into an illumination system (illuminator) IL, either directly or after having
traversed conditioning means, such as a beam expander Ex, for example. The illuminator
IL may comprise adjusting means AM for setting the outer and/or inner radial extent
(commonly referred to as c-outer and o-inner, respectively) of the intensity distribution in

the beam. In addition, it will generally comprise various other components, such as an



has a desired uniformty and intensity distribution in its cross-section.
[0035] It should be noted with regard to Figure 1 that the source LA nay be
within the housing of the lithographic projection apparatus (as is often
the case when the source LA is a nercufy |anp, for exanple), but that it
may al so be renote fromthe |lithographic projection apparatus, the

radi ati on beam which it produces being led into the apparatus (e.g. with

the aid olfnte%kutsﬁbi £hddi (RALARICH. I BisSway, T sealPB @hpihgRBam tRe hidsieMen t he
case when the source LA is an exciner lTaser. The current invention and

cl ai ms enwsmphksischotiforoity anhegensgy draniiugion i 098EFs-Tvsioheam PB subsequent | y

i h hel d ble MI. Ha d
e rck BRSTEno- penocets! B st ot Feo el BFfortt LadRi Boyihin > °°
focuses t g hBEMB FBhO MR eRphR H6fecRS dipafin (@ isldhen skt aten We itk the

aid of the second positioning device (and an interferonetric neasuring
devi ce | AA i hmersupbmpafe elxambE)WDt dmhltlnmymlnoéu: Iamo(;ﬁrﬁ{omltlye; lithograpkio as to

osition different tar rtlo t he t mPB Slmlarly,
Phe 111 otPipiscion Siera o BOebn e wbish it BopbEs Prd 16 R TSR Scour at ol y

with resp (%% whtfl tﬁé‘ﬁd%gﬁitéﬁfle &19&&&%%%5’1@) tRis SatteR b BbriTROSYRN th@kase Walehi eval  of

t he mask froma mask |ibrary, during a scan. In general, novenent of
t he obj ecthesalteEANT an Wcimet lasdyre Thealrienethventidn dndeclaind eoéompdsshgthsif r oke

nodul e (c arse positioning) and a short-stroke nodule (fine positioning),
whi ch ar ePASSCEIFHOPcit Iy depicted in Figure 1. However, in the case of a

stepper (3§36 PPOS ATy AnSh. Ruanct: nnt@ﬂ%@ﬁt&%e%ﬁﬁslé shell
62 ﬁirt str eg |xe [0037] The

just be connected to a s ctuator,
depi ct ed mpgkatnble 06T claavibe trargsesedithe tnask MA, fries leamln Pthbasses [HROBS tha prajectishep
node, the mask table MI is kept _essentially statiopary, and an__entire mask

i mage is lﬁ%}"bcwl@eh fqcugmsdhe peamn PB aato gtaggeh ep@cqu akthe )Sul?%tnak? Y- YaHy®e portion
C. Th t f. t
Coat he et IR ARt Pt ek e mba ROt Y BELT 7S S0

2. In SCawb@mdetabBWManaidIMmtddac&ﬁml)@egnﬁfasao @pphbﬁa;ffeemeagettﬁwiora gi ven
target portion Cis not exposed in a single "flash". Instead, the mask table
M is nobvabthe path of the beam HBr Sirijasky, zh@rﬁéstwswanmsdie%eﬁwm pesditp posttions g

the Y di rtﬁgﬂﬂagﬁw I‘,&lrﬁel S\’Pﬁlel% ect§oot 9&1 I‘&Fel?ea L 1ca§ caused
$hbctedtely SRS ot R0 8 o e

to scan over a nas rren he su .
si mul t ane@tdvil de@ﬂlasmMAlﬁoﬁﬁdTﬁaﬂd’ htﬁ@@osll dlﬁlr@'&f@@ﬁ lmrgeﬁéralamosmeﬂ of= M/, in

which M1 t?le '[()Llj%ctntgglgé If\/}TC %’Il“%vnlllobfe réaqge w1tlhe‘:d(1:é elug rc])f 2>1/§r£gesTrol?<lé mO(%l/l?el (%ga!lrlsg M=
positioning) and a short-stroke module (fine positioning), which are not explicitly depicted
in Figure 1. However, in the case of a stepper (as opposed to a step-and-scan apparatus) the
mask table MT may just be connected to a short stroke actuator, or may be fixed.
[0037] The depicted apparatus can be used in two different modes:
[0038] 1. In step mode, the mask table MT is kept essentially stationary, and an
entire mask image is projected at one time (i.e. a single “flash™) onto a target portion C.
The substrate table WT is then shifted in the X and/or Y directions so that a different target
portion C can be irradiated by the beam PB;
[0039] 2.  Inscan mode, essentially the same scenario applies, except that a
given target portion C is not exposed in a single “flash”. Instead, the mask table MT is
movable in a given direction (the so-called “scan direction”, e.g. the Y direction) with a
speed v, so that the projection beam PB is caused to scan over a mask image; concurrently,

the substrate table WT is simultaneously moved in the same or opposite direction at a

speed V' = Mv, in which M is the magnification of the projection system PL (typically, M =



1/4 or 115). In this manner, a relatively large target portion C can be
exposed, wi thout having to conprom se on resolution. One or nore properties
of the surface of a substrate 6 nay be determ ned using a scatteroneter
such as that depicted in Figure 2. In ah enbodi nent, the scatteroneter
conprises a broadband (white light) radiation source 2, which directs

radi ation onto a substrate 6. An extended broadband radi ati on source nay be

confi gur ed4 b1/85. Y tiendahifer, & AdidtAlelyolarde @B WoitioraC \vay BE eXyesBd, Glitlfut | east 50mM

to the substrate surface. The refl'ected radiation is passed to a
spectronéta@mgd@p@mpmmlﬂﬁ Omselhtlﬂ%asur es a spectrum 10 (intensity as a

function fwave en w fthe JLSJ bt flecte[g{ dlatl nS Fromthis data,
the structUr m%erﬂS 5 & é}i“iﬁuﬁ T PEESYETR R Mot B eclfrl‘rlﬁﬁ may be

reconst r ughtedometeHsuch s M@ aEbed nmgmeez:i Y&y 8mPedheht, %@é@dttél@ﬂre{elr near
regression or by conparison with a I'itbrary of sinul at ed spectra as shown at

the bot t cenpiiséd geroediand |(whgehglntaaradlat1@n spiiree 2 ewhieh tdiraets rashationtpmto gener al
formof th ure | n ar amet a urreclf

now edgeibsrng fekipchdd B RaRERoRRE ke REY B fall Suflh RGO IS on v

f ew par anggigfien Bant Beh asxuarv%hgtheoftamelaﬂ 5o8tab Mhd@Bsta0 iR, hatdnesedet ry
data. [0040] The scatteroneter nmay be a normal -inci dence scatteroneter or an

obl i que- radmﬁ@tersmamdm b epastretmeter ditactonhtwhioli meesiresss mtrulyl I9einterisgp abe used

in which fl i d f . f i ngl
wavel engehinpie R R e ot e spauaflissied Aol ErSa R BaGy o st o
wavel engtd?%rofi‘l@%ﬂ/lﬂg i€k 818 @tedi® &I RA BRI S HRREELDRL. @?lﬁg\broﬁéﬁ'er eis

used a scatterometer configured to measuring a property of a substrate by
measur i ngGouphedaWpupAhalybiaaed Aoh-thean regresgionNA bly ensipamsoprwigiea tipragf ofan

angl e-resol ved spectrumreflected fro the bstrate _surface 6 at

pl ural i t y"18¥ a%‘?ﬂdgéféfaaﬁﬁg]“%@éi f@ﬁ@?ﬁ%mé? TR gepstglafal the Popppstelion. Bt er
CONPr i SeSyefer Pf%hﬂgif% SRUAEE sk 2nd %ﬁé hQrfR R %%tas§1ﬁ\&jédaﬁétﬁ RnOWeAgd he
substrate ané etector 32 configured t8 detect the reflected spectra The

pupi | pl arfehd grotdse bpivénieh tha strniterte washeadealibahg polyia feerpasdmetediodticon def i nes
the angl e of incidence aeg t he angul ar position defines the azinuth angle

of the raUNSEroR belsteamined finam thescalfargmesnidigat e pl ane. The det ector 32 is
placed i tM&Et pupi IRl @ %‘er&fnetfeprneg'bgg 8N§‘gAIQPaderm%cMr61ﬁeth ShAdfliqué N an

enbodi ne | east 0 or at nmer si on scatt er onet ers may even
have | ensasdewkstat@romen Variadts of Sd2rbniete\maudsclnghsed fie shichabe reflection
scatteroneters have only neasured the intensity of scattered |ight. An
enmbodi merit n@aw%atﬁrré%%qﬂ angles of p sslel Waxriengthy Bathar thantbe sxflgetien da sgle

angle of a range of wavelengths.

[0041] In one or more embodiments described below, there is used a scatterometer
configured to measuring a property of a substrate by measuring, in a pupil plane 40 of a
high NA lens, a property of an angle-resolved spectrum reflected from the substrate surface
6 at a plurality of angles and wavelengths as shown in Figure 3. The scatterometer
comprises a radiation source 2 configured to project radiation onto the substrate and a
detector 32 configured to detect the reflected spectra. The pupil plane is the plane in which
the radial position of radiation defines the angle of incidence and the angular position
defines the azimuth angle of the radiation and any substantially conjugate plane. The
detector 32 is placed in the pupil plane of the high NA lens. The NA is high and, in an
embodiment, at least 0.9 or at least 0.95. Immersion scatterometers may even have lenses
with an NA over 1.

[0042] Previous angle-resolved scatterometers have only measured the intensity of

scattered light. An embodiment of the present invention allows several wavelengths to be



-8 neasured sinultaneously at a range of angles. The properties nmeasured by
the scatteroneter for different wavel engths and angl es nay include the
intensity of transverse magnetic (TM and transverse electric (TE)

pol ari zed light and the phase differene® between the TM and TE pol ari zed
light. 100431 Using a broadband |ight source (i.e. one with a w de range of
light frequencies or wavel engths - and therefore of colors) is possible,

whi ch gi Vrﬁ@asﬁreh%ﬁﬂlﬁtan%@s‘?)d&tea rafibd &MnBRs IR ;ﬂ‘bﬁérﬂgs Iﬁfsas‘EIHJdtHypch@ wavel engt hs.
The plurality of wavel engths in the “broadband light, in an enbodi nent, each

has a barduitatometsf forslafy?e;rerR veaveleagdp and a@les manemefudr: ¢he infensity dEEASVISH) |

i.e. twice the th Sev ur.c diatio an be

((ZII f f er ent™PBIELE gﬁgyﬁ?‘?g%l é()ﬁﬁsgﬁﬁétﬁw?ia ) BY F’B‘?F%glﬁ?g f,“é({&ﬁ a??a‘ggn “I58%h split
using, Sayetwldnge Tl\/PhiﬂﬁfE%olahEe&ﬁ h°t way, angle resolved scatter spectra can
be neasured at multiple wavelengths in parallel. A 3-D spectrum (wavel ength

and two doé43¢r ent ddghgs pramdpartidightre@sce @d, onnvitina code mings ofbgled i nf or mat i on

than a 2-D spectrum Thi saIIo e JInformation.to he measured which
i ncr easesg??é??%?so‘ﬁwaﬁ’regég@é T ﬁtIQE%OfI GPI%%M?LP%?S SVl BNELE [36$e an

enbod' menke etdiﬁw@lﬁge&@%ﬂ@;ﬁ@{gﬁ@ﬁ@é@ﬁg{ﬁ 5. The ﬁrQHtr e thg gmlesour ce

is focused using Iens sys roug nterference filter 0 and
focused d)Tbﬂﬂb&ﬂcﬂ)hg]ntatrlearﬁembcailmem cach haopbamatyidhtdfyey] &nandld spading, r adi atl on
is then reflected via partially reflectlve surfglce 34 into tector

in the baiékre&rﬁjoé@t least guidi e BiichiBe davelmshlepvers sawecy 1 %fﬁ%&qnec@ngﬁect rum
det ected. 4 angplﬂoq{ {glnsmaaﬂeexf%%décfraﬁfatlgﬁgoﬁrggﬁilﬁt hA\%Q}QHP plfl t utsﬁ‘l% élaﬁfnﬁbe?ySt em LI .

A det ector ens are ace ane. e pupil plane
may be r eounﬂmgddtMmMyamglé te@dil)le(bwatt&SspSMfHR&th&en@ismeH apmaiteplof a hi gh NA
lens is usually |l gcated inside the | ens. 10045] The &upl | plane of the

ref | ect orVavelgthsdn P?Fﬁﬁ@dAénDtsﬁ@tW‘ﬁ@{eE@B&a%tWﬁ diferentanglgs hphhe t i me of |

for exa [ i onal
angul ar %gﬁs rié? ‘ghgétcgsﬁtﬁh&ggﬁrﬁﬁfg%s{ lildn%t ar g%’tex\?')s{ml %‘%1%‘&@0@5 Hﬁﬁ% det ector.
The det ecihfrmasyn tobﬁqméa&ﬁreﬁ)(ﬂﬁﬂi Bicraasesahidtayogyf pré¥dss dﬂiuemte@r s or CMOS
detectors. The processing of the spectrum gl ves a symmetrical detection

confi gur df94%h and sfbsgaéfﬁm@erc%fmntﬁ@h@éu@entp thetoresenl inyerdipmieshavarin.  Thi s
N
al ' ows ”ﬁg&r%% e 1”} ”R@%tz i3 %'oc%é saqg Rl %st%&cﬁé‘frﬁ?@% h'iffe gg%} cgﬂlt%r%

substrat AN “be frea atany onal’ ori én nr Ve Yot he
sensor. Alnld i§ ﬂﬁuséd&fnﬁﬁﬁlﬂ)sﬁﬁ‘te%hﬁa 8 uh&bé@ﬁae 0BRBtIREIAL B S UTRdaition 5QRdH nat i on

of a translation and a rotation of the substrate.
reflected via partially reflective surface 34 into a CCD detector in the back projected pupil
plane 40 in order to have the scatter spectrum detected. The pupil plane 40 is at the focal
length of the lens system L1. A detector and high NA lens are placed at the pupil plane.
The pupil plane may be re-imaged with auxiliary optics since the pupil plane of a high NA
lens is usually located inside the lens.
[0045] The pupil plane of the reflector light is imaged on the CCD detector with an
integration time of, for example, 40 milliseconds per frame. In this way, a two-dimensional
angular scatter spectrum of the substrate target is imaged on the detector. The detector may
be, for example, an array of CCD detectors or CMOS detectors. The processing of the
spectrum gives a symmetrical detection configuration and so sensors can be made
rotationally symmetrical. This allows the use of a compact substrate table because a target
on the substrate can be measured at any rotational orientation relative to the sensor. All the

targets on the substrate can be measured by a combination of a translation and a rotation of

the substrate.



-9 [00461 A set of interference filters 30 nay be available to select a
wavel ength of interest in the range of, say, 405 - 790 nmor even | ower,
such as 200 - 300 run. The interference filter may be tunable rather than
conprising a set of different filters. -% grating could be used instead of
one or nore interference filters. 10047] The substrate 6 (or even the
reflective surface 34) maybe a grating. The grating may be printed such

that aft e@aﬁvel opn;grggt, of%ﬁ%ﬁ’geg?ecﬁlfée&? 3f %a?rb% a@%ﬁ%?éjtoosfele%pi quelérgg[?l'l ot ! ' nes.

The bars y alternatively into'the substrate. This pattern is
sensi ti veinterest ot tange afieshy,at050790inm v dvieh iogerapichas @00} 860 hmnThppar at us,
particularly the projection systemPL, and illum natjon symretry and the
presence BrSRoRe EB@W‘?&Y b%@awﬁ rptherethats eoapprisingediss oy ddferent Ailiges, ﬁaﬁ’fi‘t&g in the

printed glaidpdy e@or?s?{gﬂ'o@%%r %q%fehlﬁ&?fée%cé’ﬁﬁ&rsy data of the printed

gratings is use rati’'ngs. One or nore paraneters of the

grating, [084mh as |THesubktitbs (Weﬁﬂ&ﬂ@ﬁect%)ﬂuﬁ@cd I wiaytte 4 Getimgedhast ruct i on
process from knowl edge of the printing step and/or other scatteronetry
pr ocessesgrafigagy be Aripted fach thaf afier Aptelonmant.grssripneibars s formradafgalidr siits,

G seont | RIRETTES. THRURRS TRl M HaRRY T S hB A PR ATk b SO o

two typesto@bniafis ahangions m Efhogfaphic @E@édftm adbparatus, p¥etidudant @k pesjettioar ti cal
surface-pl asmon resonances. Spectral position and width of peaks in the

spect r um syaiembRL,dind eld;ummaem syaemetdy orBSiIckof Smh abeﬁ@wzsowﬂlanaraﬁ:at

verti cal res nances. i at of f SSsi on
et el | e GRS RS eratt i e PRed Enk aReR By aRE B e A IR o Do
of the gaﬁﬁrﬁ&l gleﬁﬁ:gsrrs 068 B YeddASridt 'ﬂ&éf%atnﬂgsseﬁélbﬂ Rbid pesmbtecdrest gritde
Whod- Rayl ei gh anonal i es. Wod- Ra anomal i es occur upon the variation
of wavel esughhs bne mtghsaamlfshams; nheyibe mpgttnthg reansidgiion prewkessprap &gewledge

di ffractign, order. eater t e beam wi dth, the greater the |ateral
di spl acen‘étﬂ{1 © BN T qtless AeAtt %WS?‘?‘?@% of the present invention

detects t/pgygpect rum?aa@lmfser%atn@aamc SRREPRith GekarlRir iR AASILTRERodiE O whi ch

t he discontinuities can be neasured one or mnore grating properties
t her ef or ebandlsu’u¢taxee(ﬂCPBS}Jﬁﬁlsthm d{hﬂgt stoongrlissobioaiities, tvhoth darbcatedent | on,

Pt e DA R e M

asymet r yh&ﬁ'oﬂﬁl 5l Plh Eﬁf&c@%l%o%%so%ﬁn&gespegffglrﬂo@fron and width of peaks in
the spectrum can be directly extracted from CPBS for both horizontal and vertical
resonances. In this way, the radiation coming off a transmission metallic grating can have
its spectrum analyzed and one or more properties of the grating determined by the strong
discontinuities located on the Wood-Rayleigh anomalies. Wood-Rayleigh anomalies occur
upon the variation of wavelength or angle of incidence, giving an additional propagating
diffraction order. The greater the beam width, the greater the lateral displacement of the
beam.
[0049] An embodiment of the present invention detects the spectrum and creates a
symmetrical pupil plane image from which the discontinuities can be measured and one or
more grating properties therefore calculated.
[0050] According to an embodiment of the invention, the scatterometer may be
adapted to measure the overlay of two misaligned periodic structures by measuring
asymmetry in the reflected spectrum, the asymmetry being related to the extent of the

overlay.



-to [00511 fn an enbodi nent, the scatteroneter is adapted to neasure the
overlay of two msaligned gratings or periodic structures by neasuring
asynmetry in the reflected spectrum and/or the detection configuration, the
asymmetry being related to the extent @D- the overlay. Thanks to the
symretrical detection configuration, any asymetry is clearly

di stingui shable. This provides a straightforward way to neasure m sal i gnnent
in the ngs. |n

Fi gure 491 ‘%t!gr ating %ﬁ%ﬁlggﬁgn&%gfg%% ttgllrégﬁ%gst%fwe?ﬁﬁte Hggq%éo&]eﬁ E\f'

anount bywehnisilignbé gratiaps mgpefci2>d1@stmﬁﬁ‘umtbym&d&unmgmyﬁnmettyangheaiaﬂaged4 |s
known as the over|ay 22. 0531 Note that in the enbodinent shown in Figure

4a, the rSREFEYR gl/Aghe é%tefztloq qondigstipdhe premumgtacheins etted todhe exfentiodn

respect t

oattor iRy THARE BE MRl M b B b e et e
t he obj edfistingoishatie.alid proeides @keaipbtf@han wopti htaurd Mi3aldniaeid tg et r ol ogy
is based on_ the neasurenent of an asymmetry in the angular scatter
spectrumgfﬁy’rﬁsretrl C structures yield symetric angul ar spectra and an

2oy mIet todgh L1 ¥ 085S DPUB e RN WP TR bl A FRA

spectrum pr oper §1%" OF overl ay me EFSI 0

angl e- r esetotRicbraaat 12e5raed 61y top[ STH The Ivou s WispP tHRGriitg 11 Salfisgrgich gr at i ngs
12 and 14 made of bars with width 20 formone conposite asymetric target.
The resulrespsgt tamﬂﬁyskwwesﬁlﬁ@ﬁﬂéw%atter spectrumis detected with

t he angl ggﬂﬁiol Vedfl\i‘ft &) ?ro tergélme[ng% nl-?\'/:%glﬁr?g-ﬁtha?gdl iso%dsoﬁr%e 2derl ve the

overlay t he palrs are Used with a
del i ber atjgumirtes e d‘tﬂe@@?mn@tﬁd&lly wWidSBgseti t%@hé/surfat!@nf)ﬂnﬁzﬂtan@ﬂﬁ second pair.

In other words, grating 12 is shifted in one direction in one pair (as
shown i n sEtipromytradeledtor mpasutsssoRsier eadmtmecftqnm peviernl ehglestaktboughad sougasot

shown) . Th tuaI ansverse shi bet ings in each pair is

t her ef or € IRC Sa{ll‘ﬁ f@fc{ﬁo?ﬁmé’ i i ai Ogﬁ@utf’l ay 22. [00571 Wen the
grating Qgessp are qb\»éara?%et&wquys&éeaﬁnltﬁe &le@sﬁfimuefm bheh AgheRghiiv ggf the
illum nation incident oh the gratings is and the infensity of the

radi at i orangelait setterspeétfun Hiymmetaicishrgguies ymldﬂ_synnrnetrlfmangulamneetm awhanand LI in
the. Opf’os' §nelm%1|:r§/ &0 e Wb Ehowd ub 38 aff SRR S the M b SOt Sdck e, TR = ©
property is the basis of overlay metrology using angle-resolved scatterometry.
[0055] Two overlapping but misaligned gratings 12 and 14 made of bars with width
20 form one composite asymmetric target. The resulting asymmetry in the angular scatter
spectrum is detected with the angle-resolved scatterometer 4 shown in Figure 3 and used to
derive the overlay 22 in the following manner:
[0056] Two grating pairs are used with a deliberate bias of +d and —d in,
respectively, the first and second pair. In other words, grating 12 is shifted in one direction
in one pair (as shown in Fig. 4) and in the opposite direction in the other pair (not shown).
The actual transverse shift between the gratings in each pair is therefore X; = OV+d and X;
= OV-d, OV being the overlay 22.
[0057] When the grating pairs are aligned, the overlay is 0 and if the intensity of the
illumination incident on the gratings is /;; and the intensity of the radiation reflected off the
gratings is /4, in a first direction and 7 ; in the opposite direction but in the same plane,
when the overlay, OV =0,
l,=1,. (1

[0058] However, if



t O68] However, if Ov;t O, ", # 1-1 - (2) [00591 For a small overlay, the
intensity difference is proportional to the overlay: I,, - 11 = Kx OV. (3) K
is a constant and is process dependent and therefore unknown. 100601 In
order to calibrate the overlay nmetrol ogy- with the scatteroneter according

to an enbodi nent of the present invention, two grating targets are used; one
with the overlay shown in Figure 4b and a second with the exact reverse
overl ay, ?pﬁi@e upper grating 12 is displaced to the left rather than the
right with respect to the bottomgrating 14. The overlay in the first
set-up is/,W¥d.(distance 22 in Figure 4b) and the o@rlay in the second
set-up is O/-d. [00611So, for Ov+d, asymetry (4) A+ = K(Ov+d) and for

OV-d, 5) [e@¢hmet r y Fopasmathevenlay, leosasiediferghtaig prepsarivenaktathn oyerlay:

elimnatef: ¢ Aut 4,6 OV =( ) 3)
K is a constant and is process dependent and therefore unknown.
[0060] In order to calibrate the overlay metrology with the scatterometer according
to an embodiment of the present invention, two grating targets are used; one with the
overlay shown in Figure 4b and a second with the exact reverse overlay, so the upper
grating 12 is displaced to the left rather than the right with respect to the bottom grating 14.
The overlay in the first set-up is OV+d (distance 22 in Figure 4b) and the overlay in the
second set-up is OV-d.

[0061] So, for
OV+d,
asymmetry
A+ = K(OV+d) 4)
and for
oV-d,
asymmetry
A.=K(OV-d). (5)
[0062] The scaling factor K can be eliminated:
OV=d 4.+ 4 6)
A - A
[0063] The overlay can therefore be calculated using measurements of the
asymmetry in the angle resolved scatter spectrum.
[0064] An advantage of this method compared to previously known methods is the

fact that only two gratings are required. Moreover, in principle, the method can also work
for 2-D gratings: in that case only 2 gratings are required for a complete (x,y) overlay
measurement. This is a significant improvement compared to, say, 6 gratings that
spectroscopic scatterometry methods use.

[0065] The analysis of xy overlay metrology using 2-D gratings is as follows:



A, - A [00631 The overlay can therefore be cal cul ated using nmeasurenents of
the asymmetry in the angle resolved scatter spectrum [00641 An advant age
of this nethod conpared to previously known nethods is the fact that only
two gratings are required. Moreover, inAlPprinciple, the nmethod can al so work
for 2-D gratings: in that case only 2 gratings are required for a conplete
(xy) overlay neasurenent. This is a significant inprovenent conpared to,

say, 6 grahifqgs tha j 0 The
anai yai o GOV over 1y WEFESARGOR! fmihald BLAMRI IR 0RT il g Phs
[0066] Twerafihad dr0@sridtay B b BrfRtibhs AR théiPREEhESHGR ah tHeréf$re DO watish &(aX, V) -
These gratings are periodic in two directions and their transm ssions can

t her ef or eFowiams¢niasen as a Fourier series: f(x,Y) _ ly -j(nx+ny) g(x,Y) =1

Il GP,9 e J(P.x+9y) p q (7) 100671 Both gratings have an equal period and for

sinplicity(kggzp Eg s of=#he gratings have been normalized to 27c for the
fol | owi ng”cal u|2§,n ns. The coefficients Fn m and Gpo 9 can be interpreted

as diffraction efficiencies that depend on the grating shape,'nmavelength
and polargzggbeﬁzz pﬁ%bwgvatings overlap with a relative overlay of xo and
yo in, respecti'yety, the x and y directions. The total transmission t can
be witten as: t(x,Y)=f(x,VY)g(x-xp,Y-Y0) =JJEEFn, m G°, n mp g where: G =

Gej (Pxn+qidghy) P. 9 ?nggg;s&r&trh)aase*élgémaygel{o%%ﬁlformﬁlpﬁeﬁgb fRIRRo&AT he adj ust ed

as follows: “p+tn=a
gratings have been normalized to 2n for the following calculations. The coefficients F, ,

and G, , can be interpreted as diffraction efficiencies that depend on the grating shape,

wavelength and polarization. The two gratings overlap with a relative overlay of xp and y,

in, respectively, the x and y directions. The total transmission # can be written as:

Hx,y)= fx,y)glx - x5,y - )

=SS Y SF,,G, e ermlarmy) 8)
n.m = p.q

nom p q
where:
o i pxq+ o)
Gp‘q - G;AqeJ e (9)
[0068] The variables can be adjusted as follows:

p+tn=a=>p=a-n
g+m=b=>qg=b-m

[0069] Substituting these expressions in the Fourier series of #(x, y) yields:
(CSVEDI I WAL
n m p q ( | 0)

— T ~j{ax+by)
where:

7:1,b = ZZEI,mG:J—n,b—m (1 1)

T, ,can be interpreted as the amplitude of the diffraction order (a,b). Tt can be see that this

amplitude generally depends on the overlay in the x and y direction.



g+tnmeb= g=b-m (8) (9) [0069] Substituting these expressions in the Fourier
series of t(x, y) yields: t(x, y) =11l I Fn,nGh, ne j((P+tn)x+(9+mMy) n mp
q 7a, bj (ax+bY) a b where: (10) T ,b can be interpreted as the anplitude of
the diffraction order (a,b). It can beldee that this anplitude generally
depends on the overlay in the x and y direction. -13 [0070] For sinplicity,
only diffraction orders running in the x-direction are considered. The

anal ysi s | me foll qw%sﬁmcﬁ&S&lpelfégaﬁmfo@&er@Mﬁi@hltg@x@ﬁ@ar&l drd the y-

di rection is would only fequire an adjustnent of variables. [0071] For

di f f r act iconsiderdérEhetanalysis it ifollavwrecar-atkorbealone fir diffGictiemorders in ilee yanpl i t ude of

two diffraction_order -a T F ~l J .ga-n)xo-nmvOQ a,0 - L nma
n,-mT a, eﬁl?‘Zlﬁ“ "idﬁnyﬁﬁq‘?fe(anaa‘g‘}%em?% é%l?f)g the factor e lax0 in
front of (b6 SUWtFo?'&fYﬂa@tthﬁordertha‘f?ﬁn RlthE M@ct{bn BE0, sol for'fik aﬂ1p[ﬁ1ﬁ'e§>¥0+]rri{0)

Ta0 —elaonFrz nGa-n,-mn mjEF G e](nxo-nva) = €e n,ma+n, -m [0072
Assum ng thaihfﬁfaoﬁquﬁaﬂsmngslare symmetric in the x-direction:

an)xo m)’o)
aO nm an m

12
—ﬂO ZZF;m -a-n, m - n)xo—myO) ( )

taking the factor " in front of the summation yields:

— elaxozz "xo“"J’o)
aO n,m a n—m
—jaxg jnxg +my,)
—-aO =€ ZZ n,m —a n—m ’ (13)

‘Jaxo nx —mJ’o)
—nm —a+n m

-n m

[0072] Assuming that both gratings are symmetric in the x-direction:
F—n,m = Fn m 14
G—n,m = Gn m ( )
[0073] Using this property yields for the diffracted amplitudes:
Jﬂxo Z Z j(nxg +myq)
—Jax, le —-m (15)
-aO JOZZ n,m anm ° yO)
[0074] The scatterometer measures the intensities of the diffracted fields, giving:
2
[ta,O = Z:a,o (16)
[0075] Evaluation of this expression shows that the intensity can be written in the
form:
= ZZBM cos(sn’m —nx, — mJ’o)
a7

ZZBn m cos( +nx, — myo)



Fnm=Fn,mGn, m= G, m[0073] Using this property yields for the

diffracted anplitudes: el ~~~F G e-J(nxo+m¥Q n,man,-mn,0 =T a,0 =
eJ(nmxo-nv¥,) no (12) (13) (14) (15) [0074] The scatteroneter neasures the
intensities of the diffracted fields, ddving: ",0 =1 Ta,O1l 2 (16) [0075]
Eval uation of this expression shows that the intensity can be witten in the
form 1,0 =1 ~) L~-Bnh,mcos(--,,. - nxO0 -ny0 (17) |a0O=~~Bnm cos(snm + nx0
“My.) N My BT HHERS BN JBhaRthPRE$LIinERhiBd EPGRAEhAABnt he
grating gké%eg%nﬁﬁﬁﬂﬁgﬁatlon b veléﬁégh and iI ];Eat%%n po arlzgtlon

Taki ng th@ax@lefngﬁ)reﬁﬂ(}ﬁulﬂfnaﬁwpd‘lllné‘fﬁﬂ)n '%al&ﬁgﬁlre dlﬂé@ﬁ&soﬁﬂe APYAAEL SrferX T hat
runs in the x rection: ,0 =11 n m =x:

yields an asymmetry 4, that runs in the x- d1rect1on

Ax = ]1,0 - 1—1,0

= ZZBW cos(gn’m —nx, — myo) ZZB,, ” cos( + nx, — myo) (18)
= ZZZBW sin(gn,m - my, )sin(nxo)

[0076] In practice the overlay is small compared to the pitch of the gratings. For
example, the pitch is often of the order of 1 pm and the maximum overlay is of the order of

60 nm. The expression above can therefore be linearized and only the linear terms in xy and

yo retained:
A, = z Z 2B, ,, sin(gn’m —-my, )sin(nxo)

= Z Z ZBn’m'[sin(gn,m )cos(myo) cos( )sm myo )]sm nxo)

= 3328, Jsinle ) - cosle, o Jv i 19
= XZK,: + K %Yo
where
K, =YY 2nB,,sin(s,, )
K, = Z mZZman,m cos(e, , ) (20)
[0077] It can be seen that there is a coupling term: The asymmetry in the x-direction

is also a function of the y-overlay via the coupling term K,,. If the 2-D grating has 90°
rotation symmetry and if the light is polarized at 45°, then we can write for the asymmetry
in the x and y directions:
Ax :xOKO+nyxOyO (21)
Ay = yOKO + nyxoyo

[0078] These equations are the basis for xy overlay metrology with two 2-D grating
pairs. In the first grating pair, a bias of +d is introduced in the upper grating and in the
second grating pair, a bias of —d is introduced. This bias is applied in both the x and y



Cos(--,,. - nxo - nyo )- LI Bn,mcos(En m+ nxo - ny0) (18) n mm
sin(--,,. - nyo)sin(nx0) [0076] In practice the overlay is small conpared to
the pitch of the gratings. For exanple, the pitch is often of the order of
1 mand the maxi mumoverlay is of the dbder of 60 nm The expression above
can therefore be linearized and only the linear terns in xo and yo
retained: Ax =I | 2B,msin(n m- myo)sin(nx0 ) n m= 112Bn, m[sin (n m)CGCs

(my0 ) - casdEbn.Mosl AymvRethl @RS Batthow be MehstB: mn[ﬁmm K KXm o8 first » - ) MyO0
n m= xoKo + KxYxoYo where KO = 11] 2nB,,, sin 2rmBn m

COos( n, [n)gT@ll@ pe\fuzmd a[mowijy asymergiryoe t@e@?on@tlmgmileifﬁ§h@wn@ﬂp: ing ter {nh The
asymet ry Yo} unction o e y-overlay via the
coupling f4€r mf} f%e @ﬂ/l g‘?g?kn dﬁas 90 rotation symetry and if the
light is Qp|:aKI é@pj au 45g Vamd\)/rite for the asymmetry in the x and
y directiofs: K@_ xoKo + ?xo AY =y0KO+KxYxoYo [ 007@R) These

)

equat i ons Aars Kol bad) & K 63@% éyfl metrol ogy with two 2-D grating
pairs. Ingthegfi @St gat[{n ;palg OF. bla?s of +d is introduced in the upper
grating and in® the cont grating pair, a bias of -d is introduced. This
bias is [gglled in both the x and y -15 direction. Four as rrrretr terms can
now be mel#8Wed: AnThis givgs @%WW@W}FQPW‘%‘E@"W}] ﬁ%’fuﬂlﬁﬁo&t‘lﬁ% an x

%ngyKZ?%§,X g%a,ﬁ %@gm%ﬁgoggﬂml r are shown as:
[0080] In an embodiment, one or more apertures may be provided to the
scatterometer to mimic lithography exposure conditions when the grating pattern(s) was
created. The apertures may then be used in the creation of the angle-resolved spectroscopic
image of the grating pattern(s) using the scatterometer.
[0081] In an embodiment, it is possible to immerse at least part of the space
between the substrate and the detector in liquid, more specifically, the space between lens
L1 and the substrate 6 as shown in Figure 3. The liquid may be water. This has the
advantage of increasing the spatial bandwidth of the medium between the substrate 6 and
the lens L1. This means that a diffraction that would be evanescent, for example, in air can
propagate and be captured by the lens. With immersion of the space, therefore, it becomes
possible to detect a higher diffraction order that contains more detailed information about
the grating under investigation than with, for example, air in the space.
[0082] The numerical aperture (NA) of the scatterometer is preferably at least 0.9,
even 0.95 or above 1.
[0083] Immersing the space between L1 and the object with a high refractive index
fluid increases the spatial bandwidth of the medium and allows the propagation of a higher

diffraction order for smaller pitches. The smallest pitch that creates a propagating first

order spectrum is Assuming NA equals 1.3 and A equals 400 nm, this yields a

A
(2NA)
minimum pitch of 154 nm. This corresponds to a critical dimension (CD) or reconstructed
grating width of approximately 20 to 80 nm. When looking at a profile such as that shown
in Figure 2, the critical dimension is the mean width of a peak and the pitch is the distance

from one peak to the next.



Any =KO(OV, +d)+Kxy(Ow +d)(Ovx +d) (22) A2, = KO(Ovx -d)+Kxy(OV9 -dXOw
+d) A2y =KO(OWV -d) +Kxy(0V, -dXOvX -d) [0079] This gives four non-Ilinear
equations with four unknowns KO, Kxy, O Vx and O Vy which can be solved to
give the overlay. [0080] In an enbodi ndi6t, one or nore apertures nmaybe
provided to the scatteroneter to mmc |ithography exposure conditions when
the grating pattern(s) was created. The apertures may then be used in the

creation ?f}&ﬁ_he an%&iﬁﬁﬁ%%ﬁ%&@%l@%@@l&rge iiﬂ@ﬂ%te‘ﬂfwiftljﬂf‘esﬂécﬁd,!?& _
pattern(s) using the scatteroneter. [0081] In an enbodinent, it is possible

t 0 i mrer sexaatpld, dastesiptathat iobn thesubgtate 6. Tes wagallowensuishr @ngastina thehe

detector in liquid, nore,. cificall the space between lens LI and the
substrat € eéecé%rqgﬁgw P?Fslﬁgﬁﬂ‘éldé}}atf‘ﬂﬁlsﬁu [YUHEHE ISWEEET-. This has t he

advant agejogs)i ncr eaﬁi%i?% 5tﬁ%vépﬁcbﬁknég%ﬂv&rﬁ;oairﬁémto?%em lt&%h,btﬁw@ee&&nge

substrate 6 and the ns LI. Thrs ns that a difrraction that woul d be
evanescenind thesanexdatgdter, tointorafor theasourcp pofpagatansandndthedatehsityad sbatterdde | ens.
Wth inrersjaon of the space, therefore, it becgnes p?s,si ble to detect a

hi gher di Tefialen WHchrvrids pRgkropiatien peblepsand allaws a acalhims Gomneasalignder ¢ he

grating u | I Lon than with, for exanple, air in the space. [0082]
The nuner%bgg‘{edélgj}e{?%ﬂrl%?o ) of the scatteroneter is preferably at |east 0.9,
even 0. 95[0086]above The {cafl@3metammyonprisdiensppolaribiapwesn splittandd ahdtedbj ect
with a high refractive index_ fluid increases the spatial bandw dth of the
medi um an@rErfevgoupheg pifenegien offhefadiation hgap enyited E&@tth%l?ﬁdéﬂﬂéérso‘ﬂré? smal | er

B bect r um oh SRy e Bhed Aati\At sBHERUER0E PARRRRGHRAM, WA BruthotBEEL | o) s
a mni nudptibe Beah ishizxdd foinedsukSthe dfite @SN dse radiafor bédn 6@d thdiseRiesdragter CD) or

reconstructed 3((l;rati ng width of approximately 20 to 80 nm When |ooking at a
profile smenbaadaptrsito spmpansaterforflucipations in ensity of bigiradiptisnldagh i s t he mean

wi dt h of eak and the.pitchds.the .di stance, f.rom one pe to f he.next.
"6 FoobaRaieeE At e b 6l iflBerSt &t BRS Srenfi hOMb RGPS ek aboRE 4E X .
to, for @3am MecadubdnéRBesh abdi@ht ASex@A dehtRtos PehhiddEarfdl sokhérs igmy al | ow

maxi mum contrast in the _
difference in optical and thermal properties between a reference sensor and a metrology

sensor; and there are no extra electronics required to trigger, read out and store the
reference signal. Any intensity variations may be measured and compensated for.

[0087] A non-polarizing beam splitter 50 in the radiation path images scattered
radiation on a two-dimensional detector 32. An extra lens re-images the pupil plane onto
the CCD detector. The intensity incident on the detector is shown as image 36. The non-
polarizing beam splitter 50 also couples out a portion of the radiation beam to use it for
monitoring intensity noise. Instead of measuring this radiation portion with a separate
detector, the light is retro-reflected using tilted mirror 52 and transmitted to a separate part
of the same detector 32. An optional pupil stop 54 limits the extent of the radiation portion
and the mirror tilt ensures that the radiation portion is projected alongside the main
radiation beam. The spectrum is imaged onto the detector 32 at the pupil plane of L1.
[0088] In previous methods, angle-resolved scatterometry has been done at a single
wavelength. Measurements at different wavelengths would then have been done
sequentially and the different wavelengths would be time multiplexed. However, time
multiplexing of the wavelengths may degrade throughput.

[0089] In an embodiment, the scatterometer comprises a wavelength multiplexer

between the radiation source and the substrate and a demultiplexer between the substrate



detector inmage. A possible liquid that fulfils such requirenents is water.

[ 0085] Figure 5 shows, according to an enbodi nent of the invention, the use
of one and the same detector to nonitor the source output intensity and the
intensity of scattered radiation, whi-¢® avoi ds synchroni zation probl ens and
allows a real-tinme conpensation for source output variations. [0086] The
scatteroneter nmay conprise a non-polarizing beamsplitter and a tilted

mrror f %hd%@técﬂg hik aBoWOEdVePN dﬁ?er&mvarveréhgchs Rt BRAEN 16 Btk @surkd om t he
radi ati on source for separ ate neasurenent w the sane detector. In an

enbodi memimultdneoysdy, giong vlore iméonnaadn at & shortse imeifpmsad therefrra sabusingdse

t t f th d on be e scatteroneter ed.to
conpens s 553 HESarPBRe ROERORHEP YT Gt e Ra BT Sl RIS R ages
of usi ng g Ne.52HR;delfdd FRIEFIaRE of PHishASIVE BIcARAL hMcdBAIPuBTPHncbeam al ongsi de
the main neasurenent beam are that no extra detector is required and so

there is [090] di f f erlBrecerface apt oftht raialionsenncalis prefepaly 5@ e tNvp@ats that

ref erence sensor and a netrol o nsor ;. an re ar .extra electronics
requi red ¥4 'Cﬁﬁg? t%‘&a"%ﬁﬁgﬂgﬁﬂﬂ@’ﬁ@ﬁf& hege g“éﬂ@r%‘i@@ ?g’ﬁ%ﬂ e Any intensity
vari at i ong,aRbolhe TRESHIE: A RBRE BkAthIElih [0A%thats hadnRdie@! | 21 ng beam

splitter 50 In ation pat images scattered radiation on a
t wo- di nerigéapal detleah cambBéhmeﬁn thxmuitipllexes coraprisea g elsspeisey eplignént plagedatont o

the CCD detector. The intens incident, on the detector is shown as inmage
36. The Hdek @&Javrt?%?bisctwiam %fr Hispegs1ve plemerRimay bk Ltigger aﬂﬁarafiﬁlns?fis ©f the

r adi at i onoBGaTbRe NefisdrbreviivelcBL QA it 4 BLERALINGIONSGpaliBEbPATeR]
e l'Tght is

nmeasuring thi's radiation portio a separate detect
r et r o- r eftivieettRelbaigiwidth} . 4. 12@1 mhm@mayﬁﬁaﬁmﬁizetthanwgebfeme;ttenc&dslfghamair& part of
the sane detector 32. An optignal pupil stop 54 |imts the extent of the

radi at i orMpRskEesRt O%ﬁéfeteﬁbwmlmth&nq longgi dias tosbe tae-muldplexest bacawss @t i on i s
d
pr oj ect egotegdroﬁggfsﬂg?@%lﬁé‘ﬁm%rfh so aaﬂb%i- %&F&PQ%@EQ Bgtgtﬁro%%ﬁ%%t (UMctesdgraged onto

t he dete pupi plan evi ous met hods

angl e-reqgodoepd scatthah @ﬁ%bdﬂndﬁ@,&hé)@@ﬂuldpl@ﬂer&bn@)rﬁbﬂgﬂlepermv eleaiegt ﬂilaced
Measurenents at different wavel engths woul d then have been done )
sequent i @t ppupihalanpeOry grinagrs @puvﬁmdgeﬁgmsbmmdué thq pRjeqiplanc sp askaeye

However, v%ellrrge mg é%ﬂa?at on ({}%nglg r% Sveday %trea 19tthe up1 lgﬁegr ade throughput.

10089] | VAR e datY ef ofet er co S wavel engt h

nul ti pl exXego3) bet weqh ah Iaﬁlbbaﬁa@t I28Rx &AHECBroadthntl hﬁh@tt&ﬁgomie%uamh @xenon,
derul ti pl exer between the substrate -17 and the detector. This allows

several dieffearamr quarye luaggiehbalpeen gt sewye tsaispd Thesssnueess have a large

etendue that gives a surface area that can be split into discrete wavelengths and offer more
information as discussed above. The wavelengths may be in the range of 193 to 800 nm.
[0094] In an embodiment, a dispersive prism or grating which combines N discrete
wavelengths is used in the illumination branch (or the radiation path between the source 2
and the substrate 6 in Figure 2) and a grating or prism is used in the detection branch (or
the space between the radiation path between the substrate 6 and the detector 4) to spatially
separate the wavelengths.

[0095] An example of a multiplexing grating is shown in Figure 6. Two light
sources S1 and S2 are transmitted through a lens system L2 and strike a Littrow mounted
grating 16 which is in the object plane 42 and are focused on the pupil plane 40 before
being transmitted through a lens system L1 to another object plane 42 and optionally into
an 1llumination fiber 60. The pupil plane contains rectangular apertures of suitable
dimensions - the width determining the angular extent of the light incident on the grating.

This angular extent and the grating pitch determine the bandwidth of the returning light that



si mul t aneously, giving nore information in a shorter tine franme and
therefore robustness as discussed above. The wavel ength mul ti pl exer may
conprise a dispersive el enent placed at a back-projected object plane or a
di spersive el enment placed at a pupil pl&ne. [00901 The surface area of the
radi ati on source is preferably split into N parts that are each coupled to
a wavel ength multiplexer, where Nis the nunber of discrete wavel engths.

Thi s spl ii§ trhfRehig@ iR ehedPRAure A thEX MM 1ne. Bbit dkahiphSa Patid wish ar0b fike pki ke.
100911 to an enbodi ment, the nultiplexer conprises a dispersive el enent
pl aced atmillangsercyields adispersipnatjapproxjmhaiels 1. 2nmeaddin pbn sffodivelbandwidtinel4 be a

Pandwi ot AorEaroPy R ag i B SRR it PRDEHE Al GRS e S8R '

may maxi 2@ rieulspaes N apho.8xh@NARS, hi B Gt SMECE95. TYRARUMETRAEeOin
di fferent wavel engths no l'onger has to be time-nultiplexed because it can

be done ale ghengrniertioneappacdmatya2mnodf thdfaral dgeth of thhikens Lhnol@hpot, i s
i ncreased. [00921 In _an enbodi nment, the_denultiplexer canprises a

di sper si veengheidth of theaparturgiholes iy Bie pupil plae neysh be P 3 Henlf apiliwainaiiyges may
v . ; ! oS . f
angl o r edd st i T be ilurpARG R ARPE Mo B 220 SEEa Rent s an

ext ended [fpvepdband Cladiyahbenha&owocadistiohs@sca (with@differeieuivelangthspiaguar t z
tungsten hal ogen |ight source is used. These sources have a |l arge etendue
that gi v&s usekaieftiee area that can be split into discrete wavel engths and

of f er rmr[@({%i nf or i-u(%c_ra] 7%%6\%%%?%?321% e 8P %%(ﬁl%%ﬁlg &@ﬁé&lﬁ[&%pﬁl tﬂgé{etgc%iohn the

range of to 80 an e spersive prismor

grating wheh. KahhpmestyNhdisssdraicn of\WakeiweNgivtenigthsus 8¢hih Bhdwie The! um nat i on
branch (or the radiation path between the source 2 and the substrate 6 in
Fi gure 2)deambiipdexgr stsimgage thy mghplexeruewapt thatithe geaéing é placedgn icatplor  t he

space between the radiat.ign,path, between.t ) trate 6. and .t he detector 4)
o spat s v ing A5Lp 0L Hikd NP M BT S Bpt L0 BRI o o7 ext ng
grating infounfVRatinl o Q4falshitted 89 thd BHS L2, SPMEE BRkLES thvoPdHecPimages withansmi tted
through a lens system L2 and strike a Littrow nounted grating 16 which is

in the obyavetengthahé ad@® 1.2 ma therobjdcoplase d Mplamnpwmﬂtaiplfmsmps with ahelesbei ng
e L T g e
et ot R SN LSRN oay b WAL (e
and t he gvedie agglpiThihwdddesi2nenseret tient brradgicdtdoladd schteerispéatrum fog ehdhght t hat
-18 wavelength is imaged on a different part of the CCD detector 32. The CCD detector is
based at the second pupil plane 40.
[0098] Since the wedges 62 can deflect the light in two directions, it is possible to
realize an efficient filling of a CCD detector with many angle resolved spectra.
[0099] In order to obtain reproducible results, the targets should be well focused. In
order to achieve this, the pupil plane 40 of a high NA objective is imaged on a detector
with a double telecentric system as shown in Figure 8 according to an embodiment of the
invention. In all embodiments, the NA is high; preferably at least 0.9.
[00100] A knife edge 70 in the intermediate object plane 42 blocks one half of the
intermediate object image. The edge may be a Foucault knife-edge.
[00101] The knife-edge helps to focus the image of the radiation onto the substrate.
For each orientation, the intensity in the outer regions (or practically speaking, in two

halves) of the pupil plane 40 is sampled. In the case of a defocus, a difference in intensities

I1 and 12 is produced. Focus F is given as:



is transmtted via the aperture in the pupil plane. For exanple, a grating

with 1200 lines per mllinmeter yields a dispersion of approximately 1.2
nrad/ mu. An effective bandwidth of 4 nu corresponds to a full angular wi dth
of the illum nation beam of 3.33 nrad -TBe spot size of the substrate 6 is

approximately 40 ~tmand its NAis 0.95. The beamdianmeter on the grating
is therefore approximately 23 mm If the focal length of the lens LI is 100
mm then the w dtj_of, the aperture holes in the pupil plane nust be 333~un.
[f an illum naﬁkm—ﬁer is used, then the illum nation NA n@@8} be

approxi mately O. 22(“{ 96] Clearly nore than two radiation sources (wth

di fferent | engt : : t: i 1.5 an
exanpl e o[? U@\iﬁ/avel e@%%ﬁﬁ@?%?%%é% 1|s ﬁldtts ée&g%t%%gtﬁ?%%@e%?gﬁg%qﬁgggs

si npl i ci tdetermivedompacratk] thouglf sioed the founs venset emdichsed s @gatagramgfecdbatie

demul tiplexer is simlar o the nuliplexer, except that the grating is

pl aced i noehdhsprgFise VARG ALK et HBPOaRtt he obj ect pl ane. The Iight that is

di ffract t he E NG ' j IS smtted
by ¢ ho- | queftfly "5 A Rifoh Qi gk hbf ey RRNgRH Gl 3l Bt Lm0
t he obj ecindpbab&ed Wtiis opleaegumBantepitdsdexpbalrd ofthepabsttatds. mhbmbganeityn = 2 in
this case), which should be sufficiently wide to avoid spatial filtering to
avoi d  diBdposavsed heths hluningen soxeses pamselyes s &y theroyghpespohipriire o has a

wedge 62 Wofilecdh O ANG: iV RHIR ARG pll e NEHSS Do BRAMEES A hNgINO! ©

resol ved Séatter spec(frum or each Wavel eng s mage8 ona difrerent part

of the CHafletae & dohd.usibpenGhbhihaing edifbr. Howdvas efs adrmidiieats@ctsdwhepi | pl ane
40. [00981 Since the wedges 62 can deflect the light in tw directions, it

i s possi Bheobjgct tp baineasuragh (ief gragingmer the pytishigtebgengratein ghet digfrastionprdersmany
angl e resglved spectra. 100991 |n.order to pbtain reproducible results, the
targets :ﬂgﬁ? W%g?‘%ﬁgfr}aéuf%&gﬁgé(woﬁsﬁn 05?%3 rappgca lgﬁf'eve. this, the pupil plane
40 of a hihGh chidoaPh&e thiBfors thaRABEARIR sPkRdE Flreer c¥inpbhsed dieePhRrd el ecentric
system as shown in Figure 8 according to an enbodi mrent of the invention. In

al | enmbodhiveams i, the HiinNpatian beagh Mqre epasifaally, the migerstmay, 1 a fid@idon the kni f e

dge 70 in.the | di at ' | 2 bl ock | f of

7o0S: oot Seb e BTG Rb SabeReaS RS RRRATY lhel Sstban e
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For each orientation, the intensity in the outer regions (or practically

speaki ng,angte, thealetehted spedtrund stifieimpthpsdmptiaention @s ke drmepordf thhitiltt ikesease of a
def , .a diff inintensities 11 and 12 i - CF i
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profile of the radiation beam may be determined. The resultant illumination profile is used

to correct measurements of the property of the reflected spectrum at higher diffraction

orders.

[00104] The measured signal, My(k), is represented as:

Mo (k) =[A(- k)R, (k) + A=k £ k6 )R, (x)+ A + A=k £ NKg )R, (0)]B(K) (24)
[00105] where:

A(k) is the unknown illumination intensity at position % in the pupil plane;
B(k) is the unknown optical loss in the detection branch of the sensor; and
R, is the diffraction efficiency of the N™ order of the grating object.

[00106] In practice, the illumination intensity varies because of a slowly varying
inhomogeneous illumination beam and surface roughness of the optics and coatings in the

illumination path. The surface roughness of optical coatings generally gives rise to a grainy



-19 11-12 F=k 11+12 (23) 1001021 The proportionality factor k is

i ndependent of the imge and needs to be determ ned only once, though since
the focus sensor can be used in an integrating feedback |oop, the precise
value of k is not inportant. [00103] I420um nati on sources are not al ways
honbgeneous and nust be calibrated and corrected for in order to guarantee
preci se exposure of the substrates. hiliontogeneity may be caused by the

i1l um nat %ﬁ@ﬁgﬁg&%ﬁ? hhegss! OYl%amtqh tﬁ%}%" lg&ughness of surface coatings of
in the i Vi

reflector um nat1 on ously, normal i zati on of the
illum nat beam has. been done usin n urn,. mrror. However, this
nor mal i za{ thr?] fail SK\HFFS'PF“"? P&yt n?aé’%ﬁé:awg]é)&k gy pighly re&ﬁgtllrf%gs or the

subst r at edjueanet Aifoh) wdaryislis fHe%Héﬁ%F%éi&Er%d sighflese cause tool induced
shift errors in overlay applications n an enbodi ment, therefore, the

scattero r S conprises one or nore mrrors int

il lum namo"ﬁ y%%ﬁgﬂéggn fically, the mrrors may be a fi duc%) on the
substrate table and may be nade of alum nium These mrrors either tilt or
exi st at WPIG8Er ent Neipaliziiggthe smopsirenertof thy ehiech pathahe refersaca Xiglds:nages
reflected in different angles For each tilt angle the detected spectrum
shifts mMLg@k)sadQ(ldl r et kank IR (v ?\a edt—lkdi\NIag Rnﬁ(x ilt. These( é)mages are

detected 3p Tf r I whi ch the

il lum nati o’ﬁ(]g’)pr ofitl e ofhfh@ ra{?ﬁ ion bea y be 39 erm ned. The resultant
illum nation Eroflle is used to correct neasurenents of the property of the
ref | ect edl08H¥¢t r um Hcambysrsn thnptthe lasses gnthe deigetien bipodn o elimpeatessthise d

I, t ed MO (k A(- KR (k) + A(- k k,)R/,
TR gt %P TR (24) [00105L vher et AK) 1 s th(e unknom% v

|1 t t at t t upi. | | ane; ..
Unknoun ol0BToh " ooty everBRG R sdritin b bR B Rign Be AR ik B Ts 1 he
i 11 ract | 5o b IR NerAL e Le ookl AILERo HIHE: AFElpA oaiyr@fetm 1001061 In

practi ce, l'um nation I ntensity vari es because of a slowy varying
inhormgenmﬂmswmlehmntemmtofm]me foeam and surface roughness of the optics and
coatings in the

A(-k+ Nk)
A(-k)

27)

[00111] In order to eliminate this term, the illumination profile A(k) must be
calibrated as discussed below.

[00112] The mirror may be a single convex or concave mirror, or it may be a plane
mirror that is actively tilted over a range of angles during detection. Alternatively, there
may be a range of mirrors at different tilt angles. The measured reflection angle may be in
a radial direction (this alters the magnitude of the tilt) or in an azimuthal direction (this
alters the direction of the tilt).

[00113] The method used to determine the differential equation will now be
described in 1-dimension. The extension to 2 dimensions is trivial.

[00114] A reference mirror is measured for two small opposite mirror tilts +6,, of

the order of 1 mrad. As a result of this tilt, the measured pupil image will shift. Two

slightly shifted images are therefore measured:
M, (k)= A=k £ A(k))R,, (k)B(k)C(k;0) (28)

[00115] Here, A is the shift in the pupil plane, which generally depends on the



illum nation path. The surface roughness of optical coatings generally gives
rise to a grainy -20 appearance of the illumination beamin the pupil plane.
100107] A reference neasurenent may be carried out on a highly reflecting
alumnummrror, which yields the fol I-2iM ng neasured signal: MM (k) = A(-
k) RM (k) B(k) (25) [00108] Normalizing the nmeasurenent of the object wth the
reference yields: M(k)RQ k) +A( kkc) Rwm(x, Al kNkc) RRN(x) (26) MM (k~RM (k)
A(- K) Ry,aLik : | > .seen that the losses in the

det ecti of- llrflgﬁ%ﬁll%hre%f]iiﬂn%n%g?%%%bayia%lﬁlﬁggysﬁg}'mal i zation. [00110] However,

i nhonogenej Si es Lf:—t—ge illumnation are only elimnated for the zero

di ffractidk)erdgnNlcik’e. the specul ar reflection). Higher diffrad2Pbn orders
retain an unknown error termof the form A(-kNkc) A(- k) (27) [00111] In
order to [ed1ig] nat e ¢t hh SquiaBibAY18)RBcdunts Bt RtrbABiBLSdH bEthédflectBdShteRsty
calibrated as di scussed below. [00112] The mrror may be a single convex or
concave mindf@ran aptanptic spstenbe a plane mirror that is actively tilted over a
range of angles during detection. Alternatively, there my be a range of
mrrors at diiferegpMkilt angl es. The neasured reflection angle may be in a
radial di¢ed oht(jHr=alters the magnitude of the tilt) or in dd%zi nut hal
direction (this alltdi's the direction of the tilt). [00113] The nethod used
to deternmine the differential equation will now be described in

1-di rrensisﬁn The! extdnsion to 2 dinensions is trivial. 100114] reference
mrror i @th\o smal | opposite mrror tilts BMof t & order of
| nmrad. As a resuft of°this tilt, the nmeasured pupil image will shift. Two
slightly shifted i nages are therefore neasured: MO (k) = A(- k _A(K))RM

( k) B( k) C(#heB) Mip8)d Yipaue Sectemsasused & arsmallqiosttiveitift andesmgllpicgatpiedde, whi ch

general | %es%%&?v% ys_ on the _21

[00117] Here, the subscript ‘M’ of Q is used to emphasize that it concerns measured

data. For small tilts, an approximation may be:

Alk + A(k)) = Alk) + —j-:i Alk) (32)
[00118] Using this linearization yields for Q the differential equation:
k) _ 1 dd (33)
Alk)  A(k) dk
[00119] This equation is easily solved to yield:
oK)
Alk) = exp{ Q—,dk’} (34)
@
[00120] The above derivation can be easily extended to 2 dimensions. In practice,

the measured data is not continuous but is digitized sampled data. However, this does not

alter the concept derived above.

[00121] In practice, a plane mirror may be employed that is mechanically tilted using
actuators. A more elegant and simple approach is the use of a concave or convex mirror
with a radius of curvature R and lateral position x. The local height of a curved mirror z is

described by:



position k in the pupil plane. For an aplanatic system A(k) = 20M 1- k 2
(29) 100116] Cin equation (18) accounts for the redistribution of the
reflected intensity and for an aplanatic system C(k,A) =1+ 20"k 1-k2 Qm
(k) = Mte - MO M9 +Mb (30) (31) whé2e M9 and M9 are spectra neasured
at a small positive tilt and small negative tilt respectively. [00117]

Here, the subscript "Al' of Qis used to enphasize that it concerns neasured
data. For sn&ll tilts, an approximation may be: (32) A(k + A(k)) a A(k) + dk
A(k) [001218]—US| ng this Iinearization yields for Q the different(33)

equation: (3® Qk) 1 dA A(k) A(k) dk [001191 This equation is easily sol ved
to yield: A(k) = exl Qk dk'134 p( ) [00120] The above derivation can be
easi |y eXo@ddked t o Thedpeadsbpontthelsnifpredtsdates linearhewite dwulntsth] gasition s: not
continuous but is digitized sanpled data. However, this does not alter the
concept derigeed above. [00121] In practice, a plane mrror may be enpl oyed
that is n@éh{}gni cally tilted using actuators. A nore el egant and sinple
approach is the use of a concave or convex mrror wth a radBés of
curvature R’nd lateral position x. The local height of a curved mirror z is
descri bed byR

A concave or convex spherical aluminum fiducial on the substrate stage therefore renders
the calibration straightforward because the proper tilt is simply achieved by moving the
fiducial to the proper location under the detector. An embodiment of the invention uses a
radiation beam with an annular intensity distribution in a conjugate plane to the substrate.
In order to create the annular intensity distribution, the radiation source may comprise
mechanical blades, spatial light modulators or spatially coherent broadband lasers and a
zoom-axicon (i.e. to create a ring of laser light). the annular radiation beam preferably
comprises small-® illumination.

[00123] Implementing annular radiation has advantages over, say, inserting a blade,
because there is no light loss because almost all the photons are “used”. This is particularly
important where light sources such as UV or DUV are used because they emit fewer
photons than more abundant light sources and so losing a number of those photons is more
noticeable. In particular, this is noticeable in signal collection because the lithographic tool
suffers a certain amount of delay if there is a lower light intensity. Annular light sources
have the further advantage of not causing internal reflections as blades might. Internal
reflections require blocking to avoid light artefacts. Of course, other illumination
techniques, such as quadrupole illumination, which offer the same advantages may be used.
[00124] Ideally, the annulus of the annular radiation is placed in the pupil plane of
the high NA lens. However, the pupil plane is not directly accessible and in practice, the
annulus is placed in a back-projected image of the pupil plane in the illumination branch of
the scatterometer. The advantage of annular illumination is that the intensity of the +1/-1
diffraction order of a grating with a small pitch of the order of A/NA may be separately
measured.

[00125] This embodiment may be used for calculating variations in substrate tilt by

putting a shaped obscuration in the radiation beam and detecting changes in the width and



-22 2 X Z=- 2R (35) [00122] The local slope of the surface 9 scales
linearly with the |ateral position x: (36) A concave or convex spherical

al um num fiducial on the substrate stage therefore renders the calibration
strai ghtforward because the proper til#3ts sinply achi eved by noving the
fiducial to the proper |ocation under the detector. An enbodi nent of the

i nvention uses a radiation beamw th an annular intensity distributionin a

conj ugat egph@gEht ehetp@@ oB4RSdtHoRR: the SubsR4tl 8husk® b§ rvﬁﬁétﬁ)n"s hemrmyé@rte filpt ensi ty
distribution, the radiation source may conprise nechanical blades, spatial
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annul ar radiation in t NA | ens.
However, mbsupepnt aipinaﬁﬁann midttto dbtaﬁtztﬂ maze aesizivial @ Eipateiob. Arsaeilitdein t he
annul us i s pl aced in a back-projected |nage of .the pupil plane in the

i 11 uni natthesubsiraisdecypot leadetogsaipstantinhshape Changs ia feannalye obtishinhih raﬁher
(LM ot B S ABRLT ATREEI ol Bt sl HASSINRE AL 2
[00125] Td¥ics1 pﬁbmdlnrma&r tody abr tolgdedctfsach & amall kil 1@ walick Btiwass plxlalssnizt}st rate
tilt by be interpolated by curve fitting, for example. By fitting a curve through the dark-light

transition that occurs at the edge of the annulus, sub-pixel displacements of the annulus

may be measured.

[00128] The width and sign of these transitions can be used to calculate and correct

for the substrate tilt in 2 dimensions. In this way the substrate can be measured at constant

(zero) tilt.

[00129] Figure 10 shows the diffraction orders of small pitched gratings detected

using radiation with an annular intensity distribution in a conjugate plane to the substrate.

Using an annular intensity distribution allows the shape of the images as shown in Figure

10 and thereby allows clearer and more precise measurement of substrate tilt. The image

labelled O is the central zero-order diffraction order as imaged in the detector. The images

labelled -2, -1, 1 and 2 are higher diffraction orders. These higher diffraction orders are

shifted with respect to the lower diffraction order and so are easier to measure for overlay

metrology of isolated 1-D and 2-D features.

[00130] In order to speed up calculation times, there are cases in which it is not

necessary to calculate a simulated signal in every single position in the pupil plane,

especially when smooth variations are expected. In these cases, a coarse grid may be

measured and a pixel interpolation technique used to interpolate the overall shape at the



putting a shaped obscuration in the radiati on beam and detecting changes in
the wdth and -23 shape of the shaped obscuration on the substrate caused by
variations in the substrate tilt. The shaped obscuration nmay be, for

exanpl e, a cross-hair as shown in FiguEés 9a and 9b. It may, of course, be
any other shape and it does not have to be in the centre of the pupil

pl ane. 1001261 The idea of neasuring wafer tilt is based on the fundanental
relation hbabiage. Aﬂlhﬁndlzﬁ el iWRIoRE adﬁaﬁﬁ@ecﬁﬁ%ﬁﬁs ase b theehusk Mer@WRi | pl ane.
In the present embodi ment, a cross- haired obscuration is placed in the

cent er ofardabén thelpupil phne dirmt belyrecelv lighp froduistomlebdifftactionr bedldrkibeain t he

scatteredllg nthe il plane assownln Figure 9 01271 The
| ocat i on Y6¥e Hifd F%@aélc%anh B‘Q‘PSIHVPC PR @G%WP'élflég‘qu‘fethgﬁgk hthey result,

the diff %%ﬂ?&dwr éo&nﬁmaawnﬁ'& d?eeiée@tﬁ%r&é?'aﬁ% %tﬁﬂ%tr&dé@Eau?sﬁfg%rfdré fDmand an

actual neasurenent at an unknown tilt to obtain an 1nmage as shown in Figure
9b. A snaﬂxdasmmﬂnbnﬂanthetm@ﬂspjwrate does not lead to a substantial shape
change in the annul_us o{ ight, but rather, it will lead to shift of the

pupi | pl dﬂ@ rrage Negma! measirementsyusing asqaiierometer BylvopesEngthfer  of 0.1
pi xel's. mgy &oe | rf;t%,glr%?ﬁ ﬁgggoxgg sﬁgfees% SRR a%{f%'lé &Qﬁie{tmn%@@né’tﬁhyeﬁn?a ween

pi xel s rve |tt|n By fitting a

curve t hneighthé teowkdupkt o sghitratésrthmmgh tmcﬁtktﬁbmetmwms patentllaldry eqgeuref t he
annul us, subdgéxel di spl acenents of the annulus my be neasured. k001281
The wi dt fteghd s FghodimeptRidhe ivapiion ysshElusinatinn squeq t? grojent a MHRIBY 88d corr ect
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orders ofdetoRlah appleabotvarsptitngs oﬂelte@mremy otﬂﬂlui@mﬁt&ﬁi glotsorafledtedfram 2annul ar

intensity distribution in a conjugate plane to the substrate. Using an
annul ar isHtfegeifithe gibsirate-plhe Mwrakiy Qf\ABumWéh@mw@ wry baerepisdgengadioghlwn in

cubst rat Sy RgibA RGN RS R R Ry RO oGNS PRBRACT™0 ¢ 7 act i on

order as jiliB@@adon spotdre det ector. The |mages Iabel led -2, -1, 1 and 2 are
hi gher diffraction orders. These hltgher diffraction orders are shifted with
respect tl@¢018%e | ov@rlgtt!f: 11 shaws et ofthe pcatiapmeter redvesge i Tayo tllynpmatonrspotsor

| trol d 2-D.f 301, | der t
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is transmitted upwards through two wedges 62 that separate the two angle resolved spectra

in the pupil plane, the wedges themselves being positioned in the intermediate image plane
42. The illumination beams are then detected by the CCD on the re-imaged pupil plane 40
at the top of Figure 11. Two, or even more, parallel measurements may thereby be made;
for example, of horizontal and vertical lines for a single polarization; or even for both
horizontal and vertical lines for both TE and TM polarization.

[00133] An embodiment of the invention converts the scatterometer into an
ellipsometer. In order to do this, the illumination branch further includes a first polarizer
configured to linearly polarize the radiation beam; a beam splitter configured to split the
radiation beam into two orthogonal components (Erg, Ety); a second polarizer configured
to polarize the scattered beam; a variable compensator (a Pockells Cell, Wollaston prism
pair or Soleil-Babinet compensator) positioned between the first and second polarizers, the
variable compensator being configured to vary the optical path difference between
orthogonally polarized components (and optionally between the beam splitter and the high

numerical aperture lens); and a 2-dimensional detector for detecting sinusoidal intensity



especially when snooth variations are expected. In these cases, a coarse
grid may be neasured and a pixel interpolation technique used to
interpolate the overall shape at the -24 pupil plane. An annular beamis
nore advant ageous in this case, too, b&&ause there are areas in the pupi

pl ane that only receive light fromfirst order diffraction. If a block beam
were used, for instance, each point in the pupil plane would receive |ight
f10m ei t ReFialifiof REFRhRaRbERR BfpBnGRATTHE 2 PehsRlor mﬁoa%ﬁhﬁw}v fahe and the
first order, causing errors in tﬁ nmeasurenent at the pupil plane. [001311
Nor mal nensoildmeinagonisianch of the statteroomitrethoighvid imey ofsastse bain 2 moncbr operties
of a S|n e tar, b a single substrate with a single polarization at one
time. Thi mnppﬂgQ “?E% t hr oughput of substrates through the scatteronetry;
and pot enpi@h] Y EeXPRRU.§imepbBRS: defidtd? @@&pdsrﬁe(@&mﬁlfenfeﬁﬁd NeeNOxade uses

illum nation source to project a plurality of 1i1llumnation spots onto a
subst r at Senlibmnddetoe detectonfCNIDES) bas bigh drapteantesi.anin themegios by 10@kfraness an
angl e-resol ved 3pectrun1of the plurality of illum nation spots reflected
froma dUfF&CE%of the substrate. The plurality of iIIunination spots may be
created a do | creating
t wo orthgg%§g1ly pgﬁggFggéhgw%Fﬁ%ﬁ?ﬁg%hgﬁ?%%gFgé 001 %ﬁ%?bdiqgaﬁﬁaghoms
part of tihe scaglcarsrieddspebiassdogic ellipsovactet. IAmilllnanmarmronsbpamSN1th71®voar e split in
beam splitter 50 before being transmtted down _through the high nunerical

aper t ur e eBjckasthyeh pad M isdrrasmitiedihreughip 9° prlarver 48, r@ﬂtﬂ%ed pe ﬂwb@ﬁtraé@ e 6.
The refl bea nsm.t.t.ed u mards 2
separ at ee(f%n%qfan mfaﬁnedltlér @olv\a}rela 1% fj%rg ensator F%@%eﬁﬁ\g 01 ane, %fuf%e tl&%ges

t hensel vage b@tnﬂgplmes hiid @Redriale b&ﬁpmh@f medh@nﬁmlﬁagﬁl e divided itfoe
illum nation beans are then detected by the CCD on the re- i mged qull pl ane

40 at t Hwotbspmefvithiaghase differengp A betwesndne TBaed Tb’épallanaftd brazsuf

thereby he _made;  for 0 r rtl i ne S|ngle
ol ar 1 yatRSRTO12 shidts P b gk Sha L aiias G deoeiEnt afirioni g Hhof *Te
and TM pgJigdiof gid Ay, 03331 ﬁ@ls%ﬁ%ﬁbm%nﬁﬁrabﬁevdrﬁﬁ&@t TROb&GRRVEE LS the
scatteroneter into an elllpsoneter In order to do this, the illum nation
branch f yassedrthrongh tretebaralpassrfdterpd @rabzagm theaﬂMlt@UDeprctfﬂed ofiieand ¥,. phiear i ze
the radi ati on beam a beamsplitter conflgured to split the radiation beam

into two T6THABGAMRIOmMEYMHRMERESTS(ETR), ﬁm andytageEb#g Vﬁwa&efﬂ&%m%m gured to
Vol | ast orSrieLfetb e s B M AR nSRTRER S B bl O Bk sledBihiten tne
first andn@d%@‘@lﬂ%tlp@dlﬁﬁ v@&61$,antl tatrices below, though it could also be modeled using

Mueller matrices, which enable the inclusion of imperfections of the optical components in

the mathematical models.

[00136] The illumination field after the first polarizer is 45 ° polarized and described

by the Jones vector:

E ! 37
inc —[tl} ( )

[00137] Basis vectors correspond to TE and TM polarized light that is incident on a
target on a sample. The act of reflecting off the sample causes an alteration in the amplitude
and the phase of the scattered TE and TM components. This can be represented by a Jones
matrix:

R 0
Jsam e = " i } (38)
& { 0 R,e"

where 4 is the phase difference between the TE and TM components of the scattered fields
and Rz and Ry, are the amplitudes of, respectively, the scattered TE and TM fields.



vari abl e conpensator being configured to vary the optical path difference
between orthogonally pol arized conponents (and optionally between the beam
splitter and the high nunerical aperture lens); and a 2-di nensional
detector for detecting sinusoidal inte@6ity -25 variation of the resultant
beam conponents. The conpensator is nost comonly in the main illumnation
branch of the scatteroneter, though it may of course be in a second

i |1 um natp@Rgpr anchr,LODA3MEtelBe 3 el iBASE A ofRERCAQY an%%eﬁ:%ﬁ@i.
| OX d igh frane

Compl enentary Met a i de Sem conductor detector (CMOS) has a
rate, i.dgnormgang phegp amd anfplib@R0O/afinGorssntrgdiced by trechigh-DN 85§ arkd thabeamd2 shows
how t he angul ar.-resol ved ctroscopi c concept is turned into an
angle-re§@ﬁU@dﬁ§ﬁ@%¥W6@E §ogﬁhqq9 39T An illumination beamwith two
wavel engths, =yj apd X2 is transmtted through a 45' polarizer 72, reflected
off the subdtrat® & and transmtted through a variable conpensator 74

bef ore bei ng ppl By zed again. Between the beamsplitter and B®e variabl e
conpensator 74, pthe ||l um nation beamis divided into two beans with a
phase difference™A between the TE and TM pol ari zed beans. The grid 36 in
Figure 1 th - . b e ' ity

vari ot on A bne. oy el Ry e ScEYa BRE-afnd bRt FRR ARG TP DY

conpar abl variuéén Bétiveeh the TE heldid cehpongas Ieithe twavelegfthtofithdlaghd fxals, Sfof thet ers 76
to obtain the illumnation profiles of ~'i and ?'2. The resultant

el | i psomOPPCMHEX HEREGOIREHEAA) | sin(A) and tan(T) are virtually insensitive
to internal sgnsor scattering and so the signal to noise ratio can be

i nproved. ;The beratmgm is nodeled with Jones vectors and nqgojces bel ow,

t hough it” €8ul () ak%0 be [nodel ed using Muel ler matrices, which enable the

i nclusion of inperfections of the optical conponents in the mathenmatical
nodel s. [HdL36e fld1e aftbd tHotHBpémBtof isel d after the first polarizer is 45"

pol ari zed and described by the Jones vector: (37) [001371 Basis vectors
corr esponé. to=FE..a8d ,TM pol ari zed light that is incident on a target on a

sanpl e. The actr of rgflecthng off the sanple causes an alteration in the
anplitude and|the éggw fl the scattered TE and TM conponenﬁél)This can be
represented by 3, Jdﬁé@'l tiri x: isanple
™ S
[00140] The polarizer is oriented at 45° and has a Jones matrix:
o= 11 1 42)
201
and so the field after the polarizer is:
Epol_our = Jpol Ec_out
| oPD(t)
J| A+2p——
_ 1| Ry + Ry e [ ()) (43)
2 j A+2,2FPL)
R, + Ry, ¢ [ A J
[00141] The intensity incident on the detector array is:
Id = E;ol_out ) E;olvout
1 (44)
= —Z-[R;E +RY, +2R R, cos[A +27 Qlif—@ﬂ
[00142] If the OPD increases linearly over the measurement time interval,
OPD = Kt
[00143] This yields a time-harmonic intensity variation:

I, = %[R,;E + R, + 2R, Ry, cos(A+ Q)] (45)



RO O RTMe JA (38) where Ais the phase difference between the TE and TM

conponents of the scattered fields

and RTE and RTm are the anplitudes of,

respectively, the scattered TE and TMfields. -26 [00138] These paraneters

are a function of angle of incidence aldd wavel engt h.

I gnoring any phase and

anplitude variations introduced by the high-NA | ens and the beamsplitter,

for the incident field on the conpensator: Ec_in = /snnp[e Einc RTE O

e (39) [QHed9] The conpensator introduces a tine-varying optical path

difference (OPD)- variation between the TE and TM conponents. If the

mavelengta_g%wﬁhe light is k, for the Jones matrix of the cqggpnsator:
r

.2nOPD(t)""0

A (40) J and so the field after the conpensato

RTM

conp

i's: Ec_out

=/ conpEc_in RTE 1 RTMe JIE+2ffO Att~] 100140] The polarizer is oriented at
45 and hd801#4lones Thetcontrast bf thesntgusityrvdrigigon isalitertdy wlaiéd orthe pldippashetrie zer i s:

EPol _out

paran?ect)érl%gﬁ(%tand the phase of the sinusoidal variation directly yields the ellipsometric
parameters cos(A) and sin(A). In a standard ellipsometric scatterometer, tan(‘¥') and cos(A)
are the signals that are measured and simulated to obtain the profile information. In that
case, tan(‘¥) and cos(A) are recorded as a function of wavelength. In the present invention,
tan(V) and cos(A) are obtained as a function of position in the pupil plane and can be used
for similar analyses. In particular, the ellipsometric parameters are used to measure layer
thickness by solving an inverse scattering problem, i.e. the measured parameters are
compared with modeled parameters and the stack parameters are determined by minimizing
the root-mean-square difference (or any other suitable metric) between the measured and
modeled parameters.

[00145] Because the frequency of the variation depends on the wavelength, the
various wavelengths can be separated with a bandpass filter. This can be easily realized via
signal processing with, for example, discrete Fourier Transform techniques.

[00146] The compensator can also be place in the illumination branch. Moreover, it
can also be placed between the beam splitter and a high numerical aperture objective. This
has the advantage that the OPD variation is doubled.

[00147] The 2-D detector is the critical part of this concept; to ensure sufficiently
short measurement times, it must have a high frame rate. CMOS detectors can achieve
very high frame rates, for example 1000 frames per second.

[00148] Measuring overlay as described in paragraphs 51 to 80 above does not allow
for the measurement of large overlay errors, in particular, overlay errors equal to an integer
times the grating pitch. Clearly, the ability to detect overlay errors smaller than the grating
pitch is of no use if there is an overlay error that means the grating lines are lined up with
each other, but shifted by several grating pitch widths.

[00149] An embodiment of the invention therefore uses the second detector branch
already present in the scatterometer (and discussed above) for carrying out coarse overlay
measurements to determine whether coarse errors exist, such as whether the grating overlay

error is in fact greater than the pitch of the grating. A coarse overlay measurement is an



J 0+2rzOPD't t RTE+RTMe 2 J(E+2nOPD(t) RTE +RTM e [00141] The intensity
incident on the detector array is: T Id -EProl_out Epul _out = 2 [ RTE +RTM
+2RTERTM cosi A+27r OPD~t~l | (41) (42) (43) (44) [00142] If the OPD
increases linearly over the neasurenen8tinme interval, OPD = Kt [001431

This yields a tinme-harnonic intensity variation: Id = 2 [RTE + RTM + 2RTERTM

cos(A + Q)] (45) -27 where S2 = 2)r K (46) [001441 The contrast of the
intensit xm\agahg%gémeaﬁuqher GAtileth 4 @loatEehnt@a Iddks 6 dd RFRIBE H/E ova Al p?ﬂgt er

tan(T) and the phase of he sinusoidal variation directly vyields
el | i psomeratings aphdetomineswhab¢rAheraare lsrga(dmplacme@ts by anaprdngiheippsicoes ri c
scattero

si mul at e® %15: %F%?é@%’ﬁgrg%ﬁ%%“ﬁﬂaﬁﬁ%ﬁfgﬁo% ; hgi[’%riescgl q‘ﬁ wgg%gd

COS(A) arfotLPMAR dcBgniBoh UL 8E u%"t@'d@fé%ﬂle thdled R FRARSB/RLin kipvent i on,
tan(T) and cos(A) are obtained as a function of position in the pupil plane

and can lpeoagseldyerfand tisd erige aif therghtjregsin the resistllayére Thiameasiremenht is plgmfnm ric

par amet er re ysed to neasure .l aye t hi ckness by saol ving an,inverse
scatteri ﬁée &“BB'HESn?r qorners ?ﬁaegrﬁg’é% "r‘l‘écﬂ‘rhﬁé‘?e&%@i?@g%ﬁoéluo@ﬁ 21849 t h model ed
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r oot - mean- square ference (or "any ot her suitable netric) between the
nmeasur ed paowtss lapetel ed paraneters. [00145] Because the frequency of the
variation degends on the wavel ength, the various wavel en 1tzrlhs can be

separ at ed*%dPh (e $hatiseatigromethy QoW EATRE MEGSUF Y o by dhaj issequal

to a multiple number of the grating pitch is a fundamental limitation because the
measurement principle is based on grating coupling that varies periodically with the grating
pitch. In other words, zero overlay and an overlay equal to the pitch yield identical results.
[00151] The scatterometer of the present invention allows a very simple solution.
The scatterometer comprises a separate imaging branch that images the substrate surface on
a CCD camera. This second camera branch is needed for measuring the position of the
substrate through an alignment and pattern recognition step. The second branch is shown
schematically in Figure 13.

[00152] The pupil plane 40 measurement (the actual angle resolved measurement)
requires an illumination source that underfills the target at the object plane 42 (i.e. the
measurement spot is smaller than the measurement target). The pupil plane imaging
illumination beams are shown as solid lines in Figure 13. In this case, only a portion of the
target is measured and structures outside the target area are not illuminated. If the
measurement spot fills or overfills the measurement target, the measurement signal is
disturbed by the area surrounding the target and data interpretation and signal analysis are
unnecessarily complicated.

[00153] The image plane measurement, on the other hand, must overfill the target in
order to detect the alignment because the complete pupil plane must be sampled, including
the contours of the target. The light rays for the image plane measurements are shown as
dashed lines. The image of the object plane is formed on a first CCD camera 80 and the
image of the pupil plane is formed on a second CCD camera 82.

[00154] Figure 14 shows one possible example of an overlay target for zero overlay

(left-hand drawing) and an X-overlay equal to twice the grating pitch (right-hand drawing).




signal processing with, for exanple, discrete Fourier Transformtechniques.

[ 00146] The conpensator can also be place in the illum nation branch.
Moreover, it can also be placed between the beam splitter and a high
numerical aperture objective. This hag9the advantage that the OPD variation
i s doubled. [001471 The 2-D detector is the critical part of this concept;
to ensure sufficiently short neasurenent tines, it nust have a high franme

rate. CM3Re(hahRplafk neafieRE PR y &I the BABB nfch Bl @RS of &6 fexsiRl € 1000
frames per second. 100148] Measuring overlay as described in paragraphs 51

to 80 abeiteatihnemakiorg ibin wyvelifde mehsireraens uFleniprage plank aregsuroment, hgwaier.ors, in
particul ar, overlay errars equal to an integer,. tinmes the grating pitch.

O ear |y, ceheRHRY PR v etk Do Py ERorS Eirai® et TNSHVERST at | ng

pitch i s QiroldyUeRerhd ma)BE Garried 30t AMBII6WY: error that means the grating lines
are lined up wth each other, but shifted by several grating pitch w dths.

[ 001491 A®01&85Ibodi méht Twb imge plancemedsorententsraeé carded seistotvies fistbeidheredieg mxt or
br anch zTI read%!fglr esent in the scatteroneter (and di scussed above) for
carryi ng ‘Y&t OUS SEFORIFIHY neasurements to deternine whether coarse errors

exi st, Suygfisgs Whetherr ddRcabal inBuPSik B¥icals iRl dverliyisi@sthar eater than

the pitch of the grating. A coarse overlay neasurenent” is an -28

i magi ng- hapedin&elyR06ne), thd@pdl plare messoretheatmes cartiedkst. at an i mage of two
over | appi_ng rati ngs and det.erm nes ef her there are | ar i spl acenent s
by conparﬁ%ﬁgoaw@ FYEHPN 578 In Fat{%éxw%sft Y hErReSO GRY aenéﬂ)i%ﬁl’reéﬁﬁl.% A
perfect aqy i f { Sn ; i’*h of
recogni t?})sﬁﬁljgﬁlég}rll\%ttt&uengﬁa é?é uge(%? ]?glx%g(%d%?ﬁoed@%}ggé%%ggg& ag g&gt&ﬁ%g ion t he
process |1@9eam andbithe ledgethefottheldbftviewgwillrbet 108 > #60 s’ velyiel is albqate
measurenent is done on the four sides or corners of a grating pair. The

measur ed fedRpitepusregnetion andaligamgnt whilegillallogting eqpeseRysTIny BISaBFCHEYs  esi st
grating r j i.tikon he grating in the process |ayer.
[ 001501 fﬁk@ﬁ?&%&ﬁ}é@#@g?ﬁ%%%@ﬁ%n its own cannot mneasure overlay that

i s equal [odg187]a nul tGdatse oveidesanainly leemgasatddnghdpi the bntirs afighniastanakérds
limtation because the nmneasurenent principle is based on grating coupling
t hat var ivéssblpée the &) Ifyfonpramnpleongy the cenjre nart afithe markse Hevisilsy 88, zero
overl ay rl t i iel.d i b cal lts. 001511
The scat ?’ g@%%e&ttg%ggf %ﬁg%gr%eos}' gér?ltt& ?%veg%‘% ?@Rga aflge\ﬁéggga%er yeéllg e?‘r‘% rgllhgrcl)tl 0uft i on.
The scat ted @aede@ve@HNhisSREs SorsdpiioallendVeAEnDEf e ahd) thdrey d16mmeshd he

substrate surface on a CCD canera. This second canera branch is needed for

measur i ngneapEement tekipg prfcesshd larger field of view allows the capture of the marker in one
“stroke” and a coarse measurement to be carried out quickly while a second camera is free
to capture the image on the pupil plane and obtain the detailed overlay information.
[00158] The field of view that is required for capturing the relevant image can be
reduced even further if the results of edge pre-alignment and coarse wafer align in the
exposure tool are used. With these data, it is possible to predict the location of the markers
on the substrate with pm accuracy after the edge pre-alignment in the overlay metrology
module is complete.
[00159] An embodiment of the invention detects not just overlay errors, but also
damaged gratings using the scatterometer arranged for CD metrology on gratings or other
periodic structures. The scatterometer normally detects specular light; i.e. lowest order light
that has been reflected directly off the grating. Local distortions in the grating destroy the
periodicity of the grating and result in scattering in a non-specular direction. The

scatterometer can be used to detect an angle-resolved spectrum of the scattered beam at

various angles outside its specular direction. Radiation with an annular intensity



substrate through an alignnment and pattern recognition step. The second
branch is shown schematically in Figure 13. [001521 The pupil plane 40
measur enent (the actual angle resol ved neasurenent) requires an
illumnation source that underfills thé0target at the object plane 42 (i.e
the neasurenent spot is smaller than the nmeasurenent target). The pupi

plane imaging illum nation beans are shown as solid lines in Figure 13. In
thi's casejst@hitiondol@hdll- @rmalfmﬁatten thay Behsell FoBasty Rdubglasd mtpbyif@s out si de
the target area are not illunminated.” If the Teasurenent spot fills or

overf|II@aﬂheomsahurenent target, the nmeasurenent signal is disturbed by
the area rroundin et. and ta i nter tation. .an i anal ysi s
are unne@ﬁg larily ﬁ‘?cé &%Oft ?)]611% TR ]?en’gsﬁ f‘f)rl eé“ﬁ%ggﬁl?lgﬂ%?ts "Hn t he
ot her hang 11mmé§§1orpl{@16ﬁabhlctaﬁﬁarﬁﬁ@tﬁ Offherd Q ligRiade [ntttoqugé%lttf‘e@\i/eénhﬁe? oj@RBENt
because the conpl ete pupil ane nust be sanpl ed, including he cont ours of
t he t ar geystenhed Ithegimbstmq/ 8s dlecrussetdablowrag’eepr@lbe bubbls defeatsiitage beam shown as
dashed Iines. [ e object rst camer a
50 and t B e s st tosprauire 'ods RF o st GREadiedr bkt mogher g5,
[001541 Fe&ms ﬁla%nsﬁ}fevveol@ BEcAS @bgtreeefﬁameqa@n A oPtH%err@d’uch@ﬁ gat afr zero

overlay (left-hand draw ng) an X-overlay equal to twce the grating
pitch (HqghﬂtethuUblelsr mvﬂmgﬂuldcaﬁse'ﬁmrﬂacqompepﬂeamml oreths snlestmate, whoal willyi el d t he

sane neasure of zero far hoth making it an .unreliabl e
rreasurené?ﬁ’t‘se &sqa wheh%leﬁerégqfﬂ%wed wﬁte@\frgﬂm SC@&W@@F@Q%W 1§i sti ngui sh
bet ween these e&ﬂ@ngt}%%ﬁﬁé?gﬁletfet Pfﬁq@'ﬁveﬂﬁ na@dﬂh?@?‘lﬁte off YR 5%5@&% netrol ogy

(0] (0] a

schenme may be carr ut as 1551 Two 1 nage plTane
measur enentrspcated badkrtb ddbllatdefeotsveri fy that there are no |arge overlay

errors present 10Q1561 (2). If the prevjous nmeasurenent indi es that
overl ay il@1plss t hakhilespsrificiemhodimenspef ¢ ﬁf: Hvephen bays; e%ﬂ%meg?é%twwhem s

are carri may be
made o dny (SaherefRRaii ) B Ehldhak ol LIRERD ke SURERIEL, B 021000
X 1000 pidesiriptian s as sntshded ta liplikbk ipiehtidn. dhe sﬁeclﬁ)@tlllyrdesc&ibeé ehdbdiaietd evel ,
the total field of vieww |l be 100 x 100 ~un , which _is adequate  for

pattern PECEERISANSre agencarliopating PURFIPS agd iarq nodInpessparty awdadly exclapivery
measur em%l%ysare X\fl E&nﬁt’ﬁa@l@ (fﬁlB%‘%%l Jlettongg}ptrogﬁtro u%regs% 113? ftrectrgeness based on

results seen at a detector as described above. Further, although the embodiments described

herein relate to lithography applications, the hardware and applications are not limited to
these. They may be used for other applications such as monitoring etch process steps and

the like.



1001571 Coarse overlay can only be neasured when the entire alignnment marker
is visible to the CCD. If, for exanple, only the centre part of the marker
is visible, the substrate table needs to be noved to the edge of the marker
to enabl e the neasurenent of the coar3k overlay. This calls for additional
novenent of the table, thereby slow ng the neasurenent taking process. A

| arger field of view allows the capture of the marker in one "stroke" and a
coarse NggSANggENt to be carried out quickly while a second canera is free
to capture the I mage on the pupil plane and obtain the detail ed overlay
information. [001581 The field of viewthat is required for capturing the
rel evant (i mage can be reduyced even further if the results of .edge

bre- al 1 grnent AdaEHRFEE SURTUroP PSR PRI 00 A SHI L o SRR S Graed. W ¢ h
these data, ifnigh RARSiH HeftretRdbgd the location of the markers on the
substrate with ~un accuracy after the edge pre-alignnent in the overlay

met rol ogy noadétectbscadigptedite detbObEMg]cArsandsbspicotemh ofh rachatianrheamt i on

detects not just overlay errors, but also danaged gratings using the
scatteroﬁgkﬁﬁﬂéVF%ﬁégémﬁ w@ﬁ@%ﬁ?&logy on gratings or other periodic

structures. T - helBil | owest
order 11ant PRarhe PERy B R TR S ey b e puf

di st ort i pimeiofitHeltéglgnahéeng] aesturolens, hepropretyi od dhccictlycted spdearumadt iapipralitg r esul t
in scattering in a non-specular direction. The scatteroneter can be used to
det ect arfargeeimakycossYspect rum of the scattered beamat various angl es
outside its specular direction. Radiation with an annular intensity -30
distribution, or small-(D illum nation, may be used for greater accuracy and
i mges that Thssattefometedadcorfing1®Ohind\n, whéreii thenamedicdl hpertuny efithe densmay be
used for detecting bubble defects in an inmmersion |ithographic apparatus,
where a I§#usast 9-8- i ntroduced between the projection systemand the
substrate as di scussed above. Previously, bubble defects have been neasured
using off-1ine defect inspection tools. Of-line tools take a longer tinme to

produce 3r esulThésdatiantrferlacérding@d Slabhe ¢ puh@cmuhs pfoptes oNbstrefdtddaken out of
the production |line and queued. Bubbles in the quuid cause a surface
i nper f ec SPEHUBCAHBISSE (59 &p dttensityjel Ernsyersp magaeticeand; s verseeledris nelatiprsh t he

surface is,exposed t Lght. This scattered radiation i asur.ed using the
scattero i té@oafp%[aﬁee&iﬁlﬁ{/eg‘ﬁ? P%t‘r’lve %Hal%sﬁgrs% én&g%et%fan? rea%?f:eé eteé%:%rrll%&lg?(%er%apol at ed
back to bighbbebsiei®ung (b) 001611 Wil e specific enbodi ments of the invention
have been descri bed above, it

4. The scatterometer according to claim 1, wherein the property of the substrate is

further measured by measuring, in the pupil plane of the high numerical aperture lens, a

property of the reflected spectrum at a plurality of wavelengths simultaneously.

5. The scatterometer according to claim 4, wherein the plurality of wavelengths each

has a bandwidth 6\ and a spacing of at least 2 S\.

6. The scatterometer according to claim 1, wherein an overlay of two misaligned
periodic structures can be measured by measuring asymmetry in the reflected spectrum, the

asymmetry being related to the extent of the overlay.

7. The scatterometer according to claim 1, comprising:
a wavelength multiplexer between a radiation source configured to provide the radiation

beam, and the substrate; and



wi || be appreciated that the invention nmay be practiced otherw se than as
descri bed. The description is not intended to limt the invention. The
specifically described enbodi nents are extensions to a general operating
principle and are not necessarily nmutu3-ly exclusive; they are al
conbinable in a single netrology tool to increase its effectiveness based on
results seen at a detector as described above. Further, although the

enbodi megts qﬁ%&{ KRG BRHRIIb AR hoabbdiboor aphy appl i cations, the

har dwar e aﬁg ications are not [imte t hese. They may be used for

ot her applications such as nDnltorlng etch process steps and the like. -31

CLAIMS: 1. A catteroneter confl ured asu er f a substrat e,
conpri si Ag:  hiGHETRIGET PEcor 18%2‘? ?16% | ‘@ esremé %W&V ‘é‘i PP# Yured to
detect agiaOdie e[e%?e% VRS =R &tfdé‘ﬂr?»& isfh daastedtd %oﬁﬁ‘?d@aterl@his@ﬂ@ d froma
surface of "the substrate, ereln e property of the substrate can be
measur ed wayelmegibueach gyith mbdndevigthpdN and spaeingbf 2 b&. hi gh nunerical aperture

| ens, a property of the reflected spectrumat a plurality of angles

simul taneously. 2. The scatteroneter according to claim1l, wherein the
numeri caly ape ter

nccor di ng. to. ooy ak@REpg 5ol b3PRefl f atfac RaRETHERRIE, T

conpri sesoreg ccﬁtﬁgufe‘dem sprdwda)nhe radanmeiesm m&gneﬁtch pats thatedrs eahseupleéct ri ¢

pol ari zed _light, (b) phase difference between transverse magnetic and
transver & hé|V@@?h6n&th@@rlaplﬁ%@dwhﬁne%ts theypurgberiof disrreigyayggngths. The
scatteroneter according to claim1, wherein the property of the substrate is
further neasured by nmeasuring, in the pupil plane of the high numnerical

aper t ur e 10ensThéscafiéropRtdr Yic&irdinp €o €l@inh €CdothrispRCdn’ dpticall wedgelinib@bbjest of

wavel engt hs simul tanegusly. 5. The scatteroneter accordlng to claimd4,

wher ei n phae fn whigvierdplingd seaematiengf Mmsletselved specha Bathgwuat Rlareand a spaci ng
of at least 2 6X. 6. The scatterometer according to claim1, wherein an
overlay of two misaligned periodic structures can be neasured by measuring
asymretry1i n Thesdaftélofetee dcsR@iak ta/E18im 1 %mﬁﬁﬁi@@ﬁdﬁp&@hﬂﬁ% bedndtsifltet 0 t he

extent of the overlay. 7. The scatteroneter according to claim 1,
conpr i si agd a tilted mirror configured to couple off a portion of the radlatlon beam emitted from a

radiation source for separate measurement with the detector.

12.  The scatterometer according to claim 11, wherein the portion of the radiation beam
1s used to measure an intensity of the radiation beam and to compensate for fluctuations in

intensity of the radiation beam.

13.  The scatterometer according to claim 11, comprising a pupil stop configured to limit
the size of the portion of the radiation beam and to ensure that the portion of the radiation

beam is parallel to the remainder of the radiation beam

14. A scatterometer configured to measure a property of a substrate, comprising:

a high numerical aperture lens; and

a space between the substrate and the high numerical aperture lens comprising a
liquid,

wherein the property of the substrate can be measured by measuring, in the pupil

plane of the high numerical aperture lens, a property of an angle-resolved spectrum of a



a wavel ength nul tipl exer between a radi ation source configured to provide
the radiation beam and the substrate; and -32 a denultipl exer between the
substrate and the detector. 8. The scatteroneter according to claim?7,
wherein the wavel ength nul tipl exer is-3- di spersive el ement such as a
grating or prismadapted to accomodate N di screte wavelengths each with a
bandwi dth 8X and a spacing of 2 R 9. The scatteroneter according to claim
6, wher eirgiiith® el BAEcted B8maf suffabAEH Bt khitraS OMraGRuGERf o {HAERE abd®a pr ovi de the
radi ation beamis split into N parts that are each coupled to the

wavel engphiratity of plaesdergthsimuliangouslyt he number of discrete wavel engths. 10.
The scatteroneter according to claim1, conprising an optical wedge in an
obj ect plane to achieve defined separation of angle-resolved spectra in the
pupi | plase. %he schii€roffetdriaBéRaRE LS cRRE 94 AV RGeih InEpdpsitylof BOMFIdCRANY a
non-pol ari zing beamsplitter and a tilted mrror configured to couple off a
portion epectium eomeiirses Gu) ah axtenséyiof trensverso magneticaatiddtangversoeledisc polarizeshbar at e
nmeasur enen iith.the detectpr. 12, The scatteroneter according to.claim 11,
Wher el nTRb PR G EieRES Plivedt It it fRendie e d s R A RO i el 1y

of the raghableanbsamegpy to conpensate for fluctuations in intensity of
the radi ati on beam™ 13. The scatteroneter according to claim1ll, conprising
a pupil stop configured to limt the size of the portion of the radiation

beam and .to ensure that the portion of the radiation beamis parallel to
the r emailﬁderlilg‘? S ﬁ@ropﬁ’ﬁqré’ﬁ‘gamﬁé%ﬁluaﬂ15‘5&0&?&{5{“& oneter configured to

measure g M@Rﬁg&lxnﬁfipféxéﬂ%%é&t LradGATR EduRbN\&n fighreditd BrolidEBhb ¢fiatper t ure
| ens; and a space between the substrate and the high nunerical aperture |ens

conpri si ibgara, dndgbe shbstahter ®idn t he property of the substrate can be neasured

by neasuring, .in th upi | ane of the high nunerical aperture |lens, a
propertya6ggﬁﬁqﬁﬁﬁr @§@@6ﬂV€§L§B%%? %?nﬂwxﬁggWQHF%FF %g§ﬁ¥W§FWé§ted
froma s%&ggﬁgngjﬂﬁggmﬁpbstrate, at a plurality of angles and a plurality
of wavel engths sinmultaneously. 15. The scatteroneter according to claim 14,

wherein the property of the reflected spectrumconprises (a) an intensity
of transverse magnetic and transverse electric polarized ..
17. A scatterometer configured to measure a property of a substrate, comprising:
a high numerical aperture lens; and
an edge adapted to be placed in one of opposite halves of an intermediate object
plane,
wherein the property of the substrate can be measured by measuring, in the pupil
plane of the high numerical aperture lens, a property of an angle-resolved spectrum of a

radiation beam reflected from a surface of the substrate, at a plurality of angles and a

plurality of wavelengths simultaneously.

18.  The scatterometer according to claim 17, wherein the property of the reflected
spectrum comprises (a) an intensity of transverse magnetic and transverse electric polarized

light, (b) a phase difference between transverse magnetic and transverse electric polarized

light, or both (a) and (b).

19.  The scatterometer according to claim 17, comprising:
a wavelength multiplexer between a radiation source configured to provide the radiation

beam, and the substrate; and



light, (b) a phase difference between transverse magnetic and transverse
electric polarized Ilight, or both (a) and (b). 16. The scatteroneter
according to claim 14, conprising: a wavel ength multipl exer between a
radi ati on source configured to provide34-he radiation beam and the
substrate; and a denul tipl exer between the substrate and a detector
configured to neasure the property of the reflected spectrum 17. A

scat t er opRfeRiltHMKct Bethvaeh tHe sTBRFHE dfa MIEQR&T doMfiflired S HREdur@the pré&RARoif Si Ng:
a high numerical aperture lens; and an edge adapted to be placed in one of

opposi t e theateflestedspeaimuint er medi at e obj ect pl ane, wherein the property of the
substrate can be neasured by neasuring, in the pupil plane of the high
nunerical aperture lens, a property of an angle-resol ved spectrum of a

radi ati onobeam scatdr&RERACIIRIANA 16 WidadGi8 aQhorfelt§ 0THRESIALE cobrisdingl ural ity of
angles and a plurality of wavel engths sinultaneously. 18. The scatteroneter

accordi ng to zh@hmuigricalrepedine lenseamt operty of the reflected spectrum
conprises (a) an intensity of transverse netic..and transverse, glectric
pol brized |1 BAECPESORNEIRdR dafer i sl eR I R AP Sess PR L P Zang
transver $gr5lc@Fid Ghpeli@ri zed light, or both (a) and (b). 19. The
scatteroneter according to claim17, conprising: a wavel ength nul tipl exer

bet ween a r adivatieonths propesy ob tifeisgbsteatt ¢an bermessued blyengaadireg, irothe pppidm and

t he substrate; and -34 a.denul tip] exer betwe t he substrate and,a detector
conf i gur 8¢ 8t Hhsdugl Biperis mﬁ@rff {?n%@ propeaty i thesefiggle SRECHHMAL a plraliy

scatter o@&gl%i@@fw&gfeggthgginﬁ%%ﬁb@ property of a substrate, conprising:

a high nune aperture | ens; a detector configured to detect an
angl e-resol ved radi ati on spectrumreflected froma surface of the
substrate, wherein the E)r operty of the substrate can be ured by

measuri ngl- i nlphEEapeRoMme erap%méi%sfto elagn R grhareifehe @ape%%%gﬁ ckefls, a
property sg%cgﬁtyhecorn%s@&qu SRER S RhsvBrsR hiHoRbid dhd RinsPRH 8SctAPJoMAY&] engt hs

si mul t ane
light, (b) a phase difference between transverse magnetic and transverse electric polarized

light, or both (a) and (b).

22.  The scatterometer according to claim 20, comprising:
a wavelength multiplexer between a radiation source configured to provide the radiation
beam, and the substrate; and

a demultiplexer between the substrate and the detector.

23.  Aninspection method, comprising:
printing a pattern onto a substrate; and
measuring, in the pupil plane of a high numerical aperture lens, a reflected spectrum

of the pattern.

24.  The method according to claim 23, wherein measuring the reflected spectrum
comprises measuring (a) a property of the reflected spectrum at a plurality of angles,

(b) a plurality of wavelengths, or both (a) and (b) simultaneously.

25.  The method according to claim 23, wherein the property of the reflected spectrum

comprises (i) an intensity of transverse magnetic and transverse electric polarized light,



21. The scatteroneter according to claim 20, wherein the property of the
reflected spectrumconprises (a) an intensity of transverse nagnetic and
transverse electric polarized light, (b) a phase difference between
transverse nagnetic and transverse el edfric polarized light, or both (a)
and (b). 22. The scatteroneter according to claim 20, conprising: a

wavel ength nul tipl exer between a radiation source configured to provide the
radi ati onj) heame cﬁﬂ&eﬁ&%eﬂd%@&%@ms@tﬂgg&tlg%ﬁ@trﬁﬁs@%ﬁé%[ecgﬁ:tﬁ/&ﬁ{keﬁ ght,
substrate and the detector. 23. An inspection nethod, conprising: “printing
a patt er nordotho(ipamsiufogt r at e; and neasuring, in the pup|I pl ane of a high
nunmeri cal aperture lens, a reflected spectrum of the pattern. 24. The

nmet hod according to claim23, wherein neasuring the reflected spectrum
conprlsesmﬁeagg{hggmﬁaﬁnQﬂRmpgﬁﬁﬁﬂyﬁg the reflected spectrumat a plurality
of angles, (b) a plurality of wavelengths, or both (a) and (b)

si mul t aneous| yrowdding Twe gratingotiryered on paraljel ot wiisalignaB3 thewtbare¢atinglae pr oper ty
of the reflecteg(P pectrum co ris sdéké.an intensity of transverse magnetic

and tr ans¥F&%o r@cﬁr?‘i“@?fﬁhé‘?sp Ao e 35 (ii) a phase difference between
transverse magnekic, féﬂ%&@ﬁ' Eﬁgl&{tgg alift %ﬁ@d&%ﬁeﬂoh&@rvmdor both (i)

and (ii). 26. An I nspection I’IS ng: providing two gratings

| ayered i n pardativial t]bméxtmtsﬁlthegmeday frhmrtebysyarmeety ingharefleoted spayruof. one
grating with respect to the other; neasuring a reflected spectrum of the
gratings using a scatteroneter; and deriving the extent of the overlay from

the asymvpfry 3 Jfrléiﬁogd fﬁ{?éﬁfrhré%eﬁ HARCE, Wierehrl meﬂﬁ?ing‘?ﬁé‘x%ﬂe&%‘&g}fe@{rﬁﬁ to claim

26, wherein neas ected Spectrum conprises neasuring (a) a
property @mgrives mefdueiag ¢ as;pepértytxrﬂtﬁé realeabdu sladctrtlm afa pngligsaf angley, a
plurality of wavel engths, or both (a) si mul t aneously. 28. The net hod

accor di ng(bﬁ ap&r%litwpﬁwav%ﬁwl& AT bofd (@r%‘ﬁépl i}mﬁﬁaﬁeﬁéﬂb’ef | ected spectrum

conprises (i) an intensity of transverse magnetic and transverse electric
pol ari zed light, (ii) a phase difference between transverse magnetic and

transver sz el etieimh&hdbicbidigdtol dlght 27, whierddothl propertgrdd thd deflected spectrum
comprises (i) an intensity of transverse magnetic and transverse electric polarized light,

(ii) a phase difference between transverse magnetic and transverse electric polarized light,

or both (i) and (ii).

29. A device manufacturing method, comprising:

projecting a beam of radiation onto a target portion of a substrate,

using a scatterometer to measure, in the pupil plane of a high numerical aperture
lens, a reflected spectrum of the beam through a predetermined range of angles and

wavelengths simultaneously.

30. A method of creating an angle-resolved spectroscopic image of a grating pattern,
comprising using apertures that mimic lithography exposure conditions when the grating

pattern is created.

31. A scatterometer configured to measure a property of a substrate, comprising:
a high numerical aperture lens; and
a detector configured to detect an angle-resolved spectrum of a radiation beam

reflected from a surface of the substrate,



29. A device manufacturing nethod, conprising: projecting a beam of

radi ation onto a target portion of a substrate, using a scatteroneter to
nmeasure, in the pupil plane of a high nunerical aperture lens, a reflected
spectrum of the beam through a predetedfined range of angles and

wavel engt hs sinul taneously. 30. A nethod of creating an angl e-resol ved
spectroscopic image of a grating pattern, conprising using apertures that
mmc |ithogr apRyeieHRAFEEyOTIEE dubditge BRER: MbB&uedday Measufiag tie the pupilcr eat ed.
31. A scatteroneter configured to neasure a property of a substrate,

conpri si rjane of th kjh pumerical aperaye Jansr proersy, ofthe reflegied specsune i plw@ling t o
detect an_angl e-resol ved spectrum of a-radi ation. hbeam reflected froma
surface oqf%flgl S?H%@??%({uél,y’ &?écz\ﬁ:eé?né?tﬁr ﬁuﬁtgerpcrotr)n er %r{)og' of the substrate can be
measur ed by mpaRbdtiond reflddtdrne pupil  plane of the high nunerical aperture

| ens, a property of the reflected spectrumat a plurality of angles

si mul t aneous| y deteior serfigueedivadetact and eomaving gripast By ngnagss reflegted fmpthe at
reflector'é ? det ect or (f:onfi gured to detect and conmbine at | east two inmages
ref | ect ed®4F 81 PHE ™28 | east one mirror; and a processor configured to

create a diff@nRodekddr c@ﬂt?%lré@i@) RanResl dfrerddial éRASS bAde@Bh tMhlintdyet HiBm

illumnation profile of e radi ati on beam maybe determ ned. 32. The

scat t er orrehieh thegbemitiatign profdé af the 3ddiatiomereainmayhlee ddtérarherat i on profile is
used to correct neasurenments of the property of the reflected spectrum at
hi gher diffraction orders. 33. The scatteronmeter according to claim 31,

wherein spi d M@bkef{eAmGARELRES; B CERACAY Fhedld %@Ellﬁﬂﬁaﬁ&?g@ﬁ%&%&%t er
conprises a nechani smfor noving the radiati on beam over he surface of the

m rror i rcooedeneasoreotenssiaf tize plopersy of the offlectefl lspatiuonatdngiics diffrdetionTirders.
scatteroneter according to claim31l, wherein said reflector conprises a
convex mrror and the scatteroneter conprises a nechani smfor noving the

radi ati 0rB?Pear’ﬁh??é@e[tter&ﬁéelséé%ﬂﬁfgstgfclaiiﬁ%l%ér%{n dafti RILE0r EAnYNe@hRofkaye

plurality of reflection angles. The scatteroneter according to claim 31,
wher ei n gsaircbr bed thectaiterametpr cargisas b inaichamism farmeavidg theeradiatid beanmetazr

conprises a chanismfor tilting the mrror through a lurality of angles.
P the surface of the mirror in order togobtain a plurality of reflection anglgs. Y d

34.  The scatterometer according to claim 31, wherein said reflector comprises a convex
mirror and the scatterometer comprises a mechanism for moving the radiation beam over

the surface of the mirror in order to obtain a plurality of reflection angles.

35.  The scatterometer according to claim 31, wherein said reflector comprises a flat
mirror and the scatterometer comprises a mechanism for tilting the mirror through a

plurality of angles.

36.  The scatterometer according to claim 31, comprising a plurality of mirrors at

different tilt angles.

37.  The scatterometer according to claim 31, wherein the measured reflection angle is in

a radial direction.

38.  The scatterometer according to claim 31, wherein the measured reflection angle is in

the azimuthal direction.



36. The scatteronmeter according to claim31, conprising a plurality of
mrrors at different tilt angles. 37. The scatteroneter according to claim
31, wherein the neasured reflection angle is in a radial direction. 38. The
scatteroneter according to claim 31, érein the neasured reflection angle
isin the azinmuthal direction. -37 39. An inspection nethod, conprising:
printing a pattern onto a substrate with a patterned radi ati on beam
measuring, in the pupil plane of a high nunerical aperture lens, a reflected
spectrum_ of the pattern; normalizing the radiation beamby reflecting it
of f one &9. noda inspecibersmethedaenmprisingand conbi ning at | east two i mages

created fromdi.fferent, reflecti angles qof the radiation beam off the one
or nore ni rropg?tl%?jp?:qegé?ﬁ?gas 8%}“1? gﬂbﬁtqaﬁfmggﬂaﬁaﬁgﬁ%}egmr econstruct the

iIlum nation peairl®, Rfthé Bepil Bﬁﬂé at 4 Ri3h REAFicAQperfurs ¢ais! £F Bl spseaii gur ed
to measure a property of a substrate, conprising: a high numerical aperture

| ens; andfghedsttentor configured to detect an angl e-resol ved spectrum of a

di ati b fl d f f of .t bstrate, wherein th
o operty. of ¢ et Of S AdRTBa Rt aRie s AR PRGT Tird e pupit bl ane

of the high nWRLIGRlanBREMbHIf: hQBSt tvo RIRREElNte@ oD @iffefint B&GTc8GosPECt rum at
a plurality of angl’es sinultaneously, the scatteroneter further conprising:

a first pokksbfthe radatiorghaasdoff thel ane@amoye pwirarsj @sl t he radi ati on beam a beam
splitter configured to_split the radiation beaminto.two ort onal

comonent o ( Eveitgrpgitiabual eifion Ruieruedit M btiaprpbleatie  he

scatt er eqd,e@d bd@nyari abl e conpensator positioned between the first and
second poflarl zers configured to vary the optical path difference between
orthogonal | y pol ari zed conponents; and a 2-di nensional detector for

detecting si n%soi dal i ntens%ity variation of the resultant beam conponents.
40. scatterometer configured to measure a property of a substrate, comprising:

a high numerical aperture lens; and

a detector configured to detect an angle-resolved spectrum of a radiation beam
reflected from a surface of the substrate,

wherein the property of the substrate can be measured by measuring, in the pupil
plane of the high numerical aperture lens, a property of the reflected spectrum at a plurality
of angles simultaneously, the scatterometer further comprising:

a first polarizer configured to linearly polarize the radiation beam;

a beam splitter configured to split the radiation beam into two orthogonal
components (Etg, Etn);

a second polarizer configured to polarize the scattered beam,;

a variable compensator positioned between the first and second polarizers
configured to vary the optical path difference between orthogonally polarized components;
and

a 2-dimensional detector for detecting sinusoidal intensity variation of the resultant

beam components.

41.  The scatterometer according to claim 40, wherein the compensator is placed in an

illumination branch of the scatterometer.

42, The scatterometer according to claim 40, wherein the compensator is positioned




41. The scatteronmeter according to claim40, wherein the conpensator is
placed in an illumnation branch of the scatteroneter. 42. The
scatteroneter according to claim40, wherein the conpensator is positioned
-38 between the beamsplitter and the -A8gh nunerical aperture lens. 43. A
scatteroneter configured to neasure a property of a substrate, conprising:
a high nunerical aperture lens; and a detector configured to detect an

angl e- r espiwed t%h{%t@farﬁlﬂhéﬂi%’l‘itﬂu%bﬁ}éﬁadﬁlertﬁl%flé&?t ed froma surface of the
substrate, wherein the property of the substrate can be neasured by

measuring, in the pupil plane of the high nunerical aperture lens, a
property aof the reflected spectyumat a plurality f _angl es .si nul t aneously,
Pherscat tar onbrasrirnREEFotbged Emhgou® sethviaheeburaB aRBrIng car ryi ng
out coarse oVghidynEaRHl HR0ESens?4nd The scatteronmeter according to claim
43, wherein the second detector branch is in the inmage plane of the

substrate. 45adfieetos catfigeraitetdetechacogti-regolved sieatrmm4s a radietiei beanhe second

detector branch.is canfi ed to nmeasure overlay errors on a substrate, the
errors bé?é@teé]qfff&‘flatsﬂréwqgfﬁ{‘%wtratﬁunber mul tiplied by the pitch of the

substrate graljnagin 48 g;@{%&ﬁﬂ%%&&t@%%e&ﬁfmrﬂyf}h%ﬁﬁﬁ,q’l’{-ﬂféiﬁﬁgﬂt o

gratings layered 1n p but m saligned, thereby creating an overlay of
one gr at iphmewif the lrigls pemtritad apdrarotensra propasufithgredlectedl kpetrach #paduminy of t he
gratings LflSi ng a scatteroneter; deriviigg the extent of the overlay fromthe
asymret r ! Epgleheimudaneouslyqths seatterarpgter fUEPeNFORPTISIE coarse overl ay

t i uiy it ! .
measur ement of skl gERH.P Sk ATRGISRGARRALT B AIm Rk gls { he overlay is

greater than the gratin Itc met hod according to claim46,
conprising: i) carrying out two i mage plane nmeasurenents of a radi ati on beam
to determine _the presence of an overlay error greater than the grating
pitch; arfd ii J'he peasterpmeieracaudinge clai 43sWhermine sssond detssiaT Wdach ¥ikshol d,

carrying il I asurenent of the radiation beam -39 48. A
scatter o%@%{é?a%gg)%é)aﬁ%ﬁp%rﬁt ect local distortions in a grating,

conpri si ng:
45.  The scatterometer according to claim 43, wherein the second detector branch is

configured to measure overlay errors on a substrate, the errors being equal to an integer

number multiplied by the pitch of the substrate grating.

46.  An inspection method, comprising:
providing two gratings layered in parallel but misaligned, thereby creating an
overlay of one grating with respect to the other;
measuring a reflected spectrum of the gratings using a scatterometer;
deriving the extent of the overlay from the asymmetry in the reflected spectrum,;
carrying out coarse overlay measurement of the gratings, comprising determining

whether the overlay is greater than the grating pitch width.

47. A method according to claim 46, comprising:
1) carrying out two image piane measurements of a radiation beam to determine
the presence of an overlay error greater than the grating pitch; and
1) if a determined overlay is below a predetermined threshold, carrying out a pupil

plane measurement of the radiation beam.



illumnation nmeans for creating a radiation beam a high nunerical aperture
lens; a grating for scattering the beamin a specular direction; and a
detector configured to detect an angl e-resol ved spectrum of the scattered
beam at various angles outside the spé®ular direction, wherein the

di stortions of the grating can be neasured by neasuring, in the pupil plane
of the high nunerical aperture lens, a property of the reflected spectrum

outside t4ge  APRGHrBMctr EER PR BldeRecPlobilalidtbiond ir@laBfg Tofprismgeous!l y. 49.
The scatteroneter according to claim48, wherein the radiati on beam

conpri ses anflinapatian meansder grating rajaembeastonet er confi gur ed
Si rrultaneousl¥1 t rreasurf a_nr genty of nmultiple targets on a substrate,
conprising: a ft?f U AT I§3 YSure lens; a proj ector configured to

project a pl upatdting f6f schitéritip thabeR iSPPceulaNditectiof ittt rat e; and a detector
configured to detect sinultaneously an angl e-resol ved spectrumof a

plurality of radiestor oonfiguotdstordgteceat agld-resolved spectramenfdlie scatiersd bearn at e,

wherein the property o he supstrate can be neasured by measuring, in the
pupi | plvéﬂggsoqlpgfeﬁgﬁm‘{;eﬁkﬁ%?aEQFecélp?Brture l ens, a property of the

reflected spegheim fk dstetibhebf thy orafihg RAObEMeRurad l%ﬁxﬂ;@é&iﬁh -in¥e pubile
scatteroneter according to claim %o, conprising a divider for creating two

i dent i calplanepditzrhigkedumbticarapature lens,patrsperfnf the télected spatrufmaattsidé thg nmet hod,
conprising: projecting a beamof radi.ation onto a target portion of a
substrat é! ecd‘irl)ax?idlif?ﬁbontagé‘p&‘ér& Woﬁtaﬁglﬁsb‘ BPeUslYof peans before the beam
reaches the substrate; and -40 using a scatteroneter to neasure, in the
pupi |l plane of a high nunmerical aperture |ens, a reflected spectrum of the
pl uralitwof Bheasmttetontatgrtaceordingde chimideaheramgbe cfdidinglbesm cangrisesvel engt hs

si mul taneouslglyﬂi n.order to sinultaneously neasure nultiple targets on the

subst r at @MNEar ilAMIRAtoNer onet er configured to neasure a property of a

substrate, conprising:

50. A scatterometer configured simultaneously to measure a property of multiple targets
on a substrate, comprising:

a high numerical aperture lens;

a projector configured to project a plurality of illumination spots onto a substrate;
and

a detector configured to detect simultaneously an angle-resolved spectrum of a
plurality of radiation spots reflected from a surface of the substrate,

wherein the property of the substrate can be measured by measuring, in the pupil
plane of the high numerical aperture lens, a property of the reflected spectrum at a plurality

of angles simultaneously.

51.  The scatterometer according to claim 50, comprising a divider for creating two

identically polarized illumination spots.

52. A device manufacturing method, comprising:
projecting a beam of radiation onto a target portion of a substrate;
dividing the beam into a plurality of beams before the beam reaches the substrate;

and



a high nunerical aperture lens; a radiation source to produce a radiation
beam and a detector configured to detect an angl e-resol ved spectrum of the
radi ation beam reflected froma surface of the substrate, wherein the
property of the substrate can be neasuféd by neasuring, in the pupil plane
of the high nunerical aperture lens, a property of the reflected spectrum at
a plurality of angles, and wherein the radiation beamhas an annul ar
intensity di shéihDubtRrdmictdr ©MMav@a] i@ th Bafl plase sfehighBaineat4 ap&rfure An

i nspection nethod, conprisin rlntln a pattern onto a substrate using
radi at i ofensonatiested gpcmﬁ'uah@.ﬁ} ap Uirzﬁtt]e ﬁébqagns ttﬁoslgh pipiedetrminedgangsifaaglee pl ane

aper tur o Hane g B FlFRR s ol il Blesufly B Re Rl S T BUPRL EF o,

cal cul at iggestv@d. 1 ati ons in substrate t| It conprising: a radiation source
configured to create a radiation beamw th an annular distribution in a
conjugate plane to the substrate a shaped obscuration in the radiation
beam a detector onfl ure et ect change wi. dt h and. shape of the

shaped scufatFod troa{?%‘s'&r&??é&w ‘{}érsiug?tf% HSORTPHE substrat e

tilt; a pr ocegslgghﬁ@ﬁerﬁgj gﬁéhaltelleﬁh variations in the substrate tilt based on
t he changes detected by the detector. -41 56. A nethod of detecting bubble

def ect s i n anairadhsrai sonrdeito pnglua@hradlﬂppdoﬁanumd conpri si ng prl nting a
pattern onto a substrate; asuring, i | a h nuneri cal
aperture | ensadﬁtef@f PUTIESE tﬁélffef’h%ar@? ‘gl B@?R%Fﬁm 3.3]?%?9’12‘?}% @ om t he
reflect eqeﬁ&géatﬁ&ma\g@ﬁg&egftg@;lﬁ,gﬁ§tear e present in the pattern which were
caused by bubbl'es in a liquid contal ned in the inmersion l'i t hographic

appar at us. wherein the property of the substrate can be measured by measuring, in the pupil

plane of the high numerical aperture lens, a property of the reflected spectrum at a plurality
of angles, and
wherein the radiation beam has an annular intensity distribution in a conjugate plane

to the substrate.

54.  An inspection method, comprising:

printing a pattern onto a substrate using radiation comprising an annular intensity
distribution in a conjugate plane to the substrate; and

measuring, in the pupil plane of a high numerical aperture lens, a reflected spectrum

of the pattern.

55.  An apparatus for calculating variations in substrate tilt comprising:

a radiation source configured to create a radiation beam with an annular distribution
in a conjugate plane to the substrate;

a shaped obscuration in the radiation beam;

a detector configured to detect changes in the width and shape of the shaped
obscuration on the substrate caused by variations in the substrate tilt;

a processor for calculating variations in the substrate tilt based on the changes

detected by the detector.
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56. A method of detecting bubble defects in an immersion lithographic apparatus,
comprising;:

printing a pattern onto a substrate;

measuring, in the pupil plane of a high numerical aperture lens, a reflected spectrum
of the pattern;

determining from the reflected spectrum whether defects are present in the pattern
which were caused by bubbles in a liquid contained in the immersion lithographic

apparatus.





